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ABSTRACT 
 

Aerosol black carbon (BC) is the second strongest contributor to global warming, after CO2, 
and it is linked to many adverse health effects. A sampling campaign of 15 months was carried 
out in León (Spain) in order to evaluate the scavenging of BC with an ensemble aethalometer-
disdrometer. The aethalometer provides the concentration of equivalent black carbon (eBC), 
and the disdrometer, the raindrop size distribution. A total of seventy-five rain events were 
studied and in 73% of them there was an effective (eBCinitial > eBCfinal) scavenging, with a mean 
decrease of 48 ± 37% in long rain events (>8 h) and 39 ± 38% in short rain events. The 
scavenging of BC is strongly related to its source. Thus, the scavenging coefficient (SC) mean 
value of the BC from fossil fuel (eBCff) for short and long rain events was 5.1 10-5 and 
1.3 10-5 s-1, respectively. For the BC from biomass burning (eBCbb), the SC values were 
1.6 10-4 and 2.8 10-5 s-1 in short and long events, respectively. There was a significant positive 
correlation between the SC and the number of drops with diameters between 0.375 and 2.5 mm. 
Rain scavenging of eBC was analyzed depending on the air mass origin obtaining an effective 
scavenging for air masses from Atlantic, Arctic and Africa. A linear model (R2=0.72) was built 
to estimate the ∆eBC values with variables from an aethalometer, a disdrometer and a weather 
station: eBC concentration before rain, swept volume and precipitation accumulated. A 
Kolmogorov-Smirnov statistical test confirmed the goodness of fit of the model to the measured 
data. 
 
KEYWORDS: Black carbon, BC scavenging estimation model, raindrop diameter, rainfall, 
scavenging coefficient, wet deposition. 
 
CAPSULE: 
The combination of aethalometer and disdrometer measurements reveals that the scavenging of 
BC depends strongly on the BC source (biomass burning or fossil fuel combustion). 
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1. INTRODUCTION 1 
 2 

Atmospheric aerosols, both natural and anthropogenic, affect human health (Apte et al., 2015; 3 
Fröhlich-Nowoisky et al., 2016; HEI Review Panel, 2013; Pöschl, 2005; WHO, 2007) and 4 
climatic change because of the significant contribution to the Earth's radiation budget either 5 
directly and indirectly (Andreae and Ramanathan, 2013; ICCP, 2014; Menon et al., 2002; Pöschl, 6 
2005). In Europe, more than 90% of city dwellers are exposed to PM2.5 levels that exceed the 7 
reference value set by WHO (EEA, 2013). 8 

One of the major atmospheric aerosol pollutants is black carbon (BC) which is emitted during 9 
incomplete combustion of fossil fuel or biomass. It is a carbonaceous material formed primarily 10 
in flames and directly emitted to the atmosphere, with some particular physical properties: it 11 
strongly absorbs visible light and is refractory with a vaporization temperature of around 3700 °C 12 
(Bond et al., 2013). It is noteworthy that BC particles are insoluble in water and organic solvents 13 
and, therefore, they are not scavenged directly from the atmosphere due to wet deposition 14 
(AMAP, 2011). Some studies (e.g. Granat et al., 2010) indicate that BC keeps its hydrophobic 15 
property even after being in the atmosphere for several days. However, the BC morphology 16 
(organized as fractal-like aggregates) facilitates sorption of other species (Petzold et al., 2013) 17 
and it becomes hydrophilic and accessible for wet deposition. The BC cycle is controlled by 18 
emissions, transport and deposition. Among these factors, wet deposition is the most complex 19 
(Mori et al., 2014). 20 

According to Bond et al., (2013), the main sources of BC are: i) diesel engines used for 21 
transport, ii) residential solid fuels (wood and coal), iii) forest fires, and iv) industrial processes. 22 
In these burning processes, small carbon spherules are formed, with diameters between 10 and 50 23 
nm and, subsequently, accumulated in aggregates. This aggregates formation starts at or shortly 24 
after emission and the aggregates get internally or externally mixed. Their size distribution 25 
depends on the formation mechanism and atmospheric processes during transport, while they 26 
grow via coagulation. Regarding to aggregate sizes, these particles belong to the Aitken mode 27 
(30-100 nm) but due to subsequent coagulation and condensation of inorganic and organic 28 
secondary molecules, they can grow to sizes in the accumulation mode (100-1000 nm) (Conrady 29 
et al., 2013). 30 

BC also plays an important role in the environment, for example in the formation of acid 31 
precipitation through the catalytic oxidation of sulfur dioxide to sulfate (Novakov, 1984; Singh et 32 
al., 2016). The main BC aerosol effect on climate is due to the strong ability to absorb solar 33 
radiation. The impact of BC on climate change remains largely uncertain (Hienola et al., 2013). 34 
Nevertheless, the global mean radiative forcing caused by BC was estimated to be from 0.4 to 35 
1.2 W m−2, becoming the second strongest contributor to global warming, after CO2 (Bond et al., 36 
2013; ICCP, 2014). Several studies (AMAP, 2011; Righi et al., 2011) have found that BC affects 37 
the Earth’s radiation budget in three different ways: i) aerosol direct effect (absorption or 38 
scattering of shortwave radiation), ii) aerosol indirect effect (interaction with clouds) and iii) 39 
semi-direct effects (BC deposition to ice/snow enhances the absorption of shortwave radiation 40 
inducing melting process). 41 

BC may be a pollutant toxic to human health, linked to many illnesses: respiratory (such as 42 
adverse effects on lung function and increase cancer risks) and cardiovascular diseases (Janssen 43 
et al., 2011; WHO, 2012), and it causes an increase in population morbidity and mortality 44 
(Silverman et al., 2012; Suglia et al., 2008), mainly affecting the children's health (UNICEF, 45 
2016) (due to the immature host defense system) and people with chronic respiratory diseases 46 
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(Jansen et al., 2005). The set of BC and organic carbon is estimated that producing annually 47 
around 3 million premature deaths (Apte et al., 2015; Bond et al., 2013; Lelieveld et al., 2015; 48 
WHO, 2012). Hence, the study of black carbon concentration is crucial due to its effects on 49 
multiple essential policy objectives like climate, air quality or public health (EEA, 2016; Font 50 
and Fuller, 2016; Kinney, 2008; Tong et al., 2017, 2016). 51 

To measure BC, the use of aethalometer (Hansen et al., 1984) has been common in last years. 52 
The aethalometer provides the concentration of equivalent black carbon (eBC) (carbon mass 53 
derived from the light attenuation coefficient). The multi-wavelength aethalometer data may be 54 
used to separate the fossil fuel (eBCff) and the biomass burning (eBCbb) contributions to eBC 55 
through the “aethalometer model” (Becerril-Valle et al., 2017; Harrison et al., 2013; Sandradewi 56 
et al., 2008b; Zotter et al., 2017).  57 

