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Abstract. 

[1] The physical and chemical aerosol properties are explored here based on ground-based 

observations in the Paris region to better understand the role of clouds, radiative fluxes and 

dynamics on aerosol loading during a heavy regional air pollution that occurred in March 2014 over 

North-Western Europe. This event is primarily characterized by a fine particle mass (PM2.5) increase 

from 10 to more than 120 µg m
-3

 and a simultaneous decrease of the horizontal visibility from 40 to 1 

km, mainly due to significant formation of ammonium nitrate particles. The aerosol optical depth 

(AOD) at 550 nm increased steadily from about 0.06 on March 6 to more than 0.9 five days later. The 

scattering of the solar radiation by polluted particles induced, at the peak of the heavy pollution 

event, an instantaneous shortwave flux decrease of about 300 W m
-2

 for direct irradiance and an 

increase of about 150 W m
-2

 for diffuse irradiance (only scattering). The mean surface aerosol effect 

efficiency (effect per unit optical depth) is of about -80 W m-2 with a mean aerosol direct radiative 

effect of -23 W m-2. The dynamical and radiative processes that can be responsible for the diurnal 

cycle of PM2.5 in terms of amplitude and timing are investigated. A comparative analysis is performed 

for 4 consecutive days (between March 11 and 14), showing that the PM2.5 diurnal cycle can be 

modulated in time and amplitude by local processes such as the boundary layer depth development 

(ranging from 100 m to 1350 m), surface relative humidity (100 % to 35 %), thermal structure (10 °C 

to 16 °C for day/night amplitude), dynamics (wind speed ranging from 4 m s
-1

 to 1.5 m s
-1

) and 

turbulence (turbulent kinetic energy reaching 2 m² s
-2

) near the surface and wind shear along the 

vertical. Finally, modeled and measured surface PM2.5 loadings are also compared here, notably 

illustrating the need of accurate boundary layer depth data for efficient air quality forecasts. 

Introduction 

[2] Aerosols significantly impact the global radiative energy balance of the Earth through scattering 

and absorption mechanisms of the solar irradiance, [Ramanathan et al., 2001]. In particular, the so-

called aerosol direct radiative effect  leads to (i) a cooling of the Earth’s surface by scattering the 

solar radiation [Trenberth et al., 2009] but also to (ii) a warming of the atmosphere by absorbing the 

solar radiation [Wang et al., 2009]. At regional scale, the cooling effect due to anthropogenic aerosols 

may also be larger in magnitude than the greenhouse gas heating effect [Intergovernmental Panel on 

Climate Change (IPCC), 2015] and leads to complex climate feedback interactions [Shindell and 

Faluvegi, 2009]. Such effects of tropospheric aerosols depend on their physical properties [Wang et 

al., 2009; Barbaro et al., 2014], chemical composition [Yu and Zhang, 2011] and vertical distribution 

[Raut and Chazette, 2008]. Furthermore, aerosols can modify the vertical profile of temperature in 

the atmosphere [Barbaro et al., 2013] and the height of the boundary layer [Yu et al., 2002], and thus 
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affecting local weather patterns such as during the heat wave of summer 2003 over Western Europe 

[Pere et al., 2011]. 

 [3] As recurrently observed in recent years during spring, a severe anthropogenic pollution event 

occurred over Paris and its surroundings in March 2014. The main objectives of the present study are 

to (i) characterize the aerosol properties, (ii) quantify the related direct radiative forcing as well as 

the mean surface aerosol effect on solar irradiance, and (iii) describe the role of dynamical, radiative 

and cloud processes on the particle mass variability over the Paris area during this pollution episode. 

To do so, the surface aerosol load and the physical processes have been investigated using in-situ, 

active and passive remote sensing. 

 

Observational data set and modelling 

Meteorological measurement: in-situ, active and passive instruments 

[4] This study uses a dataset provided by the SIRTA observatory [Site Instrumental de Recherche par 

Télédétection Atmosphérique; Haeffelin et al., 2005], located 25 km south of Paris, France. SIRTA 

gathers active and passive remote sensing instruments, and is considered as representative of 

background air pollution in the Paris area [Petit et al., 2015]. High-quality shortwave and longwave 

irradiances are collected by a Baseline Surface Radiation Network station with 1-2% uncertainty 

[Ohmura et al., 1998]. Vertical distribution of particles (clouds and aerosols) in the 0-6 km is 

documented with a CL31 ceilometer leading to the determination of the Boundary Layer Depth (BLD) 

with STRAT+ algorithm [Morille et al., 2007; Haeffelin et al., 2012; Pal et al., 2013]. A Degreane DF20+ 

diffusometer is operated at 3 m above ground level (agl). A 6-stage, 30-m instrumented mast, 

equipped with temperature and humidity sensors, is extended vertically with radiosonde profiles 

