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Abstract. Results of a new methodology for retrievals of surface particulate matter concentration (PM10 ) from satellite
reflectance measurements over Germany are presented in this
paper. The retrieval derives effective radii from Ångström-α
exponents and benefits from the fitting of a smooth spectral
slope from seven MERIS spectrometer channels. Comparisons with ground measurements from the air quality surveillance show standard deviations of 33.9% with −18.9% bias
over Hamburg. Over rural sites a standard deviation of 17.9%
(bias 12.9%) is reached.
We discuss critically limitations and potential applications
of the retrieval. Additionally, we talk about the aspects at
comparing of retrieved particulate matter with ground station
measurements.

1

Introduction

Atmospheric pollution due to natural and anthropogenic
emissions of aerosols is a nowadays recognized serious threat
to human health due to respiratory and toxic adverse health
effects. Studies estimated the increase of total mortality between 0.4 and 1% for each increase of 10 µg/m3 in
PM10 concentration which mean for instance up to about
24 000 deaths in the USA alone each year (Pope III et al.,
2002; Mokdad et al., 2004).
The US Environmental Protection Agency (E PA) introduced regulations and limits for the concentrations of particulate matter with diameters smaller than 10 µg/m3 (PM10 )
in 1987, and since 1999 also relating to PM2.5 due to the
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more dangerous adverse respiratory health effects of these
finer particles. Also since 1999, every country in the European Union has to provide a dense PM10 measurement system for urban agglomeration with more than 250 000 people
(EC, 1997, 2008). PM10 concentrations shall not exceed
50 µg/m3 for 35 days per annum in Europe, and 40 µg/m3
on yearly average. In Germany, 1224 measurement stations,
maintained by the federal states and partly by the German
Environmental Agency (U BA), measure PM10 concentrations every thirty minutes. Recently, obligations became
more rigid and changed also referring to PM2.5 (EC, 2008).
Since the early nineties, different airborne and satellite
observations are used for the determination of the aerosol
optical depths over land (e.g., Herman et al., 1997; King
et al., 1999; Kaufman et al., 1997; Deuzé et al., 2001;
von Hoyningen-Huene et al., 2003; Lee et al., 2006; Levy
et al., 2007a,b) through which information about the aerosol
mass load in the atmosphere and near the surface is provided. Aerosol optical depth information can nowadays be
validated readily, for instance through the A ERONET sun
photometer reflectance measurements (Holben et al., 2001).
The quality of the retrievals of aerosol optical depths from
satellite data is nevertheless variable (Kokhanovsky et al.,
2007; Kokhanovsky and de Leeuw, 2009) since the inversion
still depends on assumptions and local models. Performing
global aerosol retrievals is still a challenge.
Especially for large cities but also in order to fill measurement gaps in the national air quality surveillance systems, more accurately retrieved and validated satellite measurements provide additional information besides the costeffective ground and sometimes not objective measurement
gauging systems, in particular over rural sites where measurements are rare (Al-Saadi et al., 2005). The E PA already
started an integrated decision support tool called the Three
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Dimensional Air Quality System (3D-AQS) (Hoff et al.,
2006) which is an extension of the Infusing Satellite Data
into Environmental Applications (IDEA) inferring aerosol
optical depths from the MODerate resolution Imaging Spectroradiometer (M ODIS) satellite.
Several approaches are used for a functional correlation
between aerosol optical depth and the particulate matter mass
concentration (e.g., Chu et al., 2003; Wang and Christopher,
2003; Kacenelenbogen et al., 2006; Gupta et al., 2006; van
Donkelaar et al., 2010; Koelemeijer et al., 2006; Glantz et al.,
2009). This relation is strictly speaking only valid for fine
mode particles, e.g., PM2.5 . For coarse particles, such a relationship cannot be found because of their relatively small
spectral impact (O’Neill et al., 2003). Estimations have been
found for PM2.5 (e.g., Engel-Cox et al., 2006, for the eastern
USA), and (e.g., Glantz et al., 2009, for Stockholm). To deduce information about the mass load, such retrievals work
with additional assumptions about the consistency of the local aerosol or additional information from other ground or
space based LIght Detection And Ranging (L IDAR) information about the size distribution of the aerosols, i.e., information about local aerosol model (Engel-Cox et al., 2006) or
using synergetic models (Pelletier et al., 2007; Vidot et al.,
2007). Although the results are quite promising, those techniques are only successful for the region to which further
information from ground measurements or from models are
added.
In our methodology, we conclude to the aerosol mass
through spectral information (i.e., the Ångström-α coefficient) and an empirical relationship to the effective radius of
the aerosol particles. Integration over the distribution function then leads to the aerosol mass.
First theory of this presented methodology and results
of PM10 retrievals have been shown for a M ERIS observation (von Hoyningen-Huene et al., 2006) and from retrievals above Moscow from SeaWiFS data (Kokhanovsky
et al., 2006) and also over German sites without any corrections of the retrieval with respect to humidity, boundary layer
height, temperature and other parameters as listed in Sect. 4.
Kokhanovsky et al. (2009) presented first results of the same
methodology but without improvements of the B RDF and of
the PM10 retrieval. They used only measurements of one day
over Germany. In particular they neither used meteorological
data like boundary layer heights – which are shown here to
be necessary - nor they have made an adaption of the PMx
measures by introducing filter functions.
We here present the algorithm description, results and
comparisons of the retrieval results of boundary layer
PM10 from the Medium Resolution Imaging Spectrometer
(M ERIS) over Germany. The methodology is valid in particular for fine particulate matter, and is shown here to work
over German sites for PM10 : furthermore several corrections
of the retrieval are presented (B RDF, inclusion of routine meteorological parameter, humidity correction, as well as adaptation of the definition of particulate matter mass).
Atmos. Meas. Tech., 4, 523–534, 2011