Wet and dry deposition is the only important sink of BC, due to its stability. The atmospheric 58 
lifetime of BC aerosols ranges from days to weeks depending on the local meteorology (Begam 59 
et al., 2016). Dry deposition is able to eliminate larger particles in several days, and sub-micron 60 
fraction in several weeks, hence this is a slow process. However, observations have shown that 61 
wet deposition represents 70–85% of the tropospheric sink for the carbonaceous aerosols (Pöschl, 62 
2005). Therefore, wet deposition is the main process to mitigate the effects of BC on the climate, 63 
human health and ecosystems (Cerqueira et al., 2010) in a brief lapse of time, but this process is 64 
not yet well explored. Wet deposition is considered one of the most uncertain processes in 65 
models (Textor et al., 2006). 66 

Below-cloud scavenging (BCS) linked to wet deposition, constitutes an important sink of 67 
aerosol particles, including BC (Chate, 2005; Latha et al., 2005; Sportisse, 2007; Tost et al., 68 
2006; Zhao et al., 2015). However, the study of BC aerosol-precipitation interaction does not 69 
constitute an easy task. The complexity in the characterization of BCS lies in the dependence on 70 
several parameters, for example concentration, chemical composition or electric charges 71 
(Ladino et al., 2011). Many researchers have tried to quantify the wet scavenging effect on 72 
aerosols and gases (Chate et al., 2003; Laakso et al., 2003; Maria and Russell, 2005; Olszowski, 73 
2015), but there are few studies on BC scavenging by rainfall to date. Furthermore,  most of 74 
them are based on the determination of elemental carbon (EC) concentration by thermo-optical 75 
methods (Armalis, 1999; Budhavant et al., 2016; Cerqueira et al., 2010; Custódio et al., 2014; 76 
Granat et al., 2010). These studies are carried out in time intervals (sampling period of one day 77 
or several hours) that are long compared to the rain event duration. A simultaneous and 78 
continuous study of BC concentration and raindrop sizes would provide a deeper knowledge 79 
about the BC-precipitation interaction.  80 

A 15 months sampling campaign for measuring BC concentration (with an aethalometer) 81 
and raindrop physical characteristics (with a disdrometer) has been carried out in León (NW 82 
Spain). An estimation of below-cloud scavenging on BC according to rainfall characteristics 83 
and origin of air masses has also been accomplished. As far as we know, this type of studies is 84 
unprecedented. 85 
 86 

2. MATERIAL AND METHODS 87 
 88 

2.1. Sampling site and measurements 89 
 90 

The sampling site is located in the campus of the University of León (Fig. S1), a city situated 91 
in the NW of the Iberian Peninsula (42° 36′ N, 05° 35′ W) at 838 m above sea level and with a 92 
population of about 200,000 including the metropolitan area. According to Oduber et al. (2018) 93 
the main source of particulate emissions is traffic and  domestic heating, due to the absence of 94 
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large emitting industries. It is worth noting that, nowadays, the use of coal combustion in heating 95 
devices is still usual in León. León features a Mediterranean climate with continental features and 96 
tempered by the proximity of the Cantabrian Mountain Range with an annual mean precipitation 97 
of 515 mm (Castro et al., 2010). 98 

The sampling was carried out between 12 February 2016 and 31 August 2017 (except spring 99 
2017, due to technical issues). The instruments were located on the terrace of the Faculty of 100 
Veterinary Medicine of the University of Léon. 101 

The following season distribution along the year was considered: winter from 15 December 102 
to 14 March, spring from 15 March to 14 June, summer from 15 June to 14 September and 103 
autumn from 15 September to 14 December. 104 
 105 

2.2. Black carbon data 106 
 107 

An aethalometer model AE-31 (Magee Scientific, USA) with a time resolution of 2 minutes 108 
and a precision of 10-3 µg m-3 was used for BC concentration determination. It continuously 109 
measures attenuation of light due to the deposition of ambient aerosol on the instrument’s filter 110 
tape at seven wavelengths: 370, 470, 520, 590, 660, 880 and 950 nm. The sample flow rate was 111 
set to be 4 L min-1 and verified with Gilibrator measurements. To determine the eBC 112 
concentration in the sampled air, the aethalometer uses a differential radiometric optical 113 
transmission technique. The instrument operation was described in detail by Hansen (2005) and 114 
Virkkula et al. (2007). 115 

In order to avoid possible bias in measurements due to the fast changes in relative humidity, 116 
the aethalometer data recorded during rain was not taken into account: only data before and 117 
after rain were considered. To decrease uncertainties derived from detector response, 118 
instrumental noise, flow rate and filter spot area (Corrigan et al., 2006), the 2-min eBC data has 119 
been averaged at a resolution of 1 h, comparable to the rain events duration.  120 

The contribution from fossil fuel (eBCff) and biomass burning (eBCbb) was estimated through 121 
the application of the aethalometer model (Sandradewi et al., 2008a). Likewise, hourly eBC, 122 
eBCff, eBCbb concentrations and Absorption Ångström Exponent (AAE) were determined. Light 123 
absorption measurements at λ1=470 nm and λ2=950 nm (Becerril-Valle et al., 2017; Harrison et 124 
al., 2013; Sandradewi et al., 2008b) have been used in this work 125 

(	AAE���, ��	 = − �	� �������	/�������		
�	� ��/��	 ). To obtain the AAE values, the shorter wavelength of 126 

470 nm has been used rather than the 370 nm one, because the latter is influenced by the varying 127 
presence of secondary organic aerosol (SOA) with highly variable optical properties (Zotter et 128 
al., 2017). The source specific AAE values used in the aethalometer model to estimate the 129 
biomass burning and fossil fuel contributions are AAEbb=1.68, according to Zotter et al. (2017) 130 
and AAEff=0.95 derived from measurements in a traffic hotspot in the León center in May 131 
during morning rush hours. The mean temperatures were high, so traffic can be considered like 132 
the only source at this point. In Supplementary material, the Aethalometer model equations are 133 
shown. 134 

The AAE values below 0.7 and above 4 (less than 2% along the sampling) were eliminated 135 
from the database because these measurements could be affected by instrumental noise, detector 136 
response or meteorological conditions (Corrigan et al., 2006).  137 

The eBC data recorded during the sampling period were treated following Aerosol, Clouds, 138 
and Trace gases Research InfraStructure Network (ACTRIS) guidelines (Virkkula et al., 2007).  139 
 140 

2.3. Disdrometer and meteorological data 141 
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 142 
The raindrop size spectrum has been obtained using a disdrometer, Laser Precipitation 143 

