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Abstract. We analyze the relationship between daily fine because the exposure to suspended particles can contribute,
particle mass concentration (PM2.5) and columnar aerosoamong others, to some lung and respiratory diseases and
optical thickness derived from the Polarization and Direc-even premature death. However, most of the air quality-
tionality of Earth’s Reflectances (POLDER) satellite sen- monitoring stations are located close to major urban areas
sor. The study is focused over France during the POLDER-eaving large areas without operational observations. Satel-
2 lifetime between April and October 2003. We have first lite remote sensing is well suited for a daily monitoring of the
compared the POLDER derived aerosol optical thicknessaerosol load (Kaufman et al., 2002; King et al., 1999). In the
(AOT) with integrated volume size distribution derived from recent years several set of satellite data have fostered a com-
ground-based Sun Photometer observations. The good coprehensive description of the temporal and spatial variabil-
relation (R=0.72) with sub-micron volume fraction indicates ity of different aerosol species, from anthropogenic aerosols
that POLDER derived AOT is sensitive to the fine aerosol (Tani et al., 2001) to desert dustébn and Legrand, 2003).
mass concentration. Considering 1974 match-up data point$he monitoring of aerosols from space has also been widely
over 28 fine particle monitoring sites, the POLDER-2 derivedused during this last decade for the evaluation of aerosol
AOT is fairly well correlated with collocated PM2.5 mea- influence on global climate change through the impact on
surements, with a correlation coefficient of 0.55. The cor-the Earth-atmosphere radiation budget (Boucher andéTanr
relation coefficient reaches a maximum of 0.80 for particular2000; BEon et al., 2002). Primary aerosol quantity derived
sites. We have analyzed the probability to find an appropriatdrom space borne remote sensors operating in the solar spec-
air quality category (AQC) as defined by U.S. Environmentaltrum is the aerosol optical thickness. The relationship be-
Protection Agency (EPA) from POLDER-2 AOT measure- tween column aerosol optical thickness (AOT) derived from
ments. The probability can be up to 88.8%3(7%) for the  satellite imagery and fine particulate mass ground measure-
“Good” AQC and 89.1%+3.6%) for the “Moderate” AQC. ments (PM) has already been explored over the United States
(Engel-Cox et al., 2004; Wang and Christopher, 2003; Al-
Saadi et al., 2005) and other populated and industrialized
regions in Asia (Li et al., 2005) and Europe (Chu et al.,
2003) using retrievals from the MODIS radiometer (MOD-
Atmospheric pollution due to airborne fine particles is an en_erate Imaging Spectroradiometer, on board Earth Observ-
. P P L P ing System (EOS) TERRA and AQUA satellites). Wang
vironmental issue of a worldwide increasing concern. At- : . . .
. . . and Christopher (2003) have used a simple linear relation-
mospheric aerosols also called Particulate Matter (PM) in-_, . .
. - ship between MODIS derived AOT and 24 hr mean PM2.5
teract with the solar and thermal radiation and thus affect o : : : . X
, S to quantitatively estimate air quality categories as defined by
the Earth’s radiative balance (Anderson et al., 2003). The . . :
: the U.S. Environmental Protection Agency (EPA) with an ac-
PM mass measured at the ground level is a common way to

o i "
quantify the amount of aerosol particles in the atmosphereCuracy of more than 90% in cloud-free conditions.

and is used as a standard to evaluate air quality. PM moni- POLDER (Polarization and Directionality of Earth's Re-

toring is particularly important for human health protection fléctances) has flown aboard ADEOS-1 from November
1996 to June 1997 and aboard ADEOS-2 (that crosses the

Correspondence tavl. Kacenelenbogen equator at 10:30 UTC) from April to October 2003. Despite
(meloe@loa.univ-lillel.fr) the short life of the instrument, a unique set of observations

1 Introduction
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Fig. 1. Temporal evolution of 24-h averaged fine particulate mass concentration (PM2dmB8) during year 2003 over Lille (North of
France). We show the different Air quality categories (according to the EPA) such as Good (between 0 aﬁmnﬁ.énd Moderate
(between 15.5 and 4049/m3). The POLDER derived AOT at 440 nm over the PM2.5 site of Lille is also presented between April and
October 2003.