(MODEM M10 sensor) that are performed routinely at 00:00 and 12:00 UTC, 15 km West of SIRTA as 

part of the Météo-France national network. A Leosphere WLS70 wind profiler Doppler lidar installed 

at SIRTA since March 2012 has been measuring the vertical profile of 3D wind components between 

100 m and around 1500 m agl with a vertical resolution of 50 m. To complement the dynamics 

measurement near the ground level, we use a 3D sonic anemometer at 10 m agl to derive turbulent 

kinetic energy (noted here TKE in m² s
-2

) and sensible heat flux (noted H in W m
-2

). 

Aerosol measurement: in-situ and passive instruments 

[5] A Cimel sun-photometer (multi-channel and automatic sun and sky scanning radiometer) from 

Aerosol Robotic Network (AERONET, Holben et al., 1998) is used to derive the Aerosol Optical Depth 

(AOD500, here at 500 nm) and the Angstrom coefficient (α440-870, here between 440 and 870 nm).  

Level 2.0 data quality products are used here, allowing for the elimination of possible artifacts due to 

cloud detection and/or strong variability in aerosol loadings 

PM2.5 loadings (i.e., mass concentration of particle smaller than 2.5 µm) over the Paris area are 

calculated as the average value of TEOM-FDMS (Tapered Element Oscillating Microbalance – Filter 

Dynamics Measurement System, [Grover et al., 2005]) measurements performed by the regional air 

quality monitoring network (www.airparif.asso.fr) at three urban background stations (Gennevilliers, 

Bobigny and Vitry) around Paris. 

The thorough in-situ characterization of the physical and chemical surface aerosol properties is 

performed at SIRTA – zone 5 (i.e., 4.5 km away from the main SIRTA platform). A TSI Scanning 

Mobility Particle Sizer (SMPS) allows for the measurement of dry aerosol size distribution between 

10.6 and 496 nm. A multi-wavelength Aethalometer (AE33, Magee Scientific, Berkeley, CA, Drinovek 
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et al., 2014) measures the concentration of Black Carbon (BC). Finally, an Aerosol Chemical 

Speciation Monitor instrument (ACSM, Aerodyne, Billerica, MA, Ng et al., 2011) provides the 

concentrations of major non-refractory (NR) chemical components of dry aerosols (organic, 

ammonium, sulphate, nitrate and chloride) in the PM1 fraction (i.e. aerodynamic diameter below 1 

µm). This instrument has been continuously operating at SIRTA since mid-2011, with good 

correlations with other collocated automatic analysers as well as filter samples [Petit et al, 2015; 

Crenn et al., 2016].  

Numerical simulations with PREV’AIR 

[6] Modeling data are derived from numerical simulations on the PREV'AIR operational system [Rouil 

et al, 2009] dedicated to deliver daily forecast for the current day and up to two days ahead for a set 

of regulatory pollutants such as ozone, nitrogen dioxide and particulate matter (PM10 and PM2.5). This 

air quality forecast is based on the chemical transport model CHIMERE [Menut et al, 2013] running 

over France at 10 x 10 km² and fed with GFS meteorological conditions provided by NCEP and the 

MACCII emission inventory [Kuenen et al, 2014] at 7 x 7 km
2
. The chemical boundary conditions are 

provided using CHIMERE forecast over a coarser European domain. The boundary layer height is 

considered as the maximum of the boundary layer height calculated from the Richardson number 

profile [Troen and Mahrt, 1986], as the lowest altitude where Ri = 0.5, and a convectively based 

boundary layer height calculation [Rouil et al., 2009; Menut et al., 2013]. CHIMERE contains a 

sectional aerosol module which includes emitted total primary particulate matter (TPPM), secondary 

inorganic aerosols such as nitrate, sulphate, ammonium, and secondary organic aerosol. Boundary 

layer depth and PM2.5 are simulated here for three Airparif urban background stations around the 

SIRTA Observatory: Gennevilliers, Bobigny and Vitry-sur-Seine.  

 

Overview of observation and model output 

[7] Figure 1A presents time-series of un-calibrated range-corrected attenuated backscatter profiles of 

CL31 ceilometer along with the Boundary Layer Depth (BLD) as derived from the STRAT+ algorithm 

(which makes use of backscatter and surface parameters, as described by Pal et al., 2013) and as 

modeled by PREV’AIR between March 09 and March 14. A nocturnal and stable BLD of about 100 m 

is obtained for the studied period, contrasting with much higher diurnal convective BLD ranging from 

700 m for March 11 to 1400 m for March 13 and 14. A low-level cloud, based at 300 m, appeared on 

March 11 morning, whereas a fog event occurred on March 14 at 06:00 UT.  