Monitor (LPM) of Thies Clima, which registered drops between 0.125 and 8 mm in 21 drop 144 
size ranges. A detailed description can be found in Fernández-Raga et al. (2009). From the data 145 
provided by the LPM, the following rainfall variables were obtained every minute: precipitation 146 
intensity, accumulated precipitation, number of drops in 21 channels, volume swept by falling 147 
drops (mm-3 m-3), mean and standard deviation of raindrop sizes. The 1-min data have been 148 
averaged at a resolution of 1 h, like eBC data. 149 

Next to disdrometer, a weather station was installed for continuously registering the 150 
temperature, humidity, wind intensity and direction. Univariate analysis (i.e. mean, median, 151 
minimum, maximum, quartiles and standard deviation) was used to calculate hourly BC 152 
concentration, rainfall variables and meteorological data. 153 

 154 
2.4. Air mass trajectories 155 

 156 
Through the application of HYSPLIT4 (Hybrid Single Particle Lagrangian Integrated 157 

Trajectory) (Draxler and Rolph, 2012) the air masses trajectories were analyzed in order to 158 
determine sources and origin of the air masses present in León during rain events. This model 159 
was used to compute four-days back trajectories at every rain event, at arrival altitudes of 500 160 
and 1000 m a.g.l. over León (Custódio et al., 2014). The average altitude of 1000 m is 161 
representative of the diurnal mixing layer thickness at León (Calles et al., 2018). 162 

The model was run with meteorological data from the Global Data Assimilation System 163 
(GDAS) archives (http://ready.arl.noaa.gov/HYSPLIT_traj.php). 164 

Based on back trajectories at 1000 m a.g.l. over sampling point, a six groups classification of 165 
the prevailing air mass origin and transport pathway have been made. The group assigned 166 
coincides with the sector on which the air mass spent most of the time. The regions (Fig. S2) 167 
are: 168 

− Group I: Arctic  169 
− Group II: Atlantic  170 
− Group III: Continental  171 
− Group IV: North America  172 
− Group V: North Atlantic  173 
− Group VI: Saharan  174 

 175 
Besides, a Circulation Weather Types (CWTs) classification was carried out based on Lamb 176 

(1972), to identify the type of weather related with a specific synoptic situation. This method 177 
has been previously used in the Iberian Peninsula (Calvo et al., 2012; Russo et al., 2014). The 178 
direction and vorticity of the geostrophic flow, obtained for 16 grid points distributed over the 179 
Iberian Peninsula (Trigo and DaCamara, 2000), have been used to establish each of the 26 180 
different CWTs. Eight weather types are identified as “pure” and are characterized by a specific 181 
predominant wind component, regardless of their intensity: N, S, E, W, NW, SW, SE and NE. 182 
Other two of them are the so-called “non-directional”: anticyclonic (A) and cyclonic (C). As a 183 
result of the combination of “non-directional” with “pure” types, other 16 CWTs, so-called 184 
“hybrid” types, are obtained. A detailed explication of this classification may be found in Trigo 185 
and DaCamara (2000). 186 

 187 
2.5. Selecting data criteria 188 
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 189 
The rain events considered in this study are those that fulfill the following conditions:  190 

a) an accumulated precipitation greater than 0.2 mm was registered in one hour 191 
(minimum rain amount considered significant), 192 

b) there was a minimum of 2 h without rain between events, 193 
c) there were eBC and eBCff concentrations greater than 0.5 µg m-3 and greater than 0.1 194 

µg m-3 for eBCbb, 195 
d) rain duration was shorter than 24 h. 196 
e) a maximum difference of 2 m s-1 in wind speed and 50° in wind direction during rain 197 

event has been registered (Kyrö et al., 2009; Paramonov et al., 2011) to avoid changes 198 
in eBC concentration due to advection (Laakso et al., 2003). 199 
 200 

Furthermore, in order to minimize the eventual interference of coal combustion in the eBCbb 201 
estimated by the Aethalometer model, the events in which coal combustion tracers (As and Se) 202 
(Vejahati et al., 2010; Wang et al., 2018) were registered, have been removed from eBCbb 203 
analysis. Levoglucosan (biomass burning tracer (Gonçalves et al., 2011)) or 14C measurements 204 
(as in Zotter et al. 2017)  were not available. 205 

 206 
For each rain event, the eBC, eBCff and eBCbb concentration one hour before and one hour 207 

after precipitation have been analyzed. In order to determine the eBC concentration change 208 
between time intervals t1 and t2, with eBC concentrations c1 and c2, respectively, the following 209 
parameter was calculated: 210 

 211 

������� = −100 �� !"�   (1) 212 

where ∆eBC = c2 – c1 and the minus sign before 100 has been introduced in order to get a 213 
positive value of ∆eBCrel when the eBC concentration decreases (effective scavenging). 214 
Furthermore, for a group of events, a new parameter has been defined as the concentration-215 

weighted average	#����% = ∑��� !&'(∙"�	
∑"� *.  216 

 217 
A global analysis of all the events that meet the previously cited requirements was carried 218 

out. The average length of rain events in León was 3:28 h with a standard deviation of 4:07 h. 219 
The episodes of extreme duration could be referred to as “long events”. A possible 220 
quantification may be the 10 % of the total events or the average plus one standard deviation. 221 
Both criteria conducted to the same threshold of about 8 hours. Consequently, events exceeding 222 
8 h were called long events, and the rest short events.  223 
 224 

The equation used to estimate eBC scavenging coefficient, was the same often used to 225 
calculate scavenging coefficient (SC) from the concentration change c of aerosol particles and 226 
other elements like sulphates (Chate et al., 2003; Laakso et al., 2003; Maria and Russell, 2005; 227 
Olszowski, 2015). In this study, c is the eBC concentration. The scavenging coefficient SC (s-1) is 228 
defined as a rate of aerosols washout by precipitation. 229 

 230 

dt

dc

c
SC ·

1−=                                  (2) 231 

 232 
The integration of this equation between t1 and t2 with concentrations c1 and c2 gives: 233 
 234 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

7 

 

1

2

21

·ln
1

c

c

tt
SC

−
−=                                                  (3) 235 

 236 
The scavenging coefficient SC varies with collection efficiency, particles and raindrop size 237 

distributions and their terminal velocities, for different particle sizes (Seinfeld and Pandis, 2006). 238 
Although the scavenging coefficient is usually called λ, it is represented in this study by SC, as λ 239 
refers here to wavelength.  240 

When speaking about an effective scavenging, we will refer to the positive values of ∆eBC% 241 
and SC. This decrease of the BC concentration can also be influenced by vertical mixing 242 
changes or even by advection. 243 
 244 

