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Abstract. This work analyses optical properties of the dry
tropospheric aerosol measured at the regional Global Atmosphere Watch (GAW) observation site Melpitz in East Germany. For a continuous observation period between 2007 and
2010, we provide representative values of the dry-state scattering coefficient, hemispheric backscattering coefficient, absorption coefficient, single scattering albedo, and scattering Ångström exponent. Besides the direct measurement,
the aerosol scattering coefficient was alternatively computed
from experimental particle number size distributions using
a Mie model. Within pre-defined limits, a closure could be
achieved with the direct measurement. The achievement of
closure implies that such calculations can be used as a highlevel quality control measure for data sets involving multiple
instrumentation.
All dry-state optical properties show pronounced annual
and diurnal variations, which are attributed to the corresponding variations in the regional emission fluxes, the intensity of secondary particle formation, and the mixing layer
height. Air mass classification shows that atmospheric stability is a major factor influencing the dry aerosol properties at
the GAW station. In the cold season, temperature inversions
limit the volume available for atmospheric mixing, so that the
dry-state aerosol optical properties near the ground proved
quite sensitive to the geographical origin of the air mass. In
the warm season, when the atmosphere is usually well-mixed
during daytime, considerably less variability was observed
for the optical properties between different air masses. This
work provides, on the basis of quality-checked in situ measurements, a first step towards a climatological assessment of
direct aerosol radiative forcing in the region under study.

1

Introduction

Atmospheric aerosols influence the Earth’s radiation budget
in several ways: first, by directly scattering and absorbing
solar radiation (Charlson et al., 1992), and second, by acting
as cloud condensation nuclei and thus affecting the optical
properties and lifetimes of clouds (Twomey, 1974; Albrecht,
1989; Rosenfeld, 1999, 2000). The effective radiative forcing caused by these two effects is estimated as −0.45 and
−0.45 Wm−2 , respectively, with their uncertainties being the
largest among all climate forcing factors (IPCC, 2013). Very
differently from the well-mixed greenhouse gases such as
CO2 and methane, aerosols show considerable spatial and
temporal inhomogeneities in the atmosphere (van Donkelaar et al., 2010; Liu et al., 2009). This makes an assessment of aerosol-related climate effects substantially more
complicated than those related to greenhouse gases.
Satellites monitor aerosol optical properties on a global
scale. However, the determination of aerosol-related radiative forcing on the basis of satellites measurements requires
assumptions for certain microphysical aerosol optical parameters that cannot be measured by satellites (Tanré et al.,
1997). Variations in these aerosol parameters, as they naturally occur in the atmosphere, can propagate into considerable uncertainties in the satellite-retrieved aerosol properties.
In situ studies of the spatial and temporal variation of aerosol
optical properties are therefore a vital step in reducing the
uncertainty of radiative forcing effects derived from passive
remote sensing data (Delene et al., 2002).
Also, aerosol optical properties and their uncertainties
are very important for the scientific modelling community.
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Long-term measurement of aerosol optical properties can be
used to develop the parameterizations for important properties and further used in transport models, reducing the uncertainties induced by the insufficiency of information on
aerosol properties.
There have been a number of studies reporting long-term
(i.e. longer than one year) in situ measurements of aerosol
optical properties (see e.g. Collaud Coen et al., 2013, and
references listed in Table 8). However, none of these works
describes aerosol optical properties for the background troposphere in central Europe. To close this gap, we analysed
a body of dry-state aerosol number size distribution, aerosol
scattering and absorption coefficient at the research station
Melpitz in East Germany between 2007 and 2010. This paper discusses the measured values on a statistical basis, and
analyses temporal variations of the parameters. Aerosol scattering and absorption coefficients are calculated from experimental particle number size distribution, striving for a closure with the directly measured value. A classification of
the aerosol optical properties according to different air mass
types rounds up the analysis.

2
2.1

Methodology
Experimental

Aerosol number size distributions and aerosol scattering and
absorption coefficients were measured at the research station
Melpitz in East Germany (51◦ 320 N, 12◦ 560 E; 86 m a.s.l.).
While these measurements were operated on a continuous
basis, this study employs a complete continuous data set
spanning the years 2007–2010.
The surroundings of the Melpitz station are flat grassland,
agricultural pastures, and wooded areas. The nearest major city Leipzig (pop. 500 000) is 44 km to the southwest.
Melpitz is 400 km from the North Sea, and about 1000 km
from the Atlantic coast. Melpitz station is part of the measurement networks EMEP, ACTRIS (Aerosols, Clouds, and
Trace gases Research InfraStructure Network), GUAN (German Ultrafine Aerosol Network; Birmili et al., 2009), and a
regional station in WMO-GAW (Global Atmosphere Watch).
For an overview of the physical and chemical aerosol measurements at Melpitz, see Birmili et al. (2008). According
to a comparison with particle size distribution measurements
collected elsewhere in Europe (Asmi et al., 2011), aerosol
data collected at Melpitz is representative of the troposphere
over central Europe.
All aerosol instrumentation was operated inside a container laboratory. Ambient aerosol was aspired through a
common PM10 Andersen inlet, and later divided among different instruments inside the container. A regenerative absorption dryer (Tuch et al., 2009) was installed on the roof of
the container to reduce the dew point in the sample aerosol.
Atmos. Chem. Phys., 14, 6241–6259, 2014

Operation of the dryer ensured relative humidity below 40 %
in all instruments at any time.
The aerosol scattering and hemispheric backscattering coefficients (σsp and σbsp ) for dry aerosol were measured by a
total/back integrating nephelometer (Model 3563, TSI, Inc.,
Shoreview, MN USA; Heintzenberg and Charlson, 1996; Anderson et al., 1996) at wavelengths of 450, 550 and 700 nm.
Checks with particle-free zero air were performed four times
per day. The truncation and non-Lambertian errors were
corrected for the whole data set using the most up-to-date
method (Sect. 3.2).
The aerosol absorption coefficient (σap ) for dry aerosols
was measured with a Multi-angle Absorption Photometer
(MAAP Model 5012, Thermo, Inc., Waltham, MA USA;
Petzold and Schönlinner, 2004) at a wavelength of 637 nm
(Müller et al., 2011). The instrument provides mass concentrations of black carbon (BC) in µg m−3 . Following the user
manual, the originally measured σap was retrieved by multiplying mass concentration by the mass absorption coefficient
of 6.6 m2 g−1 .
A Twin Differential Mobility Particle Sizer (TDMPS; Birmili et al., 1999) measured dry aerosol number size distributions for the mobility diameter range 3–800 nm. The
measurements were performed in compliance with recently
issued guidelines for atmospheric particle size distribution
measurements (Wiedensohler et al., 2012). Briefly, the evaluation of particle number size distributions involved a multiple charge correction (Pfeifer et al., 2014), corrections for
the counting efficiency of the condensation particle counters
(Wiedensohler et al., 1997), and corrections for the transmission losses in the differential mobility analysers, and all the
internal and external plumbing of the instrument.
An Aerodynamic Particle Sizer (APS Model 3320, TSI,
Inc., Shoreview, MN USA) was employed to measure dry
aerosol number size distributions for aerodynamic diameter between 0.5 and 10 µm. Electrical mobility diameters
from the TDMPS and aerodynamic diameters from the APS
were converted to volume equivalent diameters according to
DeCarlo et al. (2004), assuming size-dependent gravimetric densities and shape factors. According to McMurry et
al. (2002), the fine-mode particles were assumed as spherical
(shape factor = 1), with a density of 1.6 g cm−3 . The coarsemode particles were assumed to be mainly mineral dust. According to Kaaden et al. (2009), the shape factor and density were assumed to be 1.26 and 2.5 g cm−3 , respectively.
After these adjustments, the TDMPS and APS distributions
were merged to a continuous distribution ranging from 3 nm
to 10 µm.
2.2