Figure 1B presents the time-series of the dry aerosol size distribution as well as measured and 

modeled PM2.5 loadings, the latter ones notably increasing from 10 µg m
-3

 on March 09 to 125 µg m
-3

 

on March 14 (10 to 200 µg m-3 for model). Figure 1C and 1D shows vertical profiles of wind speed and 

direction from WLS70 Doppler lidar respectively, as well as potential temperature and specific 

humidity profile from M10 radiosondes at 00:00 and 12:00. Results presented in these figures are 

further discussed in the following sections. 

Aerosol properties and variability 

Concentration, and chemical composition 

[8] Figure 2 shows the submicron particle composition obtained from ACSM and Aethalometer 

measurements from February 28
th

 to March 24
th

. This temporal window is divided into 4 distinct 

periods, for which the average chemical composition and PM1 concentrations, and air masses 

backward trajectories are available. The latter are simulated using the Lagrangian atmospheric 

dispersion model Flexpart 8.2.3 (where 64 particles are released each hour from a box surrounding 

SIRTA and from 160 to 500 m above sea level, and transported 8 days backward). Periods I and III are 
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dominated by Westerly winds and oceanic air masses, which are predominant all along the year at 

SIRTA [Haeffelin et al., 2005; Petit et al., 2015]. These periods are associated with a high relative 

contribution of carbonaceous aerosols, OM and BC representing together more than 50 % of the fine 

aerosols, notably due to local combustion emissions [Petit et al., 2014]. Conversely, period II is 

primarily characterized by anticyclonic conditions, moderate wind speeds (ranging from 1 to 4 m s-1) 

and an increase of the relative contributions of highly hygroscopic secondary inorganic aerosols 

(ammonium nitrate and ammonium sulfate). By contrast with periods I/III, fine aerosols in periods II 

may have a strong capacity to absorb water and increase their impact on light scattering as discussed 

later on in the present paper. This episode can be divided into 2 sub-periods, the first one (period IIa, 

from March 4th to March 9th) being dominated by a Northerly wind air mass, while the second one 

(period IIb, March 9th to 15th) mainly corresponds to Easterly wind and continental air masses, and is 

associated with highest PM1 levels (up to 110 µg m
3
 of PM1). This pollution event is overwhelmingly 

composed of ammonium nitrate, a feature that is commonly observed during this period of the year 

in the Paris area [Sciare et al., 2010; Bressi et al., 2013; Petit et al., 2015], and more generally in 

North-Eastern Europe [Mooibroek et al., 2001; Waked et al., 2014]. Such high ammonium nitrate 

concentrations (up to 75 µg m
3
 during the evening of March 14

th
) are related to favorable 

condensation of gaseous precursors (i.e., NOX and NH3, mainly originating from road transport and 

agricultural activities, respectively) in the particulate phase under high pressure systems combined 

with rather low temperature and/or high relative humidity conditions [Pay et al., 2012; Petetin et al., 

2014]. These secondary inorganic aerosols species are produced through photochemical processes 

and partly formed in-situ (diurnal cycle in phase with solar radiation). 

Optical properties and mass 

Next we describe the sun-photometer AERONET data and the surface in-situ variables derived from 

the diffusometer and the TEOM-FDMS measurements. Figure 3 shows time-series of diurnal cycle of 

aerosol optical depth at 500 nm, Angstrom coefficient at 440/870 nm (B) horizontal visibility (C), 

particle mass PM2.5 (D), between March 9 and March 14 2014. On March 9 2014 the average AOD is 

0.08 to reach an average value of 0.7 on March 14 2014, indicating a continuous increase of the 

aerosol load in the total column of the atmosphere. During this period, the thin particle mode 

(particle radius ranging between 0.05 and 0.6 µm) dominate with an Angstrom coefficient larger than 

1.3 except for March 11 characterized with specific conditions of humidity leading to aerosol growth 

(see below). Surface visibility at noon drops from 30 to 5 km whereas PM2.5 increases from 30 to 110 

µg m
3
. 

Aerosol radiative effect 

[9] Figure 4 presents time-series of diurnal cycle of diffuse solar downwelling flux (A), direct solar 

downwelling flux (B) between March 9 and March 14 2014, respectively. Figures (4C) and (4D) show 

the relationship between column-integrated aerosol optical depth at 500 nm and surface-level 

extinction at 550 nmdepending on relative humidity (4C) and boundary layer depth (4D). Figure (4E) 

shows the relationship between column-integrated aerosol optical depth at 500 nm and Aerosol 

Direct Radiative Effect (ADRE)  for direct, diffuse, and global irradiances.  