2.6. Diurnal pattern normalization 245 
 246 

We eliminated the important effect of the diurnal cycle on the eBC, eBCff and eBCbb 247 
concentrations by normalizing the daily concentrations to the daily average. For no-rain days 248 
during the sampling period, daily patterns of eBC, eBCff and eBCbb hourly concentration were 249 
obtained. The eBC concentration of all days without rain between March 2016 and August 2017 250 
were used and the seasonal daily patterns were calculated in the following way: first of all, for 251 
each day, the ratio between the hourly eBC concentration and the mean eBC concentration of 252 
that day was calculated. With the daily normalized values, the average diurnal pattern was 253 
determined.  In other words, we have calculated the hourly ratio (Ri,j) of the diurnal pattern for 254 
the hour i of the day j through the following formula: 255 

j

ji
ji

c

c
R ,

, =                                              (4) 256 

where 
n

c
c i

ji

j

∑
=

,
, n being the number of hours in one day (24). We have subsequently 257 

determined the average Ri mean for each season: 258 
 259 

d

R

R j
ji

i

∑
=

,

                                                         (5) 260 

 261 
d being the number of complete sampling days without rain for each season (22, 52, 81, 70, 81 262 
and 62 days for winter 2016, spring 2016, summer 2016, autumn 2016, winter 2017 and 263 
summer 2017, respectively).  264 
 265 
 266 

3. RESULTS AND DISCUSSION 267 
 268 

The seasonal eBC values in León, during sampling are presented in Table S1. eBCff values 269 
registered during autumn 2016 and winter 2017 are higher probably due to the increase in road 270 
traffic and the use of heating devices. In all seasons, there were two peaks throughout the day 271 
(0600-0800 and 1600-2000 UTC), mainly during rush hours’ traffic (Fig. S3). In the afternoons, 272 
heating emissions add to the afternoon peak. Likewise, eBCbb values in winter and autumn were 273 
higher, because of the use of biomass for heating. Other cities like Beijing, Leicester, Hefei or 274 
Kadapa, have shown the same pattern (Begam et al., 2016; Cheng et al., 2014; Hama et al., 275 
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2017; Zhang et al., 2015, 2017) caused by traffic and domestic heating. 276 
 277 
 278 

3.1. Rain effect on equivalent black carbon concentration 279 
 280 

Seventy-five rain events were observed during the sampling period. The rain events are 281 
concentrated in winter and spring, showing a clear decrease in summer (Fig. S4).  282 

 283 
 284 

3.1.1. Rain events characteristics 285 
 286 

The main characteristics of short and long events are shown in Table 1. Seven long events 287 
were observed during the sampling period. There was an effective eBC scavenging in 6 events 288 
(86% of total), with a mean decrease of 48 ± 37%. Long events featured the mean raindrop 289 
diameter of 0.34 ± 0.19 mm, with a mean swept volume per event of 1.9 1010 mm3 m-3 and a 290 
mean number of drops of 8.8 107 m-2. Of the 75 events registered, 68 rain events were short. 291 
There was an effective eBC scavenging in 49 of the short events (73% of total), with a mean 292 
decrease of 39 ± 38%. The mean raindrop diameter for short events was 0.34 ± 0.20 mm, with a 293 
mean swept volume per event of 2.5 109 mm3 m-3 and a mean number of drops of 9.0 106 m-2.  294 

The decrease in eBCbb concentration in both short and long events is significantly higher 295 
compared to eBCff. This fact is probably due to the higher fraction of organics from biomass 296 
burning, and also a higher degree of oxygenation (O:C) of biomass burning organic aerosol 297 
compared to traffic organic aerosol, thus increasing its hydrophilic property (Cerully et al., 298 
2011; Safai et al., 2014; Zheng et al., 2017). In addition, the size including the organics for 299 
wood burning being larger than for traffic emissions may play a role (Blanco-Alegre et al., 300 
2018). Following the criteria given in section 2.5 (more specifically, the criterium c), the events 301 
considered to determine the eBC, eBCff and eBCbb values were different. Therefore, the eBC 302 
value may not lie between the eBCff and eBCbb specific ones. 303 

 304 
Table 1. Number of rain events (N), percentage of rain events with effective scavenging (% of events) and mean 305 

decrease (and standard deviation) in BC concentration (∆eBC%). 306 

 Short events (< 8 h)  Long events (> 8 h) 

 N % of events ∆eBC%  N % of events ∆eBC% 

eBC 68 73 39 ± 38  7 86 48 ± 37 

eBCff 60 75 40 ± 33  7 71 46 ± 30 

eBCbb 27 85 75 ± 46  3 67 96 ± 5 

 307 

 308 
3.1.2. Extreme scavenging events 309 
 310 

According to the scavenging efficiency, a classification of rain events in three groups has 311 
been carried out: type I (∆eBCrel higher than 50%), type II (∆eBCrel between 0-50%) and type III 312 
(non-effective scavenging) (Table 2). It can be seen that events with more effective scavenging 313 
were characterized by: i) a longer duration of events, ii) a greater precipitation accumulated and 314 
iii) a higher wind intensity. The events with no scavenging effect featured somewhat lower eBC 315 
concentration before rain. However, there were no major differences in the rainfall parameters 316 
analyzed between types II and III. 317 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

9 

 

 318 
Table 2. Mean and standard deviation values of rain parameters for the three types of events stablished according to 319 

the scavenging efficiencies. 320 

 
N 

Duration 
(h:min) 

Rain 
(mm) 

Rainfall 
intensity 
(mm h-1) 

Wind 
speed 
(m s-1) 

Raindrop 
diameter 

(mm) 

eBC 
before 
rain  

(µg m-3) 

Swept 
volume 

(mm3 m-3) 

Type I  
(∆eBCrel >50%) 

18 4:24 ± 3:30 8.2 ± 12.5 1.2 ± 1.3 1.9 ± 1.3 0.31 ± 0.09 1.1 ± 0.7 9.6 109 

Type II  
(∆eBCrel 0-50%) 

39 2:47 ± 2:32 2.4 ± 3.4 0.7 ± 0.8 1.1 ± 1.3 0.36 ± 0.09 1.1 ± 0.5 3.0 109 

Type III  
(∆eBCrel <0%) 

15 2:36 ± 2:08 1.8 ± 3.0 0.5 ± 0.4 1.2 ± 1.0 0.35 ± 0.06 0.9 ± 0.4 2.9 109 

 321 
The event with the highest scavenging efficiency occurred on 21st March 2017 with an 322 

accumulated rainfall of 3.05 mm and a mean rainfall intensity of 0.57 mm h-1. The maximum 323 
intensity was 0.05 mm min-1. The rain started at 0800 UTC and lasted 228 min. The eBC 324 
concentration was 2.62 µg m-3 and 0.22 µg m-3 two hours before and two hours after rain, 325 
respectively (∆eBCrel = 88%). The mean raindrop size was 0.44 ± 0.22 mm and the mode of 326 
raindrop size was 0.31 mm. The swept volume was 6.2 109 mm-3 m-3.  327 