Optical closure for dry aerosol

Closure studies are useful to estimate
measurement techniques on the one
cal models on the other hand (Quinn
studies have employed aerosol optical

the uncertainties of
hand, and numeriet al., 1996). Many
closure as a quality
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examination of their measurements (e.g. Wex et al., 2002;
Ma et al., 2011; Zieger et al., 2014). Here, we performed a
closure study for the dry-state aerosol optical properties as
part of an examination of the quality of our aerosol measurements. Concretely, the σsp and σbsp measured by TSI 3563
nephelometer were compared with the values computed from
the particle number size distribution measurements using a
modified Mie model.
To simulate the measurements of TSI 3563 nephelometer,
a modified BHMIE model and a modified BHCOAT model
(Bohren and Huffman, 1983; Cheng et al., 2009; Ma et al.,
2011) were used for homogeneous spherical particles and
core–shell mixed spherical particles, respectively.
In the Mie theory (Mie, 1908), the scattering efficiency
(Qsp ) and hemispheric backscattering efficiency (Qbsp ) can
be calculated by integrating the scattering intensity function
|S (θ, x, m̃)| from 0 to 180◦ and from 90 to 180◦ , respectively:
Z
1
(1)
Qsp,bsp = 2 |S (θ, x, m̃)|2 sin θdθ,
x
θ

where x = π Dp /λ, where Dp is the volume equivalent diameter of particles, λ is the wavelength of light, and θ is the
scattering angle.
Different from the regular scattering angle ranges mentioned above, the scattering integration angle of TSI 3563
nephelometer ranges from 7 to 170◦ for scattering and
from 90 to 170◦ for hemispheric backscattering, respectively.
Thus, the measurements are truncated in the near-forward
and near-backward angular ranges. Furthermore, the light
source of nephelometer is not strictly Lambertian and shows
a non-ideal angular response (Anderson et al., 1996). The angular response is solved in the Mie calculations based on the
BHMIE and BHCOAT model (Bohren and Huffman, 1983).
The sin θ term in Eq. (1) is replaced by the angular sensitivity
curves f (θ)sp and f (θ)bsp which are derived from a calibration experiment of the TSI 3563 nephelometer (Anderson et
al., 1996). The σsp and σbsp are calculated as


Z
Z
1
σsp,bsp =  2 |S (θ, x, m̃)|2 f (θ)sp,bsp dθ 
x
θ

Dp

·

π
4




Dp2 · n log Dp · d log Dp ,

(2)


where n log Dp is the aerosol number size distribution.
In the calculation of dry-state σsp and σbsp , the particulate
species are divided into two fundamental groups. These include, on the one hand, light-absorbing carbon and, on the
other hand, the less absorbing components including sulfate,
nitrate, ammonium, organic matter, and other undetermined
compounds (see Wex et al., 2002). Although the chemical
composition within the latter group is rather different, the
refractive indices of these less absorbing species are basiwww.atmos-chem-phys.net/14/6241/2014/

cally very similar, implying similar optical properties. Representative refractive indices for these two groups were extracted from a range of literature sources (Ouimette and Flagan, 1982; Hasan and Dzubay, 1983; Sloane, 1984; Seinfeld
and Pandis, 1998; Covert et al., 1990; Tang and Munkelwitz, 1994), yielding m̃LAC = 1.75–0.55i for light-absorbing
carbon and m̃less−abs = 1.53–10−6 i for the less absorbing
components.
Three kinds of conceptual models are usually applied to
describe the mixing state of light-absorbing carbon and less
absorbing components: (1) external mixture, (2) homogeneous internal mixture and (3) core–shell internal mixture.
In the external mixture, different compounds are separated
as different particles; while in the internal mixture, all particles consist of the same mixture of compounds (Winkler,
1973). These conceptual models have been widely used to
assess aerosol optical properties and direct radiative forcing. Among the internal mixture models, the core–shell mixture model – suggesting that light-absorbing carbon cores
are surrounded by shells of less absorbing components, has
been shown to yield more realistic results than the homogeneous internal mixture model (Jacobson, 2001; Chandra et
al., 2004; Katrinak et al., 1992, 1993; Ma et al., 2012). Since
atmospheric aerosols are likely to be a partial mixture of externally and internally mixed particles, external mixture and
core–shell internal mixture were considered as the limit cases
of the aerosol mixing state in this study. Homogeneous internal mixture was also used in the calculations as a reference
case.
Lacking information on size-resolved volume/mass concentration of light-absorbing carbon, its volume fraction is
assumed to be size independent. The volume fraction of
light-absorbing carbon (fLAC ) can be calculated as
mLAC,MAAP

fLAC =
ρLAC ·

Phπ
Dp

3
6 Dp · n

(3)

i,

log Dp · 1 log Dp

where mLAC,MAAP is the mass concentration of lightabsorbing carbon measured by MAAP, ρLAC
 is the density of light-absorbing carbon, and n logDp is the aerosol
number size distribution measured by TDMPS and APS. In
the literature (Sloane et al., 1983, 1984, 1991; Sloane and
Wolff, 1985; Ouimette and Flagan, 1982; Seinfeld and Pandis, 1998), the gravimetric density of light-absorbing carbon
is reported to range from 1.00 to 2.00 g cm−3 . An average
value of 1.5 g cm−3 was chosen, with an estimated uncertainty of 33 % to cover a range of possible values.
For the case of external mixture, the number size distribution of light-absorbing carbon particles and less absorb
ing component
particles can be derived with
nLAC Dp =


n Dp · fLAC and nless−abs Dp = n Dp · (1 − fLAC ), respectively. For the case of core–shell internal mixture, the diameter of the light-absorbing carbon core (Dcore ) of a particle
1

3
with a diameter of Dp can be calculated as: Dcore = Dp fLAC
.
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For the case of homogeneously internal mixture, the refractive index of mixed particles can be derived as a volumeweighted average between the refractive indices of the two
groups:
m̃ = m̃LAC · fLAC + m̃less−abs · (1 − fLAC ) .