[10] The ADRE for global shortwave irradiance [Heald et al., 2014], diffuse shortwave irradiance, 

direct shortwave irradiance and ultraviolet irradiance is defined as the difference between measured 

irradiance and the pristine clear-sky irradiance values that should be observed when the aerosol load 

is minimum [Dupont et al., 2009]. To quantify the ADRE, we use here the reference clear-sky pristine 

day of March 09 characterized by daily average AOD of about 0.08 at 550 nm and the maximum daily 

horizontal visibility of 22 km. The maximum radiative effect on diffuse downwelling flux is around + 
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150 W m-2 and -300 W m-2 for direct downwelling flux. The mean surface aerosol effect efficiency 

(effect per unit optical depth) is of about -80 W m-2, +170 W m-2 and -600 W m-2 for global, diffuse 

and direct downwelling fluxes, respectively. The correlation coefficients are respectively 0.97, 0.90 

and 0.91 (Figure 4E). Note that the instantaneous effects of aerosols on surface irradiance heavily 

depend on the solar zenith angle. In order to isolate the dependence of surface irradiance on the 

AOD value, the diurnal mean aerosol effect is computed to better represent the aerosol climatic 

effects. The diurnal mean aerosol effect efficiency is of about -72 W m
-2

, +182 W m
-2

 and -604 W m
-2

 

for global, diffuse and direct downwelling fluxes respectively, with very satisfactory correlation 

coefficients of 0.98, 0.94 and 0.95. These results are similar to the ones previously obtained by Liu et 

al. (2007). The average ADRF during the high-level pollution event is of -23 W m-2 for the downwelling 

shortwave global irradiance at the surface. 

[11] For the ultraviolet radiative effect, UV measurements were corrected to remove the effect of 

the total ozone column levels (TOZ). Daily TOZ values were considered from Ozone Monitoring 

Instrument (OMI), and showed changes over SIRTA Observatory ranging from 295 to 349 DU during 

this period. The correction factor is developed based on clear-sky UV calculations for the whole 

period with the parametric PTUV model [Badosa et al, 2005]. The mean surface aerosol effect 

efficiency for UV irradiance at the surface is of about -0.7 W m
-2

 with a correlation coefficient around 

0.92. The mean ultraviolet ARDF is of -0.35 W m-2. 

[12] Following Elias et al. (2010), we derived the Particle Extinction Coefficient (PEC) at 550 nm from 

horizontal visibility measurement at the surface, and we quantified the impact of relative humidity 

and boundary layer depth on the relationship between AOD and PEC (Figures 4C and 4D). We show 

the role of humidity on the aerosol growth (aerosol growth affects both AOT and PEC): the higher the 

RH for a same AOD, the larger the aerosol, due to the hygroscopicity factor leading to a decreasing in 

the visibility and so an increasing in the PEC. For example in Figure 4C, for AOD=0.2 and RH=50 %, 

PEC=80 M m
-1

; whereas for AOD=0.2 and RH=85 %, PEC=450 M m
-1

. In this situation, the Boundary 

Layer Depth plays a significant role to maintain a constant AOD whereas surface PEC is multiplied by 

5.  At RH=90 %, the size of ambient aerosol is larger due to hydration process and then contribute 

more efficiently to the extinction of visible radiation. The impact of Boundary Layer Depth on the 

relationship between AOD (integrated along the column) and PEC (local measurement at the surface) 

is significant and, as can be observed on Figure 4D, that for AOD=0.2 and BLD=800 m, PEC=70 M m-1 

whereas for AOD=0.2 and BLD=150 m, PEC=300 M m-1. For a higher BLD and a similar AOD, the 

aerosols are less homogeneously distributed along the vertical, so that the concentration near the 

surface is lower, leading to a smaller extinction of the visible radiation at the surface.  