G. J. Rohen et al.: PM10 from MERIS/Envisat
The paper is structured as following: after introducing the
retrieval methodology of AOD and PM10 , we show comparisons of the aerosol optical depth measurements with those
from A ERONET and national air quality gauging stations in
Germany, followed by a critical discussion about the limits
and assumptions of the methodology as well as about the potential usage of the retrieved products for air quality surveillance.
2

B RDF corrected M ERIS aerosol optical depth
retrievals

The basis of the presented PM10 retrieval is spectral aerosol
optical depth as retrieved from M ERIS/Envisat data with the
Bremen AErosol Algorithm (BAER) (von Hoyningen-Huene
et al., 2003). The add-on for the retrieval of particulate
matter is hereafter called Particulate Matter Bremen Aerosol
Retrieval (P MBAER). This nadir viewing M ERIS imager
(Baudin et al., 1991) consists of fifteen spectral bands between 390 and 1040 nm. The spatial resolution of M ERIS
measurements is 1040 × 1200m, over land and at the coasts
data with a resolution of 260 × 300m are also available.
Seven channels for the retrieval over land are used currently (412.5 nm; 442.4 nm; 489.7 nm; 509.7 nm; 559.6 nm;
619.6 nm; 664.6 nm).
BAER basically subtracts the reflectance caused by
Rayleigh scattering and surface reflection from the total reflectance; the result is assumed to be caused by aerosols.
The algorithm derives the Rayleigh path reflectance using the radiative transfer model of Nakajima and Tanaka
(1988). Surface pressure is obtained through a 30 arc seconds resolute digital elevation model (Row et al., 1995),
and temperature is taken from E CMWF models. Experimental scattering parameters have been taken from the Lindenberg Aerosol Characterization Experiment 1998 (L ACE-98)
(Ansmann et al., 2002), phase functions (Fig. 3) and singlescattering albedo as derived through data from sun and sky
radiometers and through the Coupled Inversion Radiative
Transfer (C IRATRA) retrieval algorithm (von HoyningenHuene and Posse, 1997).
For the separation of the surface reflectance, a weighted
mixing of bare soil and green vegetation and a normalized
differential vegetation index (N DVI) at 670 and 865 nm is
considered which is fitted to a smooth Ångström-α exponent. Spectral reflectance measurements from the Compact
Airborne Spectral Imager (C ASI) and extensions from the
Changes in Arid Mediterranean Ecosystem on the Long term
and Earth Observation (C AMELEO) database (Escadafal and
Bohbot, 2001) are used for this purpose.
BAER finally uses look-up-tables to deduce the aerosol
optical depth τ (λ) from the top-of-atmosphere reflectance
R(λ), derived by a radiative transfer model of Nakajima and
Tanaka (1988).
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The usage of a surface B RDF is essential and cannot be
omitted; this is demonstrated by a first brief comparison
of M ERIS aerosol optical depth from a set of sixteen measurements over Germany compared to measurements from
A ERONET over Hamburg (Fig. 2). Mean bias was improved
from 0.091 to 0.017 and standard deviation from 0.0841 to
0.075. Applied M ERIS scenes will also be used later for the
validation of PM10 .
For this study, measurements at ten arbitrarily chosen
cloud-free days over Hamburg A ERONET stations in 2006
have been taken for comparisons of the AOD spectra (Fig. 4).
Same days are used later for comparisons of the retrieved
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is the average volume of the particles.
Z ∞
<
C
>=
π
a 2 Qext f (a)da
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1