(4)

2000

Air mass classification

To attribute the measured optical aerosol properties to specific air mass types, we divided the experimental data set
according to several air mass classification schemes. The
first scheme is a recently developed air mass classification scheme for surface-level tropospheric aerosols, and
involves a clustering of numerical back trajectories and
measured profiles of pseudo-potential temperature (denoted
back-trajectory cluster method, BCLM, hereafter). The usefulness of this classification has been demonstrated in several previous works (Engler et al., 2007; Birmili et al., 2010;
Heintzenberg et al., 2011). The second and third schemes
are established classification schemes that have taken part in
comparisons of the Cost 733 action (Philipp et al., 2010): the
Hess and Brezowsky Grosswetterlagen scheme (Cost No.
1, “HBGWL”, Hess and Brezowsky, 1952), and Objective
Weather Classification (Cost No. 19, “WLKC09”, Dittmann
et al., 1995). These two schemes are described in more detail
in the Supplement. With respect to the segregation of aerosol
optical measurements at Melpitz, the latter two classification
schemes turned out to be less useful than the BCLM method.
Nevertheless, their corresponding results are shown in the
Supplement.
The BCLM is based on a joint cluster analysis of daily
back trajectories and profiles of pseudo-potential temperature obtained from radiosoundings (Engler et al., 2007; Birmili et al., 2010). Pseudo-potential temperature is included in
the method because it is an essential indicator on whether the
boundary layer can be considered mixed or not during daytime. Technically, the cluster algorithm belongs to the family
of k-means cluster algorithms. Our modified method, used
for the first time here, uses extended functionality in that it
processes simultaneously back trajectories started at nine locations spread over Germany, and on radiosoundings measured at seven locations. The cluster algorithm thus yields
air mass types that are representative for entire Germany.
3-D backward trajectories were calculated using a PC version of HYSPLIT, a trajectory model provided by the NOAA
Air Resources Laboratory (Draxler and Hess, 2004). Back
trajectories were calculated from the Global Data Assimilation System (GDAS) analysis set, which provides meteorological fields every 3 h, a spatial horizontal resolution
of 1◦ , and a vertical resolution corresponding to the standard pressure levels (1000, 925, 850 hPa, etc.). Backward
trajectories starting at 12:00 UTC and reaching 96 h back in
time were computed for a starting level of 500 m above the
ground. Radio soundings were started daily at 12:00 UTC at
seven meteorological stations in Germany. 12:00 UTC correAtmos. Chem. Phys., 14, 6241–6259, 2014
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Figure 1. Average normalized profiles of pseudo-potential temperature (θv ) for the 13 air mass types reported. Profiles with a flat
gradient indicate a temperature inversion. Profiles with a steep gradient imply stratification close to neutral. Data originate from the
radiosoundings launched at the DWD station Lindenberg, located
115 km northeast of Melpitz.

sponds to 13:00 LT, i.e. a time close to the daily maximum
of the mixing layer height, which is typically reached around
15:00 LT in the convective boundary layer (Beyrich, 1995).
The radio sounding will therefore indicate with high probability whether the atmosphere was well mixed on a particular
day or not. To distinguish between different degrees of atmospheric stability, we extracted the pseudo-potential temperature (θv ). Under the neutrally stable conditions which
are typical for a convective boundary layer, θv will show
no pronounced gradient with height (see, for example, the
“WS”-type air masses in Fig. 1). Conversely, stable atmospheric conditions are evidenced by an increase in θv with
height. Such temperature inversions may exhibit gradients in
pseudo-potential temperature up to 1.6 K per 100 m (Fig. 1),
so that vertical mixing of air near the ground will be practically inhibited. To make the vertical profiles comparable
throughout all seasons, all profiles were normalized to 0 ◦ C
at a height of 100 m above ground.
The principal aim of the cluster method is to produce air
mass types that diverge as much as possible in terms of back
trajectories and vertical stratification. An additional goal was
to achieve a classification scheme with a high predictive
power for particulate matter mass concentrations near the
surface. Around 1000 runs of the algorithm were performed
that varied in terms of seed trajectories and relative weights
of the contributions of trajectories and radiosounding profiles to the total distance measure. These runs were evaluated
www.atmos-chem-phys.net/14/6241/2014/
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Figure 2. Average back trajectories, terminating at Melpitz, for the
13 air mass types investigated. (A) and (B) display the air mass
types associated with more stable stratification (CS, cold season)
and less stable stratification (WS, warm season), respectively. The
duration of the back trajectories is 72 h.

regarding their ability to efficiently divide the data set into
subsets of high and low PM10 surface concentrations.
The resulting 13 clusters are described in Table 1, and the
mean back trajectories are illustrated in Fig. 2. It can be seen
that the clusters break down into several categories: type of
stratification (referring to 12:00 UTC), type of atmospheric
flow (cyclonic/anticyclonic), and region of origin. The type
of stratification changes, of course, throughout the year. Figure 1 shows the average profiles of pseudo-potential temperature (θv ) for the 13 air mass types reported. To describe
the resulting clusters more plastically, the clusters referring
to stable stratification were named after the “cold season,
CS”. Conversely, clusters referring to rather neutrally stable stratification were named after the “warm season, WS”.
As a reference, the average PM10 mass concentrations at
53 rural background sites in Germany is also shown in Table 1. PM10 mass concentrations in Germany are recorded
on a continuous basis by federal and regional government air
quality monitoring networks Graphical and tabular versions
can be accessed on Germany’s Federal Environment Agency
UBA website (http://www.umweltbundesamt.de/). At each
individual regional environment agency PM10 might be measured by a different method, including the gravimetric reference method, TEOMs, beta-gauges, and optical particle
counters. Final versions of the data, however, are always
corrected to the levels of the gravimetric reference method
(CEN, 1998) involving 24 h filter sampling.

3
3.1

Results and discussion

the mixing state of light-absorbing carbon and less absorbing
components for the wavelengths of 450, 550 and 700 nm corresponding to those measured by the nephelometer. Calculations were applied to a total of 65 282 data records measured
from 2008 to 2010 (each data record covers a 10 min measurement interval). Data from 2007 was omitted due to the incompleteness of APS number size distributions. The optical
closure was conducted before the correction of the truncation
and non-Lambertian error of nephelometer measurement.
3.1.1 Comparison between calculated and measured
parameters
Results show that measured and calculated σsp and σbsp are
highly correlated. Also, the values calculated on the basis of different mixing state assumptions are quite close.
Linear fits were performed to quantify the relationship between measured and calculated σsp and σbsp . The relationship between measured and calculated values was assumed
to be σcalculated = bσmeasured . Since the data points recorded
at the Melpitz site spread over three orders of magnitudes,
if the fitting was applied in linear coordinates, points with
large values would be over-represented. Therefore, fitting
was performed with log-scaled values using the modified formula log (σcalculated ) = log (b) + log (σmeasured ). Table 2 summarizes the fitting parameters (b) and the determination coefficients (R 2 ) of σsp and σbsp for all the three wavelengths.
It can be noted that all the R 2 of σsp are higher than 0.98 (except for σsp at 700 nm based on core–shell internal mixture),
indicating significant linear relationship between measured
and calculated values. The R 2 of σbsp are slightly lower than
those of σsp but still higher than 0.97. Almost all the fitting
parameters b are below 1, indicating some underestimation
by all model variants.
On average, the calculated σsp based on the external mixture assumption are 9.5 and 10.8 % higher than those based
on the assumption of a homogeneous internal mixture and the
core–shell internal mixture, respectively. The calculated σbsp
based on the external mixture assumption are 16.6 % higher
and 4.6 % lower than those based on the assumption of a homogeneous internal mixture and the core–shell internal mixture, respectively. The variations in calculated σbsp are larger
than those in σsp because σbsp reacts more sensitively to the
changes in the mixing state of light-absorbing carbon than
σsp (Ma et al., 2012).