Physical processes driving the aerosol concentration at the surface level 

[13] In this Section, we discuss the physical processes affecting the extreme pollution event, trying to 

establish a link between surface aerosol loading and chemical composition, radiative transfer, surface 

energy partitioning and boundary layer dynamics. The diurnal cycle of the BLD (Fig. 5A), surface 

radiative budget (Fig. 5B), turbulent kinetic energy (Fig. 5C), wind speed at 10m agl (Fig. 5D), vertical 

gradient of temperature (30m-1m, Fig. 5E), and sensible heat flux at 10m agl (Fig. 5F) are shown in 

Figure 5 for the period ranging between March 9 and March 14. The boundary layer depth is a 

signature of the intensity of the vertical mixing between the surface and the free troposphere. The 

vertical gradient of temperature between 30 and 1 m (T30-T1) provides the intensity of thermal 

stability. For example, on March 10 at 06:00 the thermal inversion between 1 and 30 m reaches 8 °C 

while the BLD remains very shallow around 70 m.  
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[14] During this 6-day period, we observe significant contrasts during each diurnal cycle of PM2.5. As 

shown in Fig. (3D), PM2.5 is modulated in time and in amplitude and we will quantify the role of 

dynamical, radiative, thermo-hygrometric and cloud processes on this variability. To do so, we 

analyzed precisely 4 days (March 11 to March 14) characterized by similar values of PM2.5 at 08:00 UT 

near 90 µg m-3. We identify four significant features characterizing the PM2.5 diurnal cycle: (1) timing 

and intensity of the morning PM2.5 maximum value, (2) timing and intensity of the afternoon PM2.5 

minimum value, (3) amplitude of the PM2.5 cycle, and (4) PM2.5 peak on evening of March 14. 

[15] Timing and intensity of the morning PM2.5 maximum value. PM2.5 values at 08:00 UT are 

remarkably similar on all four days (March 11-14) near 90 µg m-3, while PM2.5 values are significantly 

difference from one day to the next, 3 hours later (70 µg m-3 on March 11 and 110 µg m-3 on March 

14). The daily maximum PM2.5 is reached at 09:00 UT on March 11 and March 12 (95 µg m
-3

 and 85 µg 

m
-3

, respectively), whereas the maximum PM2.5 is reached at 11:00 UT on March 13 and March 14 

(near 110 µg m
-3

). This two-hour difference can be related to the boundary layer depth development 

with a boundary layer starting to rise at 08:00 UT on March 11 and 12 against at 10:00 UT and 12:00 

UT on March 13 and March 14 respectively. On March 11, the PM2.5 decrease is quite limited (-3 µg 

m
-3

 per hour) whereas it reaches -7 µg m
-3

 per hour on March 12. This significant contrast should be 

related to the thickness of aerosol dilution characterized here by the boundary layer growth rate 

around 50 m hr-1 on March 11 and 150 m hr-1 on March 12 (typical of winter-time growth rates 

according to Pal and Haeffelin, 2015). On March 13 and 14, the PM2.5 decrease starting from the 

maximum at 11:00 UT is of about -7 µg m
-3

 per hour for a boundary layer growth rate larger than 

+300 m hr
-1

 (typical of summer-time values). However, the PM2.5 temporal difference of one hour 

between March 13 and 14 can be explained by a more rapid decrease on March 13 in relation with 

the fastest development of the BLD (1000 m at 12:00 on March 13 and 500 m at 12:00 on March 14). 

The delay for the boundary layer depth development concerning March 14 is likely due to fog 

formation at 06:00 and dissipation at 07:30. The dissipation of the fog layer delays the thermal 

eddies and so the vertical mixing. Consequently, temporal evolution between 06:00 and 09:00 is 

drastically different on March 13 and March 14. The 2m-temperature temporal gradient is around +3 

°C h
-1

 against +2 °C h
-1

, and decreasing relative humidity from 90 % to 60 % against saturated air mass 

with 100 % relative humidity value. Moreover, the BLD development on March 14 could also be 

affected by the vertical profile of wind shear (Fig. 1D) that tends to modify air mass origin and then 

aerosol, temperature and humidity profiles (Fig. 1A, 1C and 1D). 

[16] Timing and intensity of the afternoon PM2.5 minimum value. Minimum value of PM2.5 occurs in 

the afternoon but we note major differences within the March 11 – March 14 period. The minimum 

value of PM2.5 is 75 µg m-3 and occurs at 15:00 UT on March 11 and at 18:00 UT on the three other 

days, with 45 µg m-3, 55 µg m-3 and 60 µg m-3 on March 12, March 13 and March 14 respectively. 

Hence, March 11 is characterized by the highest afternoon polluted aerosol concentration whereas 

the aerosol optical depth is quite limited at 0.4 against higher than 0.7 on March 13 and March 14. 