(6)

0

the average extinction cross section and f (a) is the normalized
log-normal distribution function which was chosen
1e-06
to be mono-modal for the retrieval of PM10 concentration.
B and
Tables
Table Appendix
1. Offsets
standard deviations for the comparisons of 1e-09 The derivation of the aerosol mass M can therefore be
aerosol optical depth over Hamburg for ten cloud-free days in 2006
1e-12 written as
(see Fig. 4).
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1e-18 where
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10 ρ < V
20
15 >
Radius [μm] .

25
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H < Cext >

(8)

γ is not a constant but a function of wavelength λ and size

0.056 ± 0.067
0.054 ± 0.068

1979; Fraser et al., 1984; Kaufman et al., 1990; Gassó and
Hegg, 2003; Mishchenko et al., 2002; Levy et al., 2007b).
For the presented retrieval of aerosol particles, a lognormal
size distribution
f (a) =

1
−0.5σ −2 ln2 ( µa )
√ e
σ a 2π

(9)

is assumed, where σ is the half-width and µ the mean particle radius which is correlated with the effective radius aeff
through the division of the volume by the surface integral
R∞ 3
a f (a)da
aeff = R0∞ 2
.
(10)
0 a f (a)da
Equation 10 can be adequately parameterized by

(2)

Under consideration of a vertically homogeneously distributed aerosol concentration dm(a,z)
da , this relationship can
be written as
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where ρ denotes the humidity corrected density, leads finally
to the wanted relationship between τ and the mass load,
Z TOA Z ∞
3
dm(a,z)
τ (λ) = N
Qext (a,λ,n)
da dz. (3)
4ρa
da
0
0

MH < Cext (λ) >
.
ρ <V >

(7)

=
γ (f (a),λ)τ,
ISO 7708

γ (f (a),λ) =

where N is the number of particles in the observed air mass.
Substitution through

τ (λ) =

1e-15 M

0

is taken from the Optical Properties of Aerosols and Clouds
(O PAC), water-soluble (WASO) database (Hess et al., 1998).
The extinction within the objected air mass column has to
be integrated over the particle distribution df
da and the height
z (absorption is neglected in these equations, ω0 = 1),
Z TOA Z ∞
df (a,z)
τ (λ) = N
πa 2 Qext (a,λ,n)
dadz,
(1)
da
0
0

dm 4π a 3 df
=
ρ
,
da
3
da

0.001 is

(4)

aeff = µ exp(−2.5σ 2 )