Optical closure
3.1.2

We first report on the closure for the dry-state aerosol optical
scattering coefficients (σsp and σbsp ), because this illustrates
the quality of the given data set. As described in Sect. 2.2, σsp
and σbsp were calculated from the measured particle number size distributions and the light-absorbing carbon concentrations using a modified Mie model. The calculations were
carried out under the assumptions of external mixture, core–
shell internal mixture and homogeneous internal mixture for
www.atmos-chem-phys.net/14/6241/2014/

Uncertainty analysis approach

It is reasonable to understand that the calculated and measured σsp and σbsp do not match exactly. Finite uncertainties
are attached to the experimental data, as well as the assumed
model input parameters. Next, certain assumptions underlying the model calculations might not be true and are expected
to bias the calculated parameters. Therefore, the uncertainties
of the input data, the assumptions underlying the models, and
Atmos. Chem. Phys., 14, 6241–6259, 2014
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Table 1. Characteristics of the 13 air mass types determined for central Europe based on trajectory and temperature profile clustering.
Air
mass
type

Vertical
stratification
at 12:00 UTC

Predominant
period
of the year

Atmospheric
flow

Source
region

Predominant wind
direction at Melpitz

CS-ST
CS-A1
CS-A2
CS-A3
CS-Z1
CS-Z2
CS-Z3
WS-ST
WS-A1
WS-A2
WS-Z1
WS-Z2
WS-Z3

very stable
stable
stable
stable
close to neutral
stable
stable
close to neutral
close to neutral
close to neutral
close to neutral
close to neutral
close to neutral

cold season
cold season
cold season
cold season
cold season
cold season
cold season
warm season
warm season
warm season
warm season
warm season
warm season

stagnant
anticyclonic
anticyclonic
anticyclonic
cyclonic
cyclonic
cyclonic
stagnant
anticyclonic
anticyclonic
cyclonic
cyclonic
cyclonic

Central Europe
North Atlantic
Eastern Europe
Northern Europe
North Atlantic
North Atlantic
South west Europe
Central Europe
North Atlantic
Eastern Europe
North Atlantic
North Atlantic
South west Europe

–
west
east
north
west
west/south-west
south-west
–
north-west
north-east/east
north-west
west
south-west

Table 2. The fit parameters (b and R 2 ) of the linear fits for calculated and measured σsp and σbsp with log (σcalculated ) = log (b) +
log (σmeasured ).
Internal

Core–shell

External

λ (nm)

b

R2

b

R2

b

R2

σsp

450
550
700

0.8809
0.9196
0.9344

0.9827
0.9831
0.9801

0.8689
0.9093
0.9298

0.9815
0.9820
0.9795

0.9732
1.0061
1.0140

0.9854
0.9854
0.9825

σbsp

450
550
700

0.7419
0.7911
0.7518

0.9706
0.9731
0.9745

0.9458
0.9655
0.8727

0.9799
0.9811
0.9838

0.8883
0.9210
0.8432

0.9817
0.9819
0.9824

their propagation into the output values should be evaluated.
If the measured values then fall within such a defined range,
the closure can be considered to be “achieved”.
To evaluate the uncertainties of the calculated σsp and
σbsp induced by the uncertainties of the input parameters
of the Mie model, a Monte Carlo simulation was used
in this study. The input parameters of the Mie model include in situ measured data (particle number size distributions and light-absorbing carbon mass concentrations) and
some constants assumed beforehand (the refractive indices
of light-absorbing carbon and less absorbing components,
and the density of light-absorbing carbon). The uncertainties of the measured particle number size distributions and
light-absorbing carbon mass concentrations (mLAC,MAAP )
were set according to Wiedensohler et al. (2012), Wex et
al. (2002) and Petzold and Schönlinner (2004), as shown in
Table 3. It should be noted that organic carbon may also
include light-absorbing components, such as HUmic-LIke
Substances (HULIS, Graber and Rudich, 2006). However, a
constant mass absorption efficiency (6.6 m2 g−1 ) was used
by MAAP, probably causing a bias in the reported BC mass
concentrations. As mentioned in Sect. 2.2, the uncertainty
Atmos. Chem. Phys., 14, 6241–6259, 2014

Climatological
frequency
2005–2011

Mean PM10 at 53
rural background
sites in Germany

2.7 %
5.8 %
4.1 %
6.1 %
4.6 %
5.6 %
5.7 %
10.7 %
11.6 %
9.6 %
11.2 %
12.5 %
10.0 %

34 µg m−3
16 µg m−3
32 µg m−3
18 µg m−3
12 µg m−3
12 µg m−3
23 µg m−3
22 µg m−3
17 µg m−3
20 µg m−3
12 µg m−3
13 µg m−3
16 µg m−3

(3σ ) of the density of light-absorbing carbon was set to 33 %
to cover the possible range reported in the literature. The uncertainties for the refractive indices were also chosen to agree
with the values reported in the literature (Ouimette and Flagan, 1982; Hasan and Dzubay, 1983; Sloane, 1984; Seinfeld
and Pandis, 1998; Covert et al., 1990; Tang and Munkelwitz, 1994), as shown in Table 3. According to Heintzenberg et al. (2006), the uncertainty of measured σsp and σbsp
is estimated as 10 %.
Mie calculations were repeated using an independently
randomly varied set of input parameters. The random values were created forming normal distributions with standard
deviations chosen according to Table 3. From the 65 282
records of the whole data set, 2000 records were selected
randomly for the Monte Carlo simulation. Several hundreds
of runs were done for each of the 2000 records to obtain
the standard deviations of the calculated σsp and σbsp at the
three wavelengths of nephelometer, and under the three assumed mixing states. And the average standard deviations
of the 2000 records were considered as the standard deviations of the model results. As listed in Table 4, for different
wavelengths and mixing state assumptions, the average relative standard deviations for calculated σsp range from 7.99 to
8.70 %, while those for σbsp range from 6.85 to 8.02 %.
3.1.3

Uncertainty analysis results

Comparisons between measured and calculated σsp and σbsp
were carried out taking into account the uncertainties of the
measurements and the calculations. For σsp and σbsp , the calculated values with external mixture assumption plus triple
standard deviation and the calculated values with core–shell
internal mixture assumption minus triple standard deviation
were considered as the boundaries of the possible range
within which the measured values should fall. The fractions
of the data records that satisfy this closure criterion were
www.atmos-chem-phys.net/14/6241/2014/
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Table 3. Uncertainties of the input parameters of the Mie model, given as one standard deviation.
Standard
deviation
(σ , %)

Parameter

Description of parameter

Dp,TDMPS
Dp,APS
NTDMPS,3−20 nm
NTDMPS,20−200 nm
NTDMPS,200−700 nm
NAPS
mLAC,MAAP
ρLAC = 1.5 g cm−3
nless−abs = 1.53
iless−abs = 1e-6
nLAC = 1.75
iLAC = 0.55

Particle diameter measured by TDMPS
Particle diameter measured by APS
Aerosol number concentration measured by TDMPS for bins between 3 and 20 nm
Aerosol number concentration measured by TDMPS for bins between 20 and 200 nm
Aerosol number concentration measured by TDMPS for bins between 200 and 700 nm
Aerosol number concentration measured by APS
Mass concentration of light absorbing carbon measured by MAAP
Density of light absorbing carbon
Real part of refractive index of less absorbing components
Imaginary part of refractive index of less absorbing components
Real part of refractive index of light absorbing carbon
Imaginary part of refractive index of light absorbing carbon