on the global aerosol distribution has been acquired. Nahe evaporation of ammonium-nitrate (Hodzic et al., 2005).
comparison studies between radiometer POLDER-2 and PMVe have centred our attention on the year 2003 in order to
ground measurements have been achieved yet. The aimse the measurements recorded during the POLDER-2 ob-
of this paper is to analyze the capacity of POLDER mea-servation period between April and October 2003. More-
surements in estimating aerosol pollution events and to in-over, during 2003, local air quality monitoring stations have
vestigate the possible use of satellite data for air qualityrecorded (over Paris and its outskirts) a slight increase in
monitoring. We base our analysis on the data collected bythe mean level of fine particles even though the amount of
POLDER-2 on ADEOS-2 and collocated ground measure-fine particles had remained stable from 1998 to 2002. Fig-
ments in France from local air quality monitoring stations ure 1 presents the temporal evolution of ground-based 24-h
and Sun photometer sites of the AERONET/PHOTONS net-PM2.5 mass concentrations recorded in downtown Lille city
work. in North of France during year 2003. In general, there are
more particulate pollution events and of higher intensity dur-
ing winter than during the rest of the year. Among the peaks
recorded during year 2003, we observe on Fig. 1 an abso-
lute PM2.5 maximum value in winter up to ¢@.m~2 dur-

ing February. In summer, the maximum (up to 40.m—2)

The Particulate mass concentration measured at the grourld OPserved in August. To give an order of magnitude,
level (PMx means the mass of particles with an aerodynamicth€ U.S. Environment Protection Agency (EPA) has estab-
diameter lower thawum) is a common way to quantify the lished that the 24-hour averaged PM2.5 concentration must
e : -3 ” :

amount of particles in the atmosphere and is used as a stak® 1€sS than 40.69.m™>for healthy conditions concerning
dard to evaluate air quality. The small aerosol componentt€ whole population (including special groups such as el-
PM2.5 in ug/m-3, is of most concern to human health be- derly and ghlldren). We can observe on Fig. 1 tha_lt this
cause it can be easily inhaled deep into the lungs. Therefor80-519.m™ threshold has been exceeded 6 times during the
we chose to base our study on PM2.5 data more appropri‘-’VhOle winter period. Taking into account the assumed well
ate for health related studies than PM10 data. PM 2.5 arénixed aerosols in the boundary layer, the increase of con-

found in smoke and haze and generally result from com-centration of pollutants at ground level in winter could be
bustion, including motor vehicles, power plants, residential€*Plained by an inversion layer trapping aerosols underneath

wood burning, forest fires, and agricultural burning. In terms @ ‘thermal lid” (a significant decrease of ground temperature
of aerosol pollution monitoring, particulate mass concentra-values by night tend to induce a lower morning air tempera-
tion is measured by several air quality agencies scattered!re atthe ground than at high altitude).

over France and handled by the French Environment and En-

ergy Management Agency (ADEME). The mass concentra-2.2 Evaluation of the POLDER-2 aerosol optical thickness
tion of the PM fraction is determined continuously using a

Tapered Element Oscillating Microbalance (TEOM, uncer- POLDER provides measurements of the spectral, direc-
tainty of a fewug/m3 on the PM values). There could be an tional and polarized characteristics of the solar radiation
underestimation of the PM values by the TEOM caused byreflected by the Earth-Atmosphere system. POLDER-2’s

2 Satellite and ground-based data

2.1 Daily mean fine particulate mass PM2.5

Atmos. Chem. Phys., 6, 4848849 2006 www.atmos-chem-phys.net/6/4843/2006/
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spatial resolution is 6 km7 km and its wide field of view .
induces a 2400 km swath that allows a nearly global daily ~— 2~ if
coverage. To increase the signal to noise ratio, the algo-

. . . . . / V'yx@"*/\/
rithm is applied to %3 POLDER pixels, leading to a res- oL & B
olution in the aerosol AOT of 21 km18 km. AOT retrieval 451?(;5 o
from the POLDER polarized measurements is described by {

Deuz et al. (2001). The AOT is retrieved at the 670 nm 4800
and 865 nm channels equipped with polarized filters. Only
cloud-free pixels selected according to the cloud-screening
algorithm of Beon and Colzy (1999) are processed. The