(11)

where σ = 0.832 and a is limited to less than 20µm
(Kokhanovsky et al., 2006). To find this correlation,
Kokhanovsky et al. (2006) assumed also a mono-modal lognormal distribution function with an overall integral of one.
A typical effective radius of 0.282µm, for instance, corresponds to a mean particle radius of 0.05µm. To expand or
specify the retrieval of different aerosol radii, e.g. PM2.5 , the
size distribution function f (a) can be modified adequately.
For this paper we used PM10 data due to the fact that those
measurements are more available from the national air quality stations in contrast to the PM2.5 .
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where h is the relative humidity (0..1), adry the radius of the
particle in dry state, σ the light scattering coefficient (dry
state σdry ), and  and γ are size growth parameters (see
Hänel, 1971) for explicit values). Both equations can be
combined to
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Figure 5 shows the correlation which is used to infer the efBias, Std.-dev.
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Fig.radius
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aeff = 0.856 − 2.794α + 9.699α 2 − 18.157α 3 + 11.792α 4 . (14)

It is very difficult to obtain reliable effective radii if α is
less than 0.16, due to the large slope. In this case, the effective radius is set to 1.7µm in the retrieval. However, this
assumption is also a restriction for the retrieval of coarse
aerosol particles and leads to an underestimation of the mass
load in general (see also discussion later in Sect. 6).
The multi-channel spectral information from M ERIS allows one to infer not only accurate aerosol optical depths as
derived in the last section. It also leads to more accurate effective radius than using only a few channels.
www.atmos-meas-tech.net/4/523/2011/

Although these correlations are frequently used, they do
not consider hysteresis effects; depending on the direction of
the changing ambient conditions, the correlation is different.
From measurements at cloud-free conditions, a downward
motion of the particles from the cooler to the warmer atmospheric layers is expected for M ERIS observations during the
morning. Thus, the ambient humidity is supposed to change
in a decreasing way, i.e., the air becomes drier.
There are many discussions about these hysteresis effects, but, for instance, for increasing and decreasing humidity, a different correlation has been measured for sites
over Paris, (Randriamiarisoa et al., 2006). The findings
for the measurements with increasing humidity agree with
the Hänel model. For decreasing humidity, larger particle
sizes have been found. Figure 8 shows the particle growth
as derived following the Hänel model for average aerosols
( = 0.25), maritime and dust aerosols ( = 0.18), and for
urban aerosols ( = 0.285), measurements from Randriamiarisoa et al. (2006) and corresponding regression curves.
For the humidity range below h = 0.4 and above 0.9, the
Hänel model is used for the retrieval with  = 0.25. For humidity between 0.4 and 0.9 the parameterization
a(h)
= 2.0138 + 0.94(1 − h) − 4.331(1 − h)2
adry

(18)
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Adaptation of PM10 definition
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In the retrieval, 90% of the aerosol layer is assumed to
be within the boundary layer height. This correlation was
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not be made in areas of strong changing boundary layer
height, e.g., at the coast. However, for most of the continental areas, the boundary layer height is linearly correlated with
the aerosol optical depth through Eq. (4). For usage in the
PM10 retrieval, the boundary layer height was interpolated
to the M ERIS local over-flight time of about 10:00 (for the
exact Envisat local over-flight times see (,e.g., Rohen et al.,
2008)). The diurnal change of the boundary layer height increases in the morning up to about 300 m per hour until the
maximum is reached about noon (Baars, 2007). Following
Eq. (4), such a change would imply a change of the PM10
by a factor sometimes greater than approximately three. For
instance, the boundary layer height varied between 1000 and
2500 m on 12 June 2006 over Germany (see Fig. 12).
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Results