Table 4. Average relative standard deviations of the calculated σsp
and σbsp yielded from the Monte Carlo simulation. EXT, CS-INT
and H-INT denote the mixing state of external, core–shell internal
and homogeneously internal, respectively.
Standard deviation of σsp (%)

Standard deviation of σbsp (%)

λ (nm)

EXT

CS-INT

H-INT

EXT

CS-INT

H-INT

450
550
700

8.01
8.07
7.99

8.66
8.69
8.55

8.68
8.70
8.55

6.85
6.96
7.26

7.18
7.26
7.52

7.87
7.82
8.02

calculated and are listed in Table 5. For all the three wavelengths, more than 99 % data records of σsp satisfied the
closure criterion, whereas for σbsp , the fractions are a little
lower, but are still above 96 %.
In conclusion, considering the uncertainties, most of the
measured σsp and σbsp agree with the values calculated with
a modified Mie model using measured particle number size
distributions and light-absorbing carbon concentrations, confirming a good quality of the data set.
3.2

Truncation and non-Lambertian error correction
for TSI 3563 nephelometer

As mentioned in Sect. 2.2, the σsp and σbsp measured by TSI
3563 nephelometer contain systematic errors due to angular and wavelength non-idealities. Two factors contribute to
the angular non-idealities: the truncation error (i.e. the geometrical blockage of near-forward/backward-scattered light)
and the non-Lambertian error (i.e. the slightly non-cosine
weighted intensity distribution of illumination light provided
by the opal glass diffusor). These errors need to be considered because they can typically cause a bias of about 10 % in
the measured σsp (Müller et al., 2009). Other errors, such as
wavelength non-idealities are of minor importance and are
thus neglected. To correct the measurements, a correction
www.atmos-chem-phys.net/14/6241/2014/

1.1
3
10
3.3
8.3
3.3
4
11
0.5
0
4
6.6

Table 5. The fractions of the measured σsp and σbsp satisfying the
closure criterion in the total amount of the measured data, considering the uncertainties of both the measurements and calculations.
λ (nm)

σsp

σbsp

450
550
700

99.26 %
99.33 %
99.14 %

97.80 %
98.67 %
96.15 %

factor is defined as
σsp/bsp,true
C=
,
σsp/bsp,neph

(5)

where σsp/bsp,true is the theoretical true value which can be
calculated with a regular Mie model. In contrast, σsp/bsp,neph
is the measured value which can be derived from the modified Mie model mentioned as in Sect. 2.2. Having the factor
C available, the measured values can be corrected by multiplying C.
Equation (5) shows that the direct approach to obtain C
would be to calculate σsp /σbsp with both regular and modified Mie model using the measured particle number size distribution. In the case of lacking particle number size distribution measurements, the method developed by Anderson and
Ogren (1998) has been widely applied. In this method, C for
σsp (Csp ) is constrained by the scattering Ångström exponent (α) obtained from the nephelometer measurement itself,
while C for σbsp (Cbsp ) is constant. Csp is assumed to be a
linear function of α, namely Csp = a1 + a2 · α. The parameters a1 and a2 are determined beforehand with the Mie model
and a large number of assumed bimodal lognormal particle
number size distributions (see Anderson and Ogren, 1998).
Different values of a1 and a2 are respectively given for no
size cut and sub-micron particles at the three wavelengths.
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Figure 3. Relationships between calculated Csp and measured α for
the three operating wavelengths of TSI 3563 nephelometer. The red
straight lines represent the linear regression of the data. To visualize
the data distribution, the counts of data points are displayed as an
intensity graph.

Having no complete particle number size distributions
available for 2007, we decided to use Anderson’s correction
method for the 4-year nephelometer data set. However, to
check whether the parameters a1 and a2 given in Anderson
and Ogren (1998) were appropriate for Melpitz, the particle
number size distributions measured from 2008 to 2010 were
used to calculate alternative Csp and Cbsp via the Mie model.
In the calculation, the refractive indices were estimated as
mentioned in Sect. 2.2 and the mixing state of the aerosol
was assumed as external. Figure 3 displays the calculated Csp
versus nephelometer-derived α at three wavelengths. The red
line is the result of the linear fit between Csp and α. It is interesting that for all three wavelengths, the fitting result does not
match the formula for the no-cut case in Anderson’s method
(the black solid line in Fig. 3). It is close to the sub-µm case in
Anderson’s method (black dashed line in Fig. 3) but with different intercept. A possible reason might be that the statistical
characters of the aerosol number size distributions in Melpitz
differ from those used by Anderson and Ogren (1998) when
developing their method.
To better understand the mismatch between the Csp
yielded from Anderson’s parameterization and from Mie calculation, Csp was calculated based on aerosol number size
distributions measured in another station, Leipzig-TROPOS,
from 1 January 2010 to 31 December 2010. LeipzigTROPOS is a suburban station representative of the urban
background aerosol, which is also a part of network GUAN
(German Ultrafine Aerosol Network; Birmili et al., 2009).
With the same instrumentation, the measured data were processed according to Sect. 2.1, and 1 h data were used. The
Csp was then calculated with each individual aerosol size
distribution with the same method applied to Melpitz data.
Figure 4b shows the calculated Csp at 550 nm versus α. The
colour of data points denotes the volume fraction of submicron aerosol (fV−submicron ) calculated with the corresponding aerosol size distribution. As a comparison, the results of
Melpitz in the same time period are also shown in Fig. 4a.
It can be found in Fig. 4 that the locations of the data points
Atmos. Chem. Phys., 14, 6241–6259, 2014

Figure 4. Relationships between calculated Csp and measured
α450−700 nm at Melpitz (A) and Leipzig-TROPOS (B). Colours of
dots denote the corresponding volume fraction of submicron aerosol
to total aerosol. The red straight lines represent the linear regression
of the data. (C) The relative frequency distributions of the volume
fraction of submicron aerosol in Melpitz and Leipzig-TROPOS.

Table 6. Parameters for the linear function of Csp , and the average
Cbsp used in this study.
λ (nm)

a1

a2

Cbsp

450
550
700

1.185
1.180
1.165

−0.0446
−0.0456
−0.0417

0.978
0.979
0.984

strongly depend on fV−submicron . They are close to the submicron case in Anderson’s method (black dashed line) in both
Melpitz and Leipzig-TROPOS when fV−submicron is higher
than 0.8. And the points in Leipzig-TROPOS follow well
with the no-cut case in Anderson’s method (the black solid
line) for case of fV−submicron lower than 0.7.
The Csp mainly depends on the shape of aerosol number
size distributions. In Anderson and Ogren (1998), they assumed a series of bimodal log-normal aerosol number size
distributions, with geometric mean diameter set within 200–
400 nm and 2–4 µm for the two modes, respectively. These
generated aerosol number size distributions were then used
for calculating Csp and α with Mie model. And the parameters a1 and a2 were determined by linear fits of calculated Csp
and α. However, these assumed bimodal log-normal distributions may be not representative of the aerosol in the region
of our measurement. Due to the active secondary aerosol
production and anthropogenic aerosol emission in the region, aerosol optical properties are dominated by the submicron aerosol in Melpitz. Figure 4c shows the relative frequency distribution of fV−submicron in Melpitz and LeipzigTROPOS. It can be seen that submicron aerosol takes more
than 70 % of the total aerosol volume in most cases in Melpitz. And fV−submicron is never below 50%. Therefore, with
the domination of submicron aerosol, the relationship between Csp and α is similar with submicron case rather than
no-cut case in Anderson’s method. For Leipzig-TROPOS,
the frequency distribution of fV−submicron is broader than that
in Melpitz. There are a number of cases with fV−submicron
www.atmos-chem-phys.net/14/6241/2014/
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Table 7. Statistic values of dry-state aerosol optical properties for the period from 2007 to 2010 (based on hourly average data).
Parameter

λ (nm)

Mean

S.D.