On the other hand, the event with the highest eBC percentage increase occurred on 24th 328 
February 2016 with an accumulated rainfall of 1.92 mm and a mean rainfall intensity of 3.96 329 
mm h-1. The maximum intensity was 0.06 mm min-1. A eBC increase was registered, with 1.33 330 
µg m-3 and 1.98 µg m-3 two hours before and two hours after rain, respectively 331 
(∆eBCrel = -34%). The rain started at 1149 UTC and lasted 173 min. The mean raindrop size 332 
was 0.32 ± 0.19 mm and the mode of raindrop sizes was 0.27 mm. The swept volume was 333 
2.8 109 mm-3 m-3. An explanation could be the change from a deep mixing layer to a shallow 334 
one, as proposed by Talukdar et al. (2015) for Calcutta. Thus, the change in surface and air 335 
temperature reduced the mixing layer height and the eBC concentration increased. 336 

Besides, another contribution to the differences in scavenging efficiency may be the higher 337 
swept volume recorded in the event with effective scavenging, caused by a longer event 338 
duration and a higher raindrop diameter. 339 

 340 
3.2. Air masses origin and weather types  341 
 342 

The four-days back trajectories of air masses arriving in León at 1000 m a.g.l. were obtained 343 
from HYSPLIT model. In Fig. S5 the seasonal back trajectories for rain events are shown. 344 

The main origins of air masses during rain events were Atlantic (33%), Continental (20%) 345 
and North Atlantic (19%) (Table S2). In winter 2017, there was a prevalence of air mass 346 
coming from North Atlantic (56%), and in summer 2017 there was a high frequency of air 347 
masses with Saharan origin (56%). The highest values of eBC concentrations were recorded in 348 
air masses coming from North America (during winter 2017) and in intrusions from Sahara 349 
(during summer 2017). No significant statistical differences were observed in eBC 350 
concentration between air masses during rainy days. 351 

The air masses presented the following effective (eBCinitial > eBCfinal) scavenging values: 352 
Arctic (29 ± 21%), North Atlantic (35 ± 31%) and Saharan (18 ± 21%). However, Continental 353 
(6 ± 39%), North America (6 ± 7%) and Atlantic (4 ± 39%) masses present a lower mean eBC 354 
decrease (Table S3), maybe due to the high eBC load transported by these air masses. 355 

The most frequent weather types during rain events were C (23 cases) and NW (9 cases). 356 
There was a decrease in eBC concentration in all the weather types except for NE and AS. NE 357 
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type is noteworthy, since it comprises many events. The two AS events were characterized by a 358 
stagnation of the air mass coming from Sahara. On the other hand, during NW rain events (9 359 
cases), a ∆eBC% of 45% was registered. Other weather types with W component, like W, SW, 360 
ANW, CW and AW present a clear decrease (Table S3). Figure 1 shows the ∆eBC% regarding 361 
the origin of air (according to Weather Lamb type). There was an effective scavenging in all 362 
components except NE, indicative of an eBC source in these directions. This increase coincides 363 
with that observed in Continental masses based on HYSPLIT trajectories. 364 

During rain events of pure anticyclonic type, there was an increase in eBC concentration of 365 
27%, and a mean raindrop diameter of 0.30 ± 0.09 mm. On the contrary, when the type was 366 
pure cyclonic, a decrease in eBC concentration of 1% was recorded, with a mean raindrop 367 
diameter of 0.36 ± 0.07 mm. 368 

 369 

 370 
Fig. 1. ∆eBC% between before and after rain according to air mass origin of Circulation Weather Types (CWTs) 371 

during rain events. Black dots indicate the number of rain events, striped boxes indicate the mean rainfall (mm) and 372 
vertical lines indicate the mean swept (mm3 m-3) per event. 373 

 374 
3.3. Scavenging coefficients 375 

 376 
During the 68 rain short events (with a mean intensity of 0.82 mm h-1), SC for eBC showed a 377 

mean value of 4.7 10-5 s-1 (with a standard deviation of 8.4 10-5 s-1) and a median of 4.0 10-5 s-1 378 
(interquartile range: -8.8 10-6 to 7.92 10-5 s-1). Positive values of SC are indicative of effective 379 
scavenging (Table 3). 380 

In the 7 rain long events (with a mean intensity of 1.42 mm h-1), SC for eBC indicated a 381 
mean value of 1.0 10-5 s-1 (with a standard deviation of 1.1 10-5 s-1) and a median of 1.1 10-5 s-1 382 
(interquartile range: 3.7 10-6 to 1.9 10-5 s-1). It should be noted that SC for eBCbb in short events 383 
was around three to four times higher than SC of eBC and eBCff. The SC for eBC in short 384 
events was about four times the value obtained for long events. However, ∆eBC% was greater 385 
in long events (Table 1). Thus, the greater decreased in long events may be caused by the great 386 
long duration of events. To estimate the effect of rain duration on the ∆eBC%, the correlation 387 
between both variables was analyzed.  A correlation coefficient R2 of 0.14 was obtained, which 388 
means that the rain duration explains a 14% of the total variance of ∆eBC%. 389 

 390 
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Table 3. Scavenging coefficients (SC) in s-1 of eBC, eBCff and eBCbb in short and long events. Number of events are 391 
in brackets. 392 

 

SHORT EVENTS  
(68) 

 LONG EVENTS  
(7) 

SC (eBC) 
(68) 

SC (eBCff) 
(68) 

SC (eBCbb) 
(27) 

 SC (eBC)  
(7) 

SC (eBCff) 
(7) 

SC (eBCbb) 
(3) 

Min -1.3 10-4 -1.0 10-4 -8.0 10-5  -6.7 10-6 -6.6 10-6 -9.5 10-6 

Q1 -8.8 10-6 -9.2 10-6 2.2 10-6  3.7 10-6 -3.4 10-5 1.1 10-5 

Median 4.0 10-5 3.2 10-5 6.6 10-5  1.1 10-5 1.3 10-5 3.1 10-5 

Q3 7.9 10-5 9.4 10-5 2.5 10-4  1.9 10-5 2.9 10-5 4.7 10-5 

Max 2.5 10-4 2.8 10-4 1.1 10-3  2.3 10-5 3.4 10-5 6.4 10-5 

Mean 4.7 10-5 5.1 10-5 1.6 10-4  1.0 10-5 1.3 10-5 2.8 10-5 

Desvest 8.4 10-5 8.5 10-5 2.6 10-4  1.1 10-5 1.8 10-5 3.7 10-5 

 393 
Current information on BC scavenging ratios available in the literature is still scarce. 394 

Nevertheless, the values obtained were similar to those indicated by Latha et al. (2005) 395 
(1.64 10-5 s-1) in India, although their value was obtained using a different method. The 396 
observed differences could be due to the lower BC concentrations in León (8 times lower than 397 
in its location, Hyderabad and Secunderabad, India).  398 