Figure 9 shows the comparison of Ångström-α exponents
as retrieved from M ERIS/P MBAER and from the collocated
A ERONET stations in Hamburg for ten cloud-free days in
2005 and 2006. They have been deduced from the aerosol
optical depth between 440 and 675 nm. The shown exponents are equivalent to effective radii between 0.03 and
0.2µm (see Fig. 9). The A ERONET Ångström-α coefficients
are marginally higher, see also Che et al. (2008) who also
found increased values of A ERONET.
Figure 10 shows comparisons of PM10 from
M ERIS/P MBAER and from the national air quality measurement stations in Hamburg for the same days. The
location is indicated – background, traffic, or industry. In
general, a good agreement between both measurements
can be seen with the exception of three outliers which are
reasoned by their specific location at traffic and industry
sites. Omitting those three outliers, a correlation coefficient
of 0.64 is reached. This corresponds to a bias of −2.6%, and
a standard deviation of 25.3% w.r.t. U BA measurements and
a bias of −18.9% and standard deviations of 33.9% over all
comparisons. With a spatial resolution of 1200 m, M ERIS
is not able to look into a street canyon and industry sites.
The correlation will be improved by using the full resolution
M ERIS data. At all background sites, M ERIS observations
are close to the air quality measurements. Aerosol retrievals
over cities are known to be difficult because of the unequal
and varying surface and because of different sources and
therefore kind of the aerosols; additionally, pollution sources
like traffic or industry sites are relatively small and not
widely distributed.
The next Fig. 11 shows a comparison of results of P M BAER with air quality measurements in rural sites in Germany on sixteen days in 2005 and 2006. The corresponding
correlation coefficient is 0.75, standard deviation is 17.9 with
Atmos. Meas. Tech., 4, 523–534, 2011
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length. Roughly estimated, the precision of the satellite AOD retrievals can be limited to about 20% at best
(Kokhanovsky et al., 2007). This estimation includes
the possible impreciseness as introduced by large deviations of the phase functions;
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a bias of 12.9%. Additionally, Fig. 11 shows the effect of the
synergy of E CMWF boundary layer height data; without considering this meteorological parameter, no good correlation
can be achieved.
Figure 12 shows the aerosol optical depth, effective radii,
and inferred PM10 concentration from M ERIS measurements
over Germany on 12 June 2006, a sunny and dry day. The
aerosol optical depth on that day exhibits reasonable values,
and the transition between land and coast is also reasonable,
except at the Wadden Sea where the surface model does obviously not work properly. Hot-spots can be observed clearly,
for instance the cities Hamburg or Munich or even smaller
cities. Cloud patterns in the northeast are easily recognizable
although they are hardly visible in the RGB pictures. Artifacts
can also be identified at mountains, e.g., at the Alps, where
retrieved aerosol optical depth is too large (air there should
be cleaner in general); this is due to inaccurate Rayleigh correction and must be investigated in the future.
Comparisons of the particulate matter concentrations will
be improved if higher resolution satellite data are used. The
comparisons over Hamburg showed that basically good results can be achieved, with the exception of street canyons
and singular air pollution, e.g., singular industry sites.
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Critical discussion of limitations of methodology and
comparisons

(e) the assumption of a vertical profile of homogeneously
distributed aerosols.
Additionally, we have to consider also the different type
of underlying measurements: retrieval products are based
on air-borne measurements of humid and cold particles in a
800 km air column by optical remote sensing measurements
whereas the ground devices weight heated, dried, and filtered
surface aerosols at a point location. Satellite measurements
provide a resolution of about 300 m at best. The distance
between the respective gauging stations are of several kilometers and at regions with highly variable aerosol concentrations.
The reason for the worser agreement over Hamburg is
firstly the unsufficient spatial resolution of the M ERIS measurements. Additionally, the aerosol types over cities differ
strongly from those over rural sites. A bi-modal size distribution function has to be implemented here at least, or another
aerosol classification model.
In view of this, the yielded standard deviations of 17.9%
over rural sites as well as of 34% over Hamburg with relatively small biases are reasonable and correspond to about actual retrievals using other methodologies (Hoff and Christopher, 2009): we aimed a standard deviation of 25.31% with a
bias of −2.59% while Hoff and Christopher (2009) estimated
the precision of the most retrievals to about 30%.
The retrieval methodology itself becomes imprecise for
particle measurements of particles with radii larger than
about 1.7µm. The limitation for coarser particles explains
the underestimation of −18.9% over rural sites of Germany
as seen from Fig. 11. The relatively good agreements are
thanks to the fact that most of the particles as measured at
the selected scenes are of sizes below 0.6µm (see Fig. 12).
At sites with more coarse particles like over deserts, this retrieval is not able to yield good results.