Median

Max.

Min.

Numbers

σsp (Mm−1 )

450
550
700

73.11
53.61
35.17

73.30
58.64
41.77

50.83
34.70
21.25

832.40
666.74
455.72

1.10
0.76
0.46

31581
31581
31581

σbsp (Mm−1 )

450
550
700

7.45
5.97
5.12

6.85
5.69
5.19

5.59
4.39
3.63

78.78
67.47
60.57

0.12
0.07
0.04

31581
31581
31581

637
637
550
450-550
550–700

5.67
0.871
0.125
1.72
1.85

6.95
0.051
0.022
0.38
0.41

3.52
0.877
0.124
1.77
1.91

85.81
0.994
0.258
3.02
4.72

0.12
0.517
0.075
0.03
0.10

33624
30842
31581
31581
31581

σap (Mm−1 )
ω
b
α

lower than 70 %. For these cases, the relationship between
Csp and α match well with the no-cut case in Anderson’s
method.
Therefore, if the aerosol volume concentration is always
dominated by submicron aerosol, as in the case of Melpitz, the method developed by Anderson and Ogren (1998)
is applicable with some other values of parameters a1 and
a2 . However, if the volume concentration is sometimes also
dominated by coarse aerosol, as in the case of LeipzigTROPOS, it is impossible to use Csp = a1 + a2 · α to fit all
the data points well. As shown in Fig. 4b, the fit result is
not representative of all the data points, and the R 2 is only
0.452. The only solution for this case is to calculate Csp with
Mie model and aerosol number size distributions measured
parallel.
For the rest of this study, the method developed by Anderson and Ogren (1998) was applied to calculate Csp . The
parameters a1 and a2 derived from the linear fit of calculated
Csp and α were used in the correction for the 4-year nephelometer data. In other words, we used Anderson’s method
but with a new group of parameters determined by ourselves.
The new parameters are listed in Table 6. The calculated Cbsp
for the three wavelengths are also shown.
3.3

Overview of long-term measurements

Statistics of dry-state aerosol σsp , σbsp and σap , as well
as the calculated single scattering albedo (ω), hemispheric
backscattering fraction (b) and scattering Ångström exponent (α) are given in Table 7 based on hourly average data for
the period of 2007 to 2010. In Melpitz, the mean σsp and σbsp
at 550 nm are 53.61 ± 58.64 Mm−1 and 5.97 ± 5.69 Mm−1 ,
respectively. The mean σap at 637 nm is 5.67 ± 6.95 Mm−1 .
The ratio between the maximum and minimum monthly
mean σsp at 550 nm is 8 and even reaches up to 10 for the
σap at 637 nm, implying large variations for the monthly
aerosol scattering and absorption levels. Comparing with the
long-term measurements at the regional background stations
www.atmos-chem-phys.net/14/6241/2014/

in other continents, the average σsp measured in Melpitz is
slightly higher than that measured at the rural station Lamont in the middle of America (1997–2000) (Delene and
Ogren, 2002), and is only about 30 % of that measured in the
Global Atmosphere Watch regional station Shangdianzi in
North China (2003–2004) (Yan et al., 2008). An absorption
Ångström exponent of −1 was assumed in the wavelength
adjustment of σap for the comparison. The average σap measured in Melpitz is about 2.5 times that measured at Lamont
in the middle of America (1997–2000) (Delene and Ogren,
2002), and is about 40 % of that measured in Shangdianzi in
North China (2003–2004) (Yan et al., 2008).
The single scattering albedo, defined as ω =
σsp / σsp + σap , is important for the estimation of aerosol
direct radiative forcing. A small error in this parameter
may change the sign of aerosol radiative forcing (Takemura
et al., 2002). To calculate ω in Melpitz, the measured
σsp and σap should be corrected to the same wavelength.
Lacking information on the wavelength dependency of σap ,
we decided to adjust σsp to 637 nm using the scattering
Ångström exponent calculated from σsp at 550 and 700 nm.
The mean ω at 637 nm for dry-state aerosol in Melpitz
is 0.871 ± 0.051. It should be noted that the σsp and σap
at Melpitz were measured at relatively dry conditions
(RH < 40 %). The ambient ω may be higher due to the
hygroscopic growth of aerosol. As an intensive aerosol
property which is important for aerosol direct radiative
forcing, it is of great value to compare the ω in Melpitz with
those measured in other regions. Table 8 lists the average
ω obtained in other long-term in situ measurement around
the world. With different instrumentation, the ω was given
at different wavelengths in different studies. To compare ω
calculated at different wavelengths, the average ω in Melpitz
was adjusted to several wavelengths based on the average
scattering Ångström exponent listed in Table 7 and an
absorption Ångström exponent of −1, as shown in Table 8.
It can be seen that the average ω in Melpitz is obviously
lower than those obtained in marine sites (Mace Head, Sable
Atmos. Chem. Phys., 14, 6241–6259, 2014
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Figure 5. Annual variations of aerosol scattering coefficient (A),
absorption coefficient (B), single scattering albedo (C), hemispheric
backscattering fraction (D), Ångström exponent at 450–550 nm (E)
and at 550–700 nm (F), aerosol total number concentration (G), and
the effective radius of submicron aerosol (H). For each panel, the
boxes and whiskers denote the 5, 25, 50, 75 and 95 percentiles,
while the dots denote the mean values.

Island and Barrow) in which the aerosol optical properties
are dominated by sea salt, and is similar as those measured
in regional background sites (Bondville, Hohenpeissenberg,
K-Puszta and Shangdianzi) and the Mediterranean site (Finokalia) which influenced by anthropogenic and/or biomass
burning activities.
The b was calculated according to b = σbsp /σsp using
measured σsp and σbsp . The mean value of b at 550 nm is
0.125 ± 0.022. The α was calculated with measured σsp at
different wavelengths with α = ln (σλ1 /σλ2 ) / ln (λ2 /λ1 ). The
average α calculated at wavelengths of 450 and 550 nm is
1.72 ± 0.38.
3.4

Annual variations of aerosol optical properties

The average annual variations of dry-state aerosol optical
properties, as well as the aerosol total number concentration (N3 nm−10 µm ) and the effective radius (reff ) of submicron
aerosol in Melpitz are shown in Fig. 5. It can be seen that annual variations can be found in all the dry aerosol optical
properties. Some of them show evident annual patterns.
Atmos. Chem. Phys., 14, 6241–6259, 2014