Latitude

46.00

surface contribution is modelled as a semi-empirical bidirec-
tional polarized distribution function that depends on the nor- 4400 f
malized difference vegetation index (NDVI) and the geo-type M\

of the pixel according to the IGBP classification (Nadal and

Bréon, 1999). Ten mono-modal lognormal size distributions " 7™, <™
are considered with corresponding effective radius from 0.05 ? o
to 0.15um and a standard deviation of 0.403 for a complex 600400200000 200 400 600§ 1000 1200
refractive index of 1.47-0.01i. In this study, we consider e

the AOT at 440 nm extrapolated from the measurements at

670 and 865 nm. Physical AOT values are considered to b&!9- 2. Locations of (Red dots) the 28 PM2.5 stations and (Blue
valid down to 0. Figure 1 shows along with the PM2.5 mea- dots) the 10 AERONET/PHOTONS Sun photometer sites used in

surements the corresponding POLDER derived AOT over thethls study.

site of Lille, France between April and October 2003. Gen-

erally, the temporal trend in the optical thickness is very Sim'Dubovik et al. (2000). As we use daily average PM2.5, we
ilar to the trend directly recorded in ground-based PM2.5,1 e also compared the POLDER derived AOT with daily

especially in August. However, some days show a peak Ofheqn gyn photometer volume size distribution. Considering
POLDER AQT not recorded at the groun(i by the PM mea'daily average rather than instantaneous observations may in-
surements like on 27 May (POLDER AOT =0.60 and PM2.5 ;e 4 bias in the comparison. However, the difference

= 15.5.9/m3). This could be due to the presence of a highpeyyeen the satellite instantaneous observation and daily av-
altitude aerosol plume. On another hand, days like the 15th, 540 AQT for urban/industrial area remains less than 10%

of April present a strong |OCil| PM valu_e (29/m3) not ob- (Smirnov et al., 2002). POLDER-2 data are averaged within
served by POLDER-2 (AOTTO'OS)' This phenome_non couldy 3,3 pixels size area (0°% centred on the AERONET site
be due to the coarse resolution of the POLDER-2 instrument ¢ i arest. During the POLDER-2 lifetime, 10 Sun pho-

compared to the local station, or the choice of selecting dailytometers from the AERONET/PHOTONS network were op-
mean PM2.5 compared to instantaneous POLDER-2 daty a1ing over France. Their geographical locations are dis-

We can notice the difference in the number of observationsp|ayed on Fig. 2. We have compared the POLDER derived
between the groun_d-base_d PM2.5 (213 obse_rvat|ons over theoT and integrated volume size distribution from April to

POLDER-2 operating period) and the satellite (78 observa-noner 2003, providing a total of 473 match-up data points.
tions) due to the impact of the cloud cover. As we foCUS 1hg correlation (see Fig. 3) between the two quantities is en-

on the capacity of POLDER to derive information on the p,hceq from 0.66 to 0.72 when considering a cut-off radius

par.ticle mass, we first consider the cor.npari.sorll of'POLDEROf 1.0m, roughly corresponding to the PM2.5 physical cut-
derived AOT with integrated volume size distribution. For

. ' off radius. This is consistent with the fact that polarization
this purpose we use the data collected by the globally dlsby aerosol mainly comes from small spherical particles in

tributed AErosol RObotic NETwork (AERONET) (Holben 0 50cumulation mode (Vermeulen et al., 2000). It indicates

etal., 1998) hardware, which consists in more than 140 ideny, o1 po| DER derived AOT is well suited for remote sensing
tical automatic sun-sky scanning spectral radiometers. Th%f fine mode particles.

aerosol size distribution (between 0.05 ang:h%) and opti-

cal parameters (single scattering albedo, volume concentra-

tion, refractive index, and effective radius) are derived from3 Comparison between POLDER-2 derived AOT and

the angular distribution of sky radiances measured in the al- PM2.5 mass

mucantar according to the algorithm developed by Dubovik

and King (2000). In this work, we use level 1.5 AERONET We have compared the satellite data to ground-based 24-
data (Smirnov et al., 2002) and the retrievals of the vol-h mean PM2.5 measurements over France during the ac-
ume size distribution of aerosols derived from AERONET tive POLDER-2 period. The locations of the PM2.5 sta-
are selected with the highest possible accuracy according ttons are displayed on Fig. 2. The POLDER-2 AOT at