Simultaneously, horizontal visibility equals to 6 km, 8 km and 9 km respectively on March 11, March 

13 and March 14. The afternoon aerosol concentration near the ground level can be correlated with 

the boundary layer depth (layer of dilution for aerosols and mixing): 700 m for March 11, and 1200 m 

for March 13 and March 14. The stronger wind speed between surface and 1 km on March 11, 

reaching more than 15 m s-1 at 500 m, can explain the limited development of the boundary layer on 

that day (Fig. 1C). By contrast, March 13 and 14 are much less turbulent with maximum wind speed 

around 6 m s
-1

. The vertical development of the boundary layer on March 13 and 14 is driven by the 

solar heating leading to thermal eddies, while the important wind shear on March 11 tends to limit 

these thermal eddies and so the vertical mixing. The top of the boundary layer corresponds to the 

altitude where the wind shear is at its maximum, which occurs near 700 m on March 11. This thin 
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BLD confines the humidity near the surface and can explain the very high value of relative humidity 

larger than 60% during daytime compared to the another days (smaller than 40 % and 30 % on March 

13 and March 14). The strong mixing between surface and some hundreds of meter on March 11 (at 

the opposite, low mixing for March 13 and 14) characterized by 10-m TKE and 10-m wind speed 

larger than 3 m² s-2 and 4 m s-1, respectively, (smaller than 0.3 m² s-2 and 1 m s-1, Fig. 5C and Fig. 5D), 

tends to homogenize temperature (Fig. 1C) and humidity (Fig. 1D) profiles in the boundary layer. On 

March 11, the vertical profile of specific humidity and potential temperature are constant until 400 m 

at 00:00 and 500 m at 12:00. The upper air parcel is drier but vertical wind speed is very small 

(smaller than -0.2 m s
-1

 during nighttime period), limiting considerably the entrainment of dry air 

originating from the residual layer or free troposphere. Consequently, the wetter boundary layer on 

March 11 persists during all the day. 

[17] Amplitude of PM2.5 cycle. PM2.5 daytime variations on March 11 are very limited with a 

maximum of 90 µg m
-3

 at 06:00 and a minimum of 70 µg m
-3

 at 18:00 compared to March 14 with 

110 µg m-3 at 11:00 and 55 µg m-3 at 18:00. On March 11, BLD ranged from 300 m to 650 m against 

150m to 1450m on March 14, leading to a daytime dilution effect more than twice smaller on March 

11. The relative humidity ranges from 100 % to 60 % and from 80 % to 35 % on March 11 and March 

14, respectively. We note major differences in day-night temperature amplitudes equal to 10°C on 

March 11 and 16°C on March 14. Moreover, the important mixing between the surface and the top 

of the boundary layer on March 11 (TKE higher than 1 m2 s-2 and wind speed around 4 m s-1) tends to 

homogenize the vertical profile of aerosol concentration and temperature/humidity (Fig. 1C and 1D). 

It drives the diurnal cycle of PM2.5 with low concentrations before 12:00 (for a BLD larger than on 

other days) and highest loadings around 15:00-18:00 (for a BLD shallower than on other days). 

Moreover, on March 13 PM2.5 variations follow the AOD, while on March 14 PM2.5 variations seem to 

be anti-correlated with the AOD. The BLD is quite similar on March 13 and March 14, in spite of 

inhomogeneous aerosol vertical profiles. Consequently, the relationship between AOD and PM2.5 is 

more complex on March 14 and a phenomenon such as the one described by Curci et al. (2015) is a 

possible explanation: the upper-level processes within and above the boundary layer can contribute 

up to 40% of the PM2.5. The vertical profile of aerosol properties (size, concentration, composition) 

will be analyzed in a future work to better understand the relationship between aerosol, gas, and 

thermodynamical variables.  

[18] PM2.5 peak on evening of March 14. The maximum PM2.5 (125 µg m-3) observed during the 6-day 

period occurs on March 14 at 23:00 UT, when more than 70 % of the PM1 fraction is made of NO3 and 

NH4. Nitrate and ammonium ions are known to be hydrophilic, enhancing the aerosol growth. On 

March 14 at 22:00 UT, particles larger than 100 nm are twice more important than on March 13 at 

the same time (approximately 1500 # cm-3 against 800 # cm-3 respectively), playing a major role in 

the PM2.5 increase. After 23:00 UT, PM2.5 starts decreasing, possibly due to the fog formation and the 

activation of fine particles into droplets larger than 2.5 µm in aerodynamic diameter. Typically, 

during a fog event droplet size distributions are centered on 20 µm with minimum and maximum size 

at 3µm and 50µm, respectively [Degefie et al., 2015]. A supersaturation around 0.03 % is favorable 

for the fog formation [Hammer et al., 2014] and this condition is reached on March 14 at 23:00. 