The σsp and σap have nearly the same variation pattern,
with relatively higher values in winter and lower values in
summer. The mean values of σsp and σap are always higher
than the median values, especially in winter, indicating that
heavier pollution events rather occur in winter than in summer. The annual variations of σsp and σap are mainly determined by the annual variations of the boundary layer height,
the local emissions and pollutants transport. In winter, the local emission is higher due to a larger amount of fossil fuel
combustion. The wintertime shallow mixing layer favours
the accumulation of aerosol pollutants, and thus causes a
higher level of σsp and σap . Moreover, the σsp and σap may be
also influenced by the air masses related to middle- or largescale atmospheric motion, and thus represent wide possibility distributions in winter. In summer, the boundary layer is
more unstable due to surface heating and causes turbulence
and vertical mixing, which results in a dilution effect for pollutant. Therefore, σsp and σap in summer are at a relatively
low level and with small variations. Precipitation scavenging
is an important way to clean aerosol particles out of the atmosphere (Buat-Ménard and Duce, 1986; Jaffrezo and Colin,
1988). The precipitation measured near Melpitz shows that
the accumulated precipitation in summer is approximately
two times as much as that in winter. The stronger precipitation scavenging of aerosol particles may also be an important
reason of the low level of σsp and σap in summer.
The ω only shows slight annual variations, with high values in spring and summer, and low values in autumn and winter. This annual pattern might be mainly caused by the variation of regional emission and the secondary aerosol formation. Figure 6 shows the average diurnal variation of aerosol
number size distribution in the four seasons, based on the
measurements of TDMPS from 2008 to 2010. It can be seen
that the formation and growth of nucleation mode particles
are evident in daytime in spring and summer. In these two
seasons, secondary aerosol productions via photochemistry
processes are efficient and results in a large fraction of less
absorbing components such as organic matter and sulfate in
particulate matters (Poulain et al., 2011a), hence yielding a
relatively higher level of ω. The “banana shape” is less pronounced in autumn and disappears in winter, indicating the
inhibition of secondary aerosol production in these two seasons, thus resulting in a relatively lower level of ω. The annual variation of the emission rate of BC may also contribute
to the variation of ω. In winter, the local emission of BC is
higher due to a larger amount of fossil fuel combustion. It
was also found that the residential wood burning during the
cold seasons has a significant contribution on the elemental
carbon in Europe (Genberg et al., 2013). The higher emission of BC and less activity of aerosol aging and secondary
aerosol formation causes a lower ω in winter.
The α is mainly determined by the shape of the aerosol
number size distribution: α smaller than 1 indicates that the
size distribution is dominated by coarse mode, and α larger
than 2 indicates that fine-mode particles dominate the size
www.atmos-chem-phys.net/14/6241/2014/
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Table 8. Average ω obtained in other long-term in situ measurement around the world.
ω

λ (nm)

Station and
country

Altitude (m)

Type of
station

Period

Instrumentation

Reference

87

regional
background

2007–2010

MAAP, Thermo;
3563 Nephelometer, TSI

This study

0.871 ± 0.051
0.891 @550 nm
0.893 @530 nm
0.894 @525 nm

637

Melpitz,
Germany

0.88 ± 0.05

525

Shangdianzi,
China

293

regional
background

Sep 2003–Jan 2005

AE31 Aethalometer, Magee Scientific;
M9003 Nephelometer, EcoTech

Yan et al. (2008)

0.92 ± 0.04

530

K-Puszta,
Hungary

125

regional
background

1998–1999

PSAP, Radiance Research; Nephelometer,

Molnár and
Mészáros (2001)

0.906 ± 0.067

550

Bondville,
US

230

regional
background

Sep 1996–Sep 2000

PSAP, Radiance Research;
3563 Nephelometer, TSI

Delene and
Ogren (2002)

0.932 ± 0.051

550

Lamont, US

315

regional
background

Apr 1997–Sep 2000

PSAP, Radiance Research;
3563 Nephelometer, TSI

Delene and
Ogren (2002)

0.953 ± 0.038

550

Sable Island,
US

5

marine

Nov 1994–Apr 2000

PSAP, Radiance Research;
3563 Nephelometer, TSI

Delene and
Ogren (2002)

0.959 ± 0.040

550

Barrow, US

8

marine

Oct 1997–Sep 2000

PSAP, Radiance Research;
3563 Nephelometer, TSI

Delene and
Ogren (2002)

0.89 ± 0.04

550

Finokalia,
Greece

250

marine

Mar 2001–Jun 2002

PSAP, Radiance Research;
M903 Nephelometer, Radiance Research

Vrekoussis et
al. (2005)

0.941–0.997

550

Mace Head,
Ireland

5

marine

Jan 2000–Dec 2002

AE8/AE9 Aethalometer, Magee Scientific;
3563/3551 Nephelometer, TSI

Jennings et
al. (2003)

0.81 (0.74–0.86)

525

Mukteshwar,
India

2180

mountain

Sep 2005–Sep 2007

AE31 Aethalometer, Magee Scientific;
M9003 Nephelometer, EcoTech

Hyvärinen et
al. (2009)

Hohenpeissenberg,
Germany

1000

mountain

1999–2005

Aethalometer, Magee Scientific; MAAP,
Thermo; 3563 Nephelometer, TSI

Kaminski (2006)

0.85-0.91
0.84 ± 0.09

637

Puijo,
Finland

150

semiurban

Sep 2006–Sep 2010

MAAP, Thermo; 3563 Nephelometer, TSI

Leskinen et
al. (2012)

0.86 ± 0.08

637

Central
Amazonia,
Brazil

110

tropical forest

Feb 2008–Feb 2011

MAAP, Thermo; 3563 Nephelometer, TSI

Rizzo et al. (2013)

distribution (Eck et al., 1999; Westphal and Toon, 1991).
Therefore, the annual pattern of α can be explained by the
variation of aerosol number size distributions. In spring and
summer, new particle formation events can be found on 40 %
of the days in Melpitz, as shown in Fig. 6. During such periods, nucleation mode concentrations can increase within a
short time by > 1 order of magnitude, occasionally exceeding 105 cm−3 (Birmili et al., 2001). This also can be found
in the annual variation of aerosol total number concentration
and the effective radius of submicron aerosol in Fig. 5. Due
to the active new particle formation and growth in spring
and summer, the aerosol total number concentration shows
higher averages and more variability than in autumn and winter, and the effective radius of submicron aerosol shows evidently lower levels. These high concentrations of small particles during new particle formation in spring and summer
cause a high level of α, thus resulting in higher average α
compared to that in autumn and winter.
One should also note that the α for the two wavelength pairs show some difference in their annual patterns:
α450−550 nm in summer is at the similar level as α550−700 nm ,
while in winter α450−550 nm is lower than α550−700 nm .
α450−550 nm therefore shows a more obvious annual varia-

www.atmos-chem-phys.net/14/6241/2014/

tion compared with α550−700 nm . This is because the α for
different wavelength pairs has different response on the variation of aerosol number size distribution. Figure 7c and e
show the measured α450−550 nm and α550−700 nm versus the effective radius of submicron aerosol. An inverse relationship
can be seen between these two parameters, which accords
with Schuster et al. (2006). It can be found that α450−550 nm
is more sensitive to the variation of the effective radius of
submicron aerosol than α550−700 nm . With the increase of the
effective radius of submicron aerosol, α450−550 nm decreases
with a steeper slope than α550−700 nm . Therefore, in the cases
of reff lower than 120 nm (i.e. in summer), the two α are at
a similar level, while in the case of reff higher than 140 nm
(i.e. in winter), α450−550 nm is lower than α550−700 nm .
An evident annual pattern can be found in b, with higher
values in summer than in winter. This annual pattern can be
attributed to the variation of both the number size distribution
and the mixing state of particles. As mentioned above, due
to the secondary aerosol formation in spring and summer, a
significant nucleation mode can be usually found and causes
a low level of the effective radius of submicron aerosol. As
shown in Fig. 7a, there is a significant inverse relationship between b and the effective radius of submicron aerosol, which
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Figure 6. Average diurnal evolution of the aerosol number size distribution in the four seasons, based on TDMPS measurement between 2008 and 2010.