The main uncertainties of the retrieval are
(a) the errors propagated due to the underlying AOD; the
quality of the underlying AOD depends on the waveAtmos. Meas. Tech., 4, 523–534, 2011
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Conclusions

In this paper we presented results of a PM10 retrieval over
Germany. Masses have been derived on basis of the effective
radius from the Ångström-α exponent. The retrieval benefits from the spectral information of seven M ERIS channels
which are used to provide a smooth spectral slope.
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In spite of the large possible uncertainties, comparisons
with measurements from national air quality gauging stations
over Germany show agreement with a standard deviation of
17.9% (bias 12.9%) over rural sites of Germany and of 34.0%
(bias −18.9%) over the city of Hamburg. Comparisons over
Hamburg provide worser agreements – reasoned by the spatial resolution or the unsufficient classification of the aerosol
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types. Results are improved by the introduced corrections
of the AOD by a proper bidirectional surface reflectance distribution function, or corrections of the physical and optical
properties by humidity effects. The retrieval is limited by the
steep slope of the Ångström-α coefficient for particles larger
than 1.7µm. For sites in Germany, we show that this limitation has no large impact on the preciseness of the retrieval.
Main inaccuracies of the methodology are the sensible relationship between Ångström-α and the effective radius as well
as the relatively simple mono-modal size distribution function for deriving the mass load around the effective radii.
This shows that the retrieval can be used for PM10 and in
particular for PM2.5 measurements over similar sites as used
in this study for the observation of large exposure events and
their movement. For air quality surveillance over cities, the
methodology is in general very sensitive to the small particles
but suffers on the bad resolution of the measurements and
proper aerosol classification.
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Gassó, S. and Hegg, D. A.: On the retrieval of columnar aerosol
mass and CCN concentration by M ODIS, J. Geophys. Res. (Atmos.), 108, 4010, doi:10.1029/2002JD002382, 2003.
Glantz, P., Kokhanovsky, A., von Hoyningen-Huene, W., and Johansson, C.: Estimating PM2.5 over southern Sweden using
space borne optical measurements, Atmos. Environ., 43, 5838–
5846, 2009.
Griggs, M.: Measurements of atmospheric aerosols over water using RTS-1 data, J. Air Pollut. Control Assoc., 25, 622–626, 1975.
Griggs, M.: Satellite Observations of Atmospheric Aerosols During
the E OMET Cruise., J. Atmos. Sci., 36, 695–698, 1979.
Gupta, P., Christophera, S. A., Wang, J., Gehrig, R., Leed, Y., and
Kumar, N.: Satellite remote sensing of particulate matter and
air quality assessment over global cities, Atmos. Environ., 40,
5880–5892, 2006.
Hänel, G.: New results concerning the dependence of visibility on
relative humidity and their significance in a model for visibility
forecast, Atmos. Phys., 44, 137–167, 1971.
Hänel, G.: The properties of atmospheric aerosol particles as function of the relative humidity at thermodynamic equilibrium with

www.atmos-meas-tech.net/4/523/2011/

G. J. Rohen et al.: PM10 from MERIS/Envisat
the surrounding moist air, Adv. Geophys., 19, 73–188, 1976.
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Kaufman, Y. J., Tanré, D., Remer, L. A., Vermote, E. F., Chu,
A., and Holben, B. N.: Operational remote sensing of tropospheric aerosol over land from E OS moderate resolution imaging spectroradiometer, J. Geophys. Res., 102, 17051–17068,
doi:10.1029/96JD03988, 1997.
King, M. D., Kaufman, Y. J., Tanré, D., and Nakajima, T.: Remote
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