www.atmos-chem-phys.net/6/4843/2006/ Atmos. Chem. Phys., 6, 48432006
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Table 1. Statistics over 10 bins of 197 match-up points between POLDER AQOT at 440 nm and PM2.5 (data shown in Fig. 5). The two
first columns correspond to the minimum and the maximum aerosol optical thickness (AOT) for each of the 10 bins. The third and the forth
columns respectively show, for each bin, the fraction of the corresponding PM2.5 values that fit into the AQC “good”<RBH2,5g.m~3)

and AQC “moderate” (15.ﬁg.m—35 PM2.5< 40.4p,g.m—3). The last column shows the 90% level confidence interval on the population

of associated AOT and PM2.5 values.

AOT Min.  AOT Max. AQC “Good” AQC “Moderate” Error (%)

0.00 0.01 88.8 11.2 3.7
0.01 0.03 80.7 19.3 4.6
0.03 0.05 65.0 35.0 5.6
0.05 0.07 66.5 33.5 55
0.07 0.10 64.5 355 5.6
0.10 0.13 52.8 47.2 5.9
0.13 0.17 56.3 43.7 5.8
0.17 0.24 33.0 67.0 55
0.24 0.34 28.4 70.1 54
0.34 0.99 8.0 89.1 3.6
0.5 45
. -r<15um
0.45 40 *
.
0.4 35 s .

0.25

0.2

PM2.5 (ug/m3)

0.15

Integrated volume size distribution (um3/um2)

0 0.2 0.4 0.6 0.8 1 0
POLDER AOT (440) 0 0.2 0.4 0.6 0.8 1

POLDER derived AOT (440 nm)
Fig. 3. Regression lines between POLDER derived AOT at 440

nm and Sun photometer integrated size distribution for the total
size distribution (r<15um in black, Volume concentration = 0.25
AOT poLper* 0.05, R=0.66, RMS=0.04) and the submicron frac-
tion (r<1um in grey, Volume concentration = 0.15 AQpper+
0.03, R=0.72, RMS=0.02) over 10 selected AERONET/PHOTONS
sites (N=473).

Fig. 4. Comparison between collocated daily averaged PM2.5 and
POLDER derived AOT at 440 nm for a station close to the city
of Lille from April to October 2003 (PM 5= 26.56 AOTpoLDER
+13.20, R=0.70, N=78, RMS = 5.28).

sponding to the data presented in Fig. 1. A significant offset

of 13ug.m 2 indicates that the satellite has a limited capac-
440 nm are averaged in a3 pixels size area (correspond- ity for monitoring small amounts of particles. For each site
ing to 60x60kn?) centred on the PM2.5 station of inter- of the overall 28 stations, the slope of the regression remains
est. Among the 35 stations available, 7 are classified adetween 15 and 40g.m~3/AOT unit and the offset between
strongly affected by local car traffic and not considered in8.4 and 16.J.g.m~3. The overall comparison is presented in
this study. The overall match-up database corresponds t&ig. 5. When considering all of the 28 stations, the correla-
1974 comparison points. 5 stations among the 28 stationsion coefficient is 0.55. The slope of the regression is about
show a correlation coefficient over 0.70. Fig. 4 gives an ex-26..g.m~3 per unit AOT, and we can still observe a signifi-
ample of the regression found for the station of Lille, corre- cant offset close to 12g.m3.

Atmos. Chem. Phys., 6, 4848849 2006 www.atmos-chem-phys.net/6/4843/2006/
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The comparison of this first relationship between
POLDER AOT and PM2.5 with those previously established
by using MODIS is complicated by the influence of sev-
eral factors, like using PM10 instead of PM2.5 (Chu et al.,
2003; Li et al., 2005), different wavelengths and spatial res- 0
olutions for the satellite AOT (Engel-Cox et al., 2004; Wang
and Christopher, 2003), different time periods, and alterna-
tive approaches forcing the offset of the PM/Satellite AOT
relationship through 0. Additionally the difference of sen-
sitivity of the two sensors to fine particles, and their differ-
ent inversion algorithm for the AOT might have a signifi-
cant impact on their relationship with PM2.5. Despite these
limitations, the slope (26g.m~2 per unit AOT) and offset
(12 .9.m~3) we have derived from POLDER are in the same 10
range than those established by Engel Cox et al. (2004) be:
tween MODIS AOT and PM2.5 over the United States be-