[19] Difference between observed and modeled PM2.5. The observed and modeled PM2.5 time series 

are characterized by significant differences in timing and amplitude (Figure 1.A, 1.B). A possible 

reason to explain these discrepancies relies in the difference between modeled and measured 

boundary layer depths (dilution effect). Indeed, when modeled PM2.5 is higher than observed PM2.5 

(March 10 at 09:00, March 13 at 09:00 and March 13 at 18:00), the modeled BLD is much lower than 

the observed BLD (20 m and 90 m on March 10 at 09:00, 20 m and 108 m on March 13 at 09:00, 60 m 
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and 110 m on March 13 at 18:00). By contrast, the modeled PM2.5 is lower than observed PM2.5 

(March 9 during night, March 11 and 12 until 12:00) when the former one BLD is higher than latter 

one (270 m and 110 m on March 9 during night, relatively constant difference of 200 m between 

March 11and March 12 until 12:00). The transitions between cloud-free night (very stable thermal 

conditions) and clear-sky day (unstable thermal conditions) and vice versa induce strong variations of 

BLD and modulate significantly PM2.5, leading to important differences during this specific period. 

However, the constant and significant difference during more than 36 hours (March 11 until March 

12 18:00) between modeled PM2.5 (mean value around 35 µg m
-3

) and observed PM2.5 (mean value 

around 80 µg m
-3

) can be related to the cloud formation during the night and high relative humidity 

value in the whole day with a limited vertical development of the boundary layer. 

Conclusions 

[19] Surface-based observations gathered at SIRTA Observatory are used to identify the major 

mechanisms driving the heavy regional air pollution episode that affected the Paris region in March 

2014, and to quantify the impacts of this particulate pollution on the surface visibility and on the 

solar and ultraviolet downwelling irradiances at the surface. PM2.5, mainly composed of ammonium 

nitrate and organic matter, ranged from 10 to more than 120 µg m
-3

 during the studied period. 

Concomitantly, the aerosol optical depth at 550 nm increased steadily from about 0.06 on March 6 to 

more than 0.9 five days later with a horizontal visibility decreasing from 40 to less than 1 km. The 

absorption and scattering of solar radiation by pollution particles induced, at the peak of the heavy 

pollution event, a direct irradiance instantaneous shortwave flux decrease of about 450 W m
-2

 and a 

diffuse irradiance instantaneous shortwave flux increase of about 150 W m
-2

. The mean aerosol 

direct radiative effect during this period was -23 W m-2 for shortwave and -0.35 W m-2 for ultraviolet 

irradiances. The mean surface aerosol effect efficiency (effect per unit optical depth) was of about -

80 W m
-2

 and -0.7 W m
-2

 for shortwave and ultraviolet irradiances, respectively. We show with a 

comparative study that the vertical development of boundary layer can be inversely correlated to the 

diurnal cycle of PM2.5, with variations that are consistent in time and amplitude. On March 14, PM2.5 

ranged from 110 µg m-3 at 11:00 (BLD = 150 m) to 55 µg m-3 at 18:00 (BLD = 1450 m), while on March 

11 , PM2.5 ranged from 90 µg m
-3

 at 06:00 (BLD = 300 m) and 70 µg m
-3

 at 18:00 (BLD = 650 m). The 

boundary layer depth is afected by solar heating of the surface, surface dynamics and turbulence but 

also by vertical wind shear. Hence, we are able to identify here the signature of the local dynamical 

processes (vertical mixing, boundary layer depth) on the particle mass near the ground level by 

comparing diurnal cycle obtained by observations. This methodology can be applied to other case 

studies in order to statistically investigate the various processes affecting particulate pollution 

episodes.   
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TABLE 

 

 

 

Table 1. Active and passive remote sensing instruments and the in-situ sensors used for this study. All 

instruments are deployed at the SIRTA site, except for PM2.5 TEOM-FDMS measurements provided by 

the regional air quality monitoring network (AIRPARIF) at different urban background stations of the 

Paris region. 

Instruments Parameter Temporal resolution Uncertainty 

CL31 Ceilometer Nd-YAG 

(910 nm) 

Cloud base height [Morille at al., 2007] 

Boundary Layer Depth [Pal et al., 2013] 

30 sec 15 m 

Surface pyrgeometer and 

pyranometer 

Shortwave and Longwave downwelling  

and upwelling fluxes (W m-2) 
1 min 

4 W m-2 for longwave 

5 W m-2for shortwave 

Degreanne DF20+ visibilimeter Horizontal visibility (km) 1 min ± 10-25 % 

Temperature and humidity sensors 

located at 1, 2, 5, 10 et 30 m agl 

Temperature and humidity at 5 levels 

above the ground 
1 min 

0.2 °C for temperature 

2 % for relative humidity 

Cimel sun-photometer, level 1 

products 

Aerosol optical depth at 500nm 

Angstrom coefficient at 440/870nm 

Around 10min when solar 

is visible 
0.002-0.005 

M10 Modem radiosondes 

Pressure, temperature, humidity, wind 

speed and direction  

Altitude between 0 and 20 km) 