A global analysis of rain events gives positive values of SC for eBC (indicative of an 399 
effective scavenging), higher for short events. Furthermore, these SC values are in the same 400 
order of magnitude that those obtained in other studies about fine and ultrafine aerosols (Laakso 401 
et al., 2003; Zikova and Zdimal, 2016). 402 

 403 
3.4. Relation between SC and meteorological parameters 404 

 405 
For each rain event, the SC value has been related to the wind intensity and the rainfall 406 

intensity in order to observe the influence of these meteorological variables on eBC 407 
concentration. In Fig. 2, it can be observed that most of the events presented positive values 408 
(effective scavenging). The rain events with intensities greater than 2 mm h-1 were scarce but 409 
they always presented an effective eBC scavenging. Events with rain intensities less than 410 
2 mm h-1 caused an effective eBC scavenging in 70% of cases.  411 

It should be noted that there was no clear influence of the wind speed during rain, although in 412 
the events with no effective scavenging, low wind speed dominated. Nevertheless, the wind and 413 
the eBC concentration two hours before rain presented a statistically significant negative 414 
correlation. The wind causes a higher dispersion of eBC, hindering the scavenging by rain. 415 

There was a statistically significant negative correlation between event duration and ∆eBCrel. 416 
This supports the influence of rain duration over eBC concentration (see Fig. S6). Other studies 417 
have also shown that low intensities and large duration of rain events produce a higher effective 418 
scavenging (Chatterjee et al., 2012). Besides, vertical mixing and horizontal advection could also 419 
be related with ∆eBC (Joshi et al., 2016), mainly in autumn and winter. 420 

 421 
 422 
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 423 
Fig. 2. Relationship between black carbon scavenging coefficients (SC) and rainfall intensity.  Wind speed is 424 

indicated by the colour scale inside the dots. 425 
 426 
3.5. Model for ∆eBC  427 

 428 
To parameterize the ∆eBC, a linear model has been built using aethalometer and disdrometer 429 

variables. What variables can be the most appropriate to build this model? Previously, the 430 
correlations between ∆eBC and variables like wind speed, eBC concentration before rain, event 431 
duration, precipitation accumulated, mean rainfall intensity, mean raindrop diameter and sum of 432 
volume swept by falling drops have already been analyzed. Furthermore, the raindrop size 433 
could also be connected to ∆eBC. In fact, the data obtained from 21 drop size ranges of LPM 434 
(between 0.125 and 8 mm) have been used to check the relationship between the number of 435 
raindrops in each size channel and the SC in events with efficient scavenging (Table S4). As a 436 
result, a significant correlation between the SC and the number of drops with diameters between 437 
0.375 and 2.5 mm has been found. The rest of the raindrop diameters did not present significant 438 
correlations with SC.  439 

 Consequently, the variables tested to build the model have been the following: wind speed, 440 
eBC concentration before rain, event duration, precipitation accumulated, mean rainfall 441 
intensity, mean raindrop diameter, change in the mixing layer height, sum of volume swept by 442 
falling drops and number of drops with diameters between 0.375 and 2.5 mm. Besides, we have 443 
included two variables related to the mixing layer height that could affect the rain scavenging: 444 
the mean height during rain and the change in height throughout the rain event. The application 445 
of an automatic linear modelling (IBM SPSS Statistics 24) by stepwise, with an entry 446 
probability of 0.05 and removal probability of 0.10 has been used.  447 

With this methodology, a model has been built from a random sample including the 75% of 448 
the total data set. This model has been applied to the remaining 25%. Subsequently, a 449 
Kolmogorov-Smirnov statistical test has been carried out in order to check the goodness of fit 450 
of the model to the measured data. This process has been repeated ten times and the results are 451 
shown in Table S5. The significant values obtained (α>0.05) shows that null hypothesis is 452 
confirmed, measured and predicted data are related and, consequently, the model created may 453 
be enforceable.  454 

All ten repetitions of the model include the following variables: eBC concentration before 455 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

13 

 

rain, swept volume and precipitation accumulated. Besides, two models also include the mean 456 
raindrop diameter. This last variable shows the greater variability.  457 

Finally, a multi-linear regression model has been established (R2=0.72) based on the whole 458 
data set. As expected, the model includes the three aforementioned variables, as follows: 459 

 460 
∆��� = �k� 	 - 	eBC123452	567	 8 �k� 	 - 	Precipitation	accumulated		 8 FkG 	 - 	VIJ2KLM 8 kN	 

 461 
The coefficients presented the following values (± standard deviations): k1 = -0.557 (± 462 

0.063), k2 = -0.0741 (± 0.007) µg m-3 mm-1, k3 = -3.37 10-11 (± 8.12 10-12) µg mm-3 and k4 = 463 
0.210 (± 0.083) µg m-3. 464 

Furthermore, a multi-linear regression model has been established for ∆eBCff (R
2=0.81) and 465 

∆eBCbb (R
2=0.88).  466 

 467 
∆���OO = Fk�O 	 - 	eBC123452	567M 8 Fk�O 	 - 	Precipitation	accumulatedM 8 FkGO 	 - 	VIJ2KLM

8 FkNO 	 - 	durationM 8 kPO	 
∆����� = �k�� 	 - 	 eBC123452	567	 8 Fk�� 	 - 	∅�RSTU�VWM 8 kG�	 

 468 
The coefficients presented the following values for ∆eBCff (± standard deviations): 469 

k1f = -0.598 (± 0.052), k2f = 0.044 (± 0.007) µg m-3 mm-1, k3f = -6.44 10-11 (± 1.59 10-11) 470 
µg mm-3, k4f = 0.056 (± 0.02) µg h-1 m-3 and k5f = 0.153 (± 0.068) µg m-3. For ∆eBCbb the values 471 
were: k1b = -0.980 (± 0.070), k2b = 0.924 (± 0.379) µg m-3 mm-1 and k3b = -0.194 (± 0.145) 472 
µg m-3. The ∆eBCbb depends more on eBC concentration before rain than ∆eBC. The ∆eBCff 473 
model includes similar variables to ∆eBC model, also incorporating the duration variable. 474 