50

30

20

PM2.5 (ug/m3)

tween April and September 2002 (slope ofid@m 3, offset 0 o o4 o5 o8 ;
around 8.g.m3). Other studies using MODIS found higher ’ ’ ’ '
values for the regression slopes like, for example, the local POLDER derived AOT (440 nm)

study by Wang and Christopher (2003) over Alabama (slope

~71g.m~3 per unit of MODIS AOT using PM2.5), or the  Fig. 5. Regression line between daily POLDER derived AOT at 440
comparison by Chu et al. (2003) over northern Italy (slopenm and PM2.5 measured at the ground (Grey dotsp BM25.67
~55ug.m~3 per unit of AERONET AOT using PM10). Fur-  AOT poLDER +12.10, R=0.55, N=1974, RMS = 5.53) over 28 PM
ther investigations should be performed to interpret these gjfStations in France from April to Qctober 2003 and considering the
ferences and evaluate the impacts of POLDER-2's coarse g?n values f{;gih Sf:f)hggl?\,g'{'os g:/?gk:s(;qge;;eszmaw
spatial resolution (2218 km) compared to MODIS (Level 2 POLDER ™24 R ' —

MODIS’s aerosol product is 2010 Km), and POLDER-2's

sensitivity to fine particles on these AOT/PM relationships. POLDER AOT that corresponds to a PM2.5 concentration
In our study, when data are arranged by bins of 197 pomtsoetween 15.5g.m~3 and 40.4ug.m 3 is 75 4'% POLDER

each (the last bin contains 201 points), the correlation CO%pservations are performed only in cloud-free conditions.

efficient rises up to 0.99 (also displayed on Fig. 5). Basedln consequence, there are much less POLDER observations

on the_ bin ave_raged data set, we hav_e assesseq POLDER’ﬁan PM2.5 data for a given site. If we consider the 28 sta-
capacity to estimate the EPA Air Quality Categories (AQC, tions, we have 2577 POLDER observations against 4573 for

see Wang and Christopher, 2003) over France for the 28 St8M2.5 measurements from April to October, i.e. a ratio be-

tions.. 'Due to the _relatively IOV.V PM2.5 valugs in our dgta tween the two data sets of 56%. The number of PM2.5 obser-
§et, it is only possﬂe to co.n'5|der tr:e tW(,), first C"’V[egor'es’vations that exceed the 15.&.m3threshold is 1497 while
€. below_%s.ig.m (clas_sra!ﬂed as _good ) f’md betwe”en the number of values of POLDER AOT above 0.17 is 817.
15.549.n and 40'4*9'.”] (classmed_ as “moderate”). However, we have estimated the relative difference between
Table 1 presents the minimum and maximum AQT for eaChthe number of PM2.5 and POLDER AOT observations as-

of the 10 bins as well as the percentage of the correspondéeSsed to be in the “Moderate” AQC, computed according to
ing PM2.5 values that fit into the two respective EPA cate- Eq. (1): ’

gories. Few points exceed 4Q§.m~2 in the last two bins,

respectively 1% and 3% of the data. Concserning the other, .\ o= (1)
_bmg, 100% of the pomt; are below 4@.§.m™°. The error T Nb(PMys > 155ug/m?) T Nb(AOTpoLoer > 0.17)

is given for a 90% confidence level. For very low optical | Nstation _ Nstation

thickness (first bin, AOT<0.01), 88.8% of the points are in ( o Nb(PMezs) o NVE(AOTroLDER) )

the AQC labelled “good”. Considering AOT above 0.35 the

probability to have PM2.5 in the AQC “moderate” is 89.1%. WhereesmogerateiS the relative difference between both kind
Since we are lacking values above 40&Gm 3, we can-  of measurements arldb is the number of observations for
not establish an upper limit for the AOT in the “moderate” each PM station, numbered from 1 to Nstation (28 over
AQC. For a POLDER AQOT up to 0.10, the averaged proba-France). We have evaluateg ogerateto 1%. As we observe
bility to find a corresponding PM2.5 below 15.5.m3 is a very weak underestimation in the number of observations
73%. Below a threshold of 0.17 for the POLDER AQT, this assessed to be in the “Moderate” AQC by the POLDER AOT,
probability is 68%. If we also consider this threshold as athe threshold of 0.17 seems adequate to statistically estimate
lower value for the “Moderate” AQC, the probability to have the number of days that exceed the 15¢m2 threshold.

www.atmos-chem-phys.net/6/4843/2006/ Atmos. Chem. Phys., 6, 48432006
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retrieval algorithm over land is based on the measurement
of the linear polarization of the light backscattered to space.