00:00 and 12:00 UTC 
0.2 °C for T 

2 % for RH 

Cup anemometer and wind vane Wind speed and wind direction at 10m 1 min 0.1ms
-1

 and ±2° 

CSAT-3 sonic anemometer 
Turbulent heat flux 

Momentum flux 

10Hz for raw data 

5min for TKE and sensible 

heat flux 

5-15% 

WLS70 Doppler wind lidar 
3D wind speed between 100m and 

1500m 
10min 0.1m/s and 2°  

TSI SMPS 
Dry aerosol number concentration and 

size distribution (10.6 to 496nm) 
5min 10 % 

ACSM 

Aerosol chemistry (organic, 

ammonium, sulfate, nitrate and 

chloride) 

30min 0.2µgm
-3

 

TEOM -FDMS (tapered element 

oscillating microbalance) 
PM2.5 mass concentration (µg m-3) 15 min ±1.5 μg m-3  

AE33 Aethalometer Black Carbon 1 min 20 % 
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Figure 1. Time series of (Fig. 1A) attenuated backscatter signal (color bar) and boundary layer depth 

derived from CL31 ceilometer (black line) or modelled (blue line : average value of the Gennevilliers, 

Bobigny and Vitry, and blue square markers : max and min values of the three sites); (Fig. 1B) aerosol 

size distribution from TSI SMPS (color bar) and PM2.5 from TEOM FDMS (black marker) or from 

model (blue line : average value of the Gennevilliers, Bobigny and Vitry, and blue square markers : 

max and min values of the three sites); (Fig. 1C) vertical profile of wind speed from WLS70 Doppler 

lidar (color bar) and potential temperature profile from M10 radiosondes (black line) ; (Fig. 1D) 

vertical profile of wind direction from WLS70 Doppler lidar (color bar) and specific humidity profile 

from M10 radiosondes (black line). 
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Figure 2. Temporal variations of the chemical composition of submicron aerosols from ACSM and 

Aethalometer measurements before, during and after the high level pollution event. The top panel 

shows the average Flexpart backtrajectories for each delimited period, represented as the number of 

particles crossing each 0.5°x0.5° grid cell during the 8 days of transport, relatively to the maximum of 

this number over the grid. 
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Figure 3. Diurnal cycle of aerosol optical depth at 500nm (Fig. 3A), Angstrom coefficient at 

440/870nm (Fig. 3B) horizontal visibility (Fig. 3C), particle mass PM2.5 (Fig. 3D), between March 9 

and March 14 2014. 
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Figure 4. Diurnal cycle of diffuse solar downwelling flux (Fig. 4A) and direct solar downwelling flux 

(Fig. 4B) between March 9 and March14 2014. Relationship between aerosol optical depth and 

visible extinction depending on relative humidity (Fig. 4C) and boundary layer depth (Fig. 4D) and 

between aerosol direct radiative effect and aerosol optical depth for direct, diffuse, and global 

irradiance (Fig. 4E). 
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Figure 5. Diurnal cycle of boundary layer depth (Fig. 5A), surface radiative budget (Fig. 5B), turbulent 

kinetic energy  (Fig. 5C), wind speed at 10m agl (Fig. 5D), vertical gradient of temperature (30m-1m,, 

Fig. 5E), and sensible heat flux at 10m agl (Fig. 5F) between March 9 and March 14 2014. 

(A) 

(F) (E) 

(D) (C) 

(B) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

This event is primarily characterized by a fine particle mass (PM2.5) increase from 10 to more than 

120 µg m-3 and a simultaneous decrease of the horizontal visibility from 40 to 1 km.  

The aerosol optical depth (AOD) at 550 nm increased steadily from about 0.06 on March 6 to more 

than 0.9 five days later.  

The mean surface aerosol effect efficiency (effect per unit optical depth) is of about -80 W m-2 with a 

mean aerosol direct radiative effect of -23 W m-2.  

A comparative analysis is performed for 4 consecutive days (between March 11 and 14), showing 

that the PM2.5 diurnal cycle can be modulated in time and amplitude by local processes such as the 

boundary layer depth development (ranging from 100 m to 1350 m), surface relative humidity (100 % 

to 35 %), thermal structure (10 °C to 16 °C for day/night amplitude), dynamics (wind speed ranging 

from 4 m s-1 to 1.5 m s-1) and turbulence (turbulent kinetic energy reaching 2 m² s-2) near the surface 

and wind shear along the vertical.  