The model estimates the reduction in eBC well compared to the measured data (Fig. 3) 475 
becoming a valuable tool to predict the eBC behavior during rain events. Analogous 476 
representations for eBCff (Fig. S7) and eBCbb (Fig. S8) are shown in Supplementary material. 477 

 478 

 479 
Fig. 3. ∆eBC estimated by the model vs ∆eBC measured. The dashed line (y=x) shows the perfect estimation. 480 

 481 
4. CONCLUSIONS 482 

 483 
We investigated BC scavenging during rain events in an urban background environment, 484 

with these main conclusions: 485 
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1. In 73% of rain events there was an effective scavenging, with a mean eBC decrease 486 
48 ± 37% in long rain events (>8 h) and 39 ± 38% in short rain events.  487 

2. Rain scavenging was analyzed depending on air mass origin. The air masses with a clear 488 
efficient scavenging came from Arctic (∆eBC%=29 ± 21%), North Atlantic (35 ± 31%) 489 
and Saharan (18 ± 21%) areas. 490 

3. Concerning the BC sources, the scavenging of eBCbb is significantly higher compared to 491 
eBCff, probably due to the increase of its hydrophilicity because of the higher fraction of 492 
organics and a higher degree of oxygenation of biomass burning organic aerosol 493 
compared to traffic organic aerosol. Concretely, the scavenging coefficient (SC) mean 494 
value of eBCff for short and long rain events was 5.1 10-5 and 1.3 10-5 s-1, respectively. 495 
For eBCbb, the SC values were 1.6 10-4 and 2.8 10-5 s-1 in short and long events, 496 
respectively. 497 

4. Events with intensities higher than 2 mm h-1 (the maximum intensity registered in the 498 
sampling campaign was 7 mm h-1) always presented an effective scavenging on eBC. 499 
However, the highest values of SC were recorded for rain events characterized by a low 500 
rainfall intensity and long duration. Furthermore, there was a significant positive 501 
correlation between the SC and the number of drops with diameters between 0.375 and 2.5 502 
mm. 503 

5. A linear model (R2=0.72) was built to estimate the ∆eBC values with variables from 504 
weather station, aethalometer and disdrometer: eBC concentration before rain, swept 505 
volume and precipitation accumulated. A Kolmogorov-Smirnov statistical test has 506 
confirmed the goodness of fit of the model to the measured data. Finally, two other 507 
models have also been proposed to estimate the ∆eBC values from biomass burning and 508 
fossil fuel combustion. 509 

 510 
One of the most important outcomes of the project is the finding that the scavenging of BC 511 

depends on the BC source (biomass burning and fossil fuel combustion). This fact could be a key 512 
factor to include in the climate models to account both the aerosol-cloud interaction and the 513 
radiative forcing caused by clouds and BC. 514 

The combination of aethalometer-disdrometer measurements has proved to be a valuable tool 515 
for the quantification of the eBC scavenging, allowing identifying the raindrop variables that 516 
contribute to an effective scavenging of this pollutant. 517 
 518 
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 790 
 791 

SUPPLEMENTARY MATERIAL 792 
 793 
 794 

1. Aethalometer model 795 
 796 
Assuming that only these two sources exist, the total absorption coefficient babs,total (λ) at 797 

wavelength λ is: 798 
 799 

XR�Y,ZVZR� 	��	 = XR�Y,OO	��	 8 XR�Y,��	��	         800 

 801 
where babs,ff (λ), babs,bb (λ) are the absorption coefficients of fossil fuel combustion and biomass 802 
burning, respectively.  803 

 804 
Source apportionment of fossil fuel has been estimated through the following equations: 805 

	XR�Y,OO���	XR�Y,OO���	
= [����\

]^^_``
 

 806 

eBC33 = ����,aa�b�	
����,cdc�(�b�	

- 	eBCL4L6����	                                             807 

 808 
where AAEff is the absorption Ångström exponent for eBC fossil fuel.  809 
 810 

2. Tables  811 
 812 

Table S1. Seasonal mean values of eBC (µg m-3), eBCff (µg m-3) and eBCbb (µg m-3) measured at León during 813 
sampling (January 2016–August 2017). The values next to the mean correspond to the standard deviation. 814 

SEASON eBC (µg m-3) eBCff (µg m-3) eBCbb (µg m-3) 
Winter 2016 1.0 ± 0.9 0.8 ± 0.8 0.2 ± 0.3 
Spring 2016 0.6 ± 0.5 0.5 ± 0.4 0.1 ± 0.2 

Summer 2016 0.6 ± 0.5 0.6 ± 0.4 0.1 ± 0.2 
Autumn 2016 1.2 ± 1.1 1.0 ± 1.0 0.2 ± 0.4 
Winter 2017 1.3 ± 1.3 1.0 ± 1.2 0.4 ± 0.5 

Summer 2017 0.6 ± 0.5 0.5 ± 0.3 0.1 ± 0.2 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

21 

 

 815 
 816 

Table S2. Seasonal percentage of air masses origin (four-days before rain events). 817 

Origin 
Winter 
2016 

Spring 
2016 

Summer 
2016 

Autumn 
2016 

Winter 
2017 

Summer 
2017 

Total 

Arctic 17 11 13 8 0 0 7 

Atlantic 17 44 25 50 13 22 35 

Continental 0 22 25 21 19 22 19 

North 
America 

0 0 0 8 6 0 3 

North 
Atlantic 

67 11 0 0 56 0 19 

Saharan 0 11 38 13 6 56 17 

 818 
 819 

 820 
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Table S3. Rainfall characteristics and eBC variation based on Circulation Weather Types (CWTs) and air mass origin with HYSPLIT during rain events measured at León during sampling 
campaign. The values next to the mean correspond to the standard deviation 

 
 

N 
Duration 

(min) 
Rain 
(mm) 

Rainfall intensity 
(mm h-1) 

Wind speed 
 (m s-1) 

Raindrop diameter 
(mm) 

eBC before rain 
(µg m-3) 

Swept volume 
 (mm3 m-3) 