" The algorithm is particularly sensitive to aerosol particles in
68 the accumulation mode that polarize the signal. Based on
& a comparison with Sun photometer derived volume size dis-

tribution, we show that POLDER derived AOT is well cor-
related to the atmospheric aerosol submicron volume frac-
tion. This capacity to monitor the aerosol fine fraction is con-

s firmed by the significant correlation obtained when compar-
37 ing directly the POLDER derived AOT with ground-based
3t PM2.5 data. The comparison between collocated daily av-

" eraged PM2.5 and POLDER derived AOT shows a lot of
scattering, which might be due to the influence of the ver-
tical distribution of the aerosol in the atmosphere. However,
we find a significant correlation between POLDER AOT and
6 PM2.5 over the 28 stations considered in this study. We have
statistically tested the ability of the POLDER AOT measure-
ments to assess the two first EPA Air Quality Categories. The
lack of higher PM2.5 concentrations in our data set prevents
Fig. 6. Number of daily observations with a POLDER AOT above us from studying the other AQC. For the first AQC, the fre-
0.17 and given as a percentage of the total number of observationguency of occurrence of daily PM2.5 below 151@.m_3is
during the POLDER-2 period (April-October 2003). decreasing as a function of the POLDER AOT. We have as-
sessed that a threshold of 0.17 for the POLDER AOT can be
used to estimate the frequency of days showing a “Moder-
It should be noted that this threshold is based on a 7-monthyte” AQC. A further validation of this estimate still needs to
period from April to October 2003 and might be different pe carried on at a broader scale, especially for the regions of
in winter conditions. Moreover, the relationship between the world the most affected by particle air pollution. It should
column aerosol optical thickness derived from satellite im- 3so be mentioned that our study is limited to the period of
agery and fine particulate mass ground-based measuremergg| DER-2’s lifetime between April-October 2003, and that
(PM2.5) is not straightforward and depends on the verticalpoth PM/AOT relationships and POLDER AOT threshold for
resolution of the particles and their optical and microphysicalestimating AQC might be significantly different in the win-
properties. To those uncertainties should be added the onggr season. The winter season is generally characterized by
on both type of measurements. In the case of the satellite iny shallow boundary layer, leading to an increase of the slope
version algorithm, there could be a major influence of the sur-of the regression between PM2.5 and AOT while the given
face representation, the different aerosol model and the spanreshold for the Moderate AQC should be lower. Moreover,
tial resolution. Furthermore, to obtain our POLDER threSh'a Comprehensive investigation of the impact of the vertical
old for PM2.5 AQC assessment we have used several groundistribution of aerosols in the relationship between ground-
based stations scattered over France associated to modergigsed PM2.5 and AOT measurements is now required to bet-
aerosol loads but it should be validated over a broader areger analyze the capability of POLDER or other space-based

especially over the most polluted regions of the world like passive remote sensors observations in estimating aerosol
Asia. Applylng this threshold to all POLDER AOT over po"ution events.

Western Europe allows to derive a map (see Fig. 6) of the

percentage of days in the Moderate AQC during the period ofAcknowledgementsThe French space agency, CNES and the
April to October 2003. We can notice on Fig. 6 that POLDER Nord-Pas-De-Calais regional council support this research.
shows that the main industrial areas of Western Europe, likéVe thank ADEME for providing the PM2.5 data and the
the Netherlands, North Germany or Northern Italy are char-AERONET/PHOTONS network for the Sun photometer data.

acterized by the highest frequency of days with Moderate air‘l’his work is within the frame of the Institut de Recherche en

. Environnement Industriel (IRENI).
quality.

Edited by: F. J. Dentener

4 Conclusions
We have used for the first time 7 months of POLDER-2 re-

trieved AOT over France in 2003 to characterize aerosol pol-
lution load at the ground on a regional scale. POLDER AOT

Atmos. Chem. Phys., 6, 4848849 2006 www.atmos-chem-phys.net/6/4843/2006/
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