∆eBC% 

L
am

b
 W

ea
th

er
 t

yp
e 

C 23 313 5 ± 6.8 1.52 0.9 ± 0.7 0.4 ± 0.1 0.9 ± 0.4 7.2 109 -1 

NW 9 173 3.4 ± 4.6 1.07 2.1 ± 1 0.3 ± 0.1 1.1 ± 0.6 3.7 109 -45 

N 8 98 1.4 ± 1.2 0.9 1.2 ± 0.8 0.4 ± 0.1 1.3 ± 0.6 1.4 109 -3 

NE 6 180 3.5 ± 4.4 1.36 0.9 ± 0.7 0.3 ± 0.2 0.9 ± 0.3 3.4 109 22 

W 7 266 3.6 ± 5.3 0.59 2.1 ± 1.4 0.3 ± 0.1 1.1 ± 0.4 6.5 109 -27 

A 5 72 0.3 ± 0.2 0.25 0.4 ± 0.3 0.3 ± 0.1 1.2 ± 0.7 5.6 108 27 

SW 4 120 1.2 ± 1.7 0.47 1.4 ± 0.5 0.3 ± 0.1 0.9 ± 0.4 1.5 109 -29 

ANW 5 108 0.9 ± 1.2 0.45 1.5 ± 1.9 0.4 ± 0.1 1.5 ± 1 1.7 109 -71 

CS 3 140 1.5 ± 0.2 0.92 0.5 ± 0.7 0.4 ± 0.1 1.4 ± 0.9 1.7 109 -38 

CW 3 240 3.4 ± 4.3 1.07 2.2 ± 2.1 0.3 ± 0.1 0.8 ± 0.2 4.7 109 -26 

AS 2 90 0.8 ± 0.3 0.68 1 ± 0 0.4 ± 0.1 0.6 ± 0.2 1.4 109 10 

AW 2 270 2.2 ± 2.6 0.38 0.8 ± 0.3 0.3 ± 0 0.9 ± 0.4 5.2 109 -9 

S 1 480 7.4 0.92 0.1 0.3 0.6 1.3 1010 -29 

ANE 1 120 0.5 0.23 0 0.3 1 7.4 108 -42 

CSE 1 120 2.1 1.07 0 0.4 1.6 3.1 109 -65 

CSW 1 60 0.6 0.6 0.7 0.4 0.5 7.5 108 8 

A component 13 120 0.9 ± 1.2 0.37 0.7 ± 1.0 0.35 ± 0.08 1.2 ± 0.8 1.8 109 -20 

C component 30 282 4.4 ± 6.2 1.38 0.9 ± 1.0 0.36 ± 0.08 1 ± 0.5 6.3 109 -8 

H
Y

S
P

L
IT

 m
od

el
 Arctic 6 110 2.8 ± 5.9 0.86 1 ± 1.4 0.4 ± 0.1 1.1 ± 0.6 2.2 109 -29 

Atlantic 27 180 2.8 ± 3.5 1.18 1.3 ± 1.2 0.3 ± 0.1 1 ± 0.5 4.1 109 -4 

Continental 16 281 4 ± 7.5 1.16 0.9 ± 0.6 0.4 ± 0.1 1 ± 0.4 5.8 109 -6 

North America 3 120 1.3 ± 0.4 0.94 0.7 ± 0.6 0.4 ± 0 0.9 ± 0.2 1.4 109 -6 

North Atlantic 15 212 2.5 ± 3.8 0.55 1.7 ± 1.4 0.3 ± 0.1 1 ± 0.5 3.8 109 -35 

Saharan 14 210 3.4 ± 3.9 0.97 0.9 ± 0.8 0.3 ± 0.1 1.3 ± 0.8 4.6 109 -18 
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Table S4.  Pearson correlation values between ∆eBC% and rain event characteristics. 
 

 Variable ∆eBC% 

R
ai

n 
ev

en
t 

ch
ar

ac
te

ris
tic

s Wind intensity 
(2 hours before rain) 

-0.348 

Accumulated rain -0.225 
Rain intensity -0.227 
Event duration -0.242 
Swept volume -0.230 

R
ai

nd
ro

p 
d

ia
m

et
er

 (
m

m
) 

0.125 -0.251 
0.25 -0.223 
0.375 -0.257 
0.5 -0.287 
0.75 -0.284 

1 -0.281 
1.25 -0.278 
1.5 -0.276 
1.75 -0.269 

2 -0.278 
2.5 -0.255 
3 -0.209 

3.5 -0.162 
4 -0.124 

*Bold font indicates that the correlation is significant at 95% level. 

 
 
 

Table S5. Verification of the model performed (N=10), variables obtained in each N model and Kolmogorov-
Smirnov (K-S) statistical test carried out between the predicted and the measured values. In N=0 was represented the 

model obtained with 100% of data. 

N eBCbefore rain Vswept 
Precipitation	
accumulated 

Øraindrop Intercept K-S (α) 

1 -0.559 -3.072 10-11 0.040 - 0.217 0.490 

2 -0.559 -3.802 10-11 0.044 1.126 -0.142 0.538 

3 -0.636 -2.979 10-11 0.036 - 0.244 0.456 

4 -0.587 -3.44310-11 0.041 - 0.249 0.417 

5 -0.639 -2.913 10-11 0.039 - 0.261 0.522 

6 -0.559 -3.072 10-11 0.040 - 0.217 0.490 

7 -0.594 -4.228 10-11 0.045 - 0.276 0.569 

8 -0.481 -3.198 10-11 0.041 0.844 -0.112 0.621 

9 -0.587 -3.44310-11 0.041 - 0.249 0.373 

10 -0.577 -3.38110-11 0.041 - 0.246 0.500 

0 -0.557 -3.370 10-11 0.041 - 0.210 0.468 
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3. Figures 
 

 
Fig. S1. León city in the NW Iberian Peninsula and the surroundings of the sampling site. Source: Earthstar 

Geographics, ESRI. 
 
 
 
 
 
 

 
Fig. S2. Delimitation of regions for the determination of the air masses origin: I: Arctic; II: Atlantic; III: Continental; 

IV: North America; V: North Atlantic, and VI: Saharan. 
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Fig. S3. Diurnal pattern of eBCff and eBCbb during summer 2017. 

 
 
 
 

 
Fig. S4. Time series of rain events at León during the sampling period. 
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A) 

 

B) 

 
C) 

 

D) 

 
E) 

 

F) 

 
Fig. S5. Four-days back trajectories arriving at 1000 m a.g.l during rain events in León. A) Winter 2016; B) Spring 

2016; C) Summer 2016; D) Autumn 2016; E) Winter 2017; F) Summer 2017. 
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Fig. S6. ∆eBC as a function of rainfall intensity in events with effective scavenging. Colour dots indicate event 

duration (h).  
 
 
 
 
 
 
 

 
Fig. S7. ∆eBCff estimated by the model vs ∆eBCff measured. The dashed line (y=x) shows the perfect estimation. 
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Fig. S8. ∆eBCbb estimated by the model vs ∆eBCbb measured. The dashed line (y=x) shows the perfect estimation. 
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HIGHLIGTHS 
 
 

• Hourly measures were taken of black carbon and rain during 15 months in León, Spain 
• 70% of the rain events showed an effective scavenging (37% eBC decrease) 
• The scavenging coefficient for short rain events is 3 times the one for long events 
• The scavenging was different according to specific BC source 
• A model for rain scavenging of BC with aethalometer and disdrometer data was built 

 
 
 

 