3.5

accords with Collaud Coen et al. (2007). The low level of
the effective radius of submicron aerosol therefore results in
a high level of b in summer. In addition, it was found that
the morphology of a BC core surrounded by a less absorbing shell would result in a much higher b than the external
mixture of the same amount of both components (Ma et al.,
2012). In spring and summer, due to the active photochemical aging processes, BC is closer to the morphology of core–
shell than in winter, and thus causes a higher level of b. To
better study the dependence of b on particle size and the mixing state of BC, the single particle hemispheric backscattering fraction was calculated based on the Mie model. In the
calculation, two mixing states were assumed: BC externally
mixed and BC coated with less absorbing components. The
volume fraction of BC was set to 0.058, which is the average value during the whole period. For more details of the
calculation see Sect. 2.2. Results are shown in Fig. 8, where
it can be seen that b shows a high dependence on the particle size. Especially in the range of 100 to 300 nm, b drops
down steeply with the increase of particle size. After 300 nm,
b fluctuates with increased size. This result explains the inverse relationship between b and the effective radius of submicron aerosol. One should note that the mixing state of BC
also influences b. The b calculated based on core–shell mixture is higher than that calculated based on external mixture
for almost all sizes between 10 nm to 10 µm. However, the
influence of mixing state is less than that of the particle size.

Figure 9 shows the average diurnal variations of dry-state
aerosol optical properties, the volume fraction and effective radius of submicron aerosol in warm season (April to
September) and cold season (October to March) measured in
Melpitz. Values of percentiles are not shown to facilitate better visualization of the data. Basically, all parameters show
some diurnal patterns, with lower contrast compared with
their annual variations.
The σsp and σap shows similar diurnal patterns, with high
values during night and low values during daytime. This can
be mainly attributed to the diurnal variation of the boundary
layer height. The developing of boundary layer during daytime causes a vertical mixing thus dilutes the pollutant near
the surface. During night, new emitted aerosol accumulates
in the shallow nocturnal boundary layer. σsp and σap therefore remain at a relative high level. This effect is more active
in warm season due to surface heating, thus causes a higher
contrast between the values in daytime and nighttime than in
cold season. The diurnal variation of aerosol emission is also
important to explain the diurnal pattern of σsp and σap , especially in cold season. σap shows an evident maxima around
21:00 LT in cold season, might stem from the increase of BC
emission from residential wood burning at night (Poulain et
al., 2011b). The high values of σsp and σap in the morning
might also be a reflection of the beginning of anthropogenic
activities in the region.
Recalling the definition of ω, the diurnal variation of ω
seems to originate from the phase difference between the
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Figure 8. Single-particle hemispheric backscattering fraction calculated based on Mie model, assuming core–shell mixture (red line)
and external mixture (blue line) of BC and light-scattering material.

diurnal variations of σsp and σap . Two drops in ω are evident after 06:00 and 15:00 LT, respectively, in the cold season (Fig. 9c). These decreases in ω correspond to the peaks
in σap around the same time. In the warm season, the diurnal
patterns of σsp and σap are more similar to each other, so ω
shows less diurnal variability than in the cold season. The ω
in the warm season shows a high level between 09:00 and
18:00 LT, mainly stemming from the enhancement of lightscattering aerosol from secondary aerosol formation and aging processes, which can also be found in the diurnal variation of aerosol number size distribution (Fig. 6).
As mentioned in Sect. 3.4, both b and α are mainly determined by the shape of aerosol number size distribution.
Thus their diurnal variations are highly correlated with the
diurnal variations of the effective radius and volume fraction of submicron aerosol, as shown in Fig. 9. In the warm
season, due to the aging processes and the mixing down of
aged aerosol from aloft during the development of planetary
boundary layer, reff increases before 09:00 LT. As a result, α
and b decrease and both reach their minimum at 09:00 LT. As
shown in Fig. 6, the new particle formation begins at around
09:00 LT. Due to the formation and consequent growth of
aerosol, reff begins to decrease at 09:00 LT, and causes an
increase of α and b. After 18:00 LT, α increases again with
the increase of volume fraction of submicron aerosol. In the
cold season, the secondary aerosol production and aging processes is less active. Therefore, the diurnal pattern of α and
b mentioned above can also be seen but with less contrast.
3.6

Aerosol optical properties in different air masses

In central Europe, synoptic-scale air masses can be an efficient concept to explain the concentrations of long-lived trace
gas and aerosol species. The reason is that the air masses
occurring in central Europe may differ significantly with rewww.atmos-chem-phys.net/14/6241/2014/
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Figure 9. Average diurnal variations of aerosol scattering coefficient (A), absorption coefficient (B), single scattering albedo (C),
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spect to the type of their area of origin (ocean, marginal seas,
continent), and the related meteorological properties (moisture content, degree of precipitation, stability). To assess the
influence of such geographical factors on the aerosol optical
properties at Melpitz, the 4 yr data were grouped according to
the daily BCLM air mass classification described in Sect. 2.3.
Figure 10 shows the average, median and various percentile values of aerosol optical properties for the 13 air mass
types. As the BCLM scheme accounts for vertical stability
(stable/neutral stratification), the air mass types in Fig. 10 are
distinguished between those with more stable stratification
(left) and those with more neutral stratification (right). As
explained in Sect. 2.3, more stable stratification tends to occur in the cold season while more neutral stratification tends
to prevail in the warm season. Within these two categories,
the air masses are sorted according to a descending scattering
coefficient σsp at 550 nm.
As an overall observation σsp and σap tend to be higher
in air masses of more stable stratification (cold season) compared to those with more neutral stratification (warm season).
As already explained in Sect. 3.4, this is likely to be the result of both pollution trapping in the presence of near-ground
temperature inversions in the cold season (Fig. 1) and enhanced PM emissions from power generation and domestic
heating during periods with low temperatures.
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There remains, however, considerable variation in σsp
and σap within each of the two basic air mass groups.
As explained below, these variations are obviously a function of the geographic origin of the air mass, which involves rather different residence times of the air mass over
continental areas.
The air mass CS-ST, which exhibits the highest aerosol
scattering and absorption values, is characterized by low
ambient temperatures, a pronounced temperature inversion
(Fig. 1), and trajectories remaining over central Europe during four days (Fig. 2). Under these meteorological conditions, the aerosol in the ground layer remains trapped over
many days, while anthropogenic sources continue to emit additional particles. We assume that under these conditions, coagulation and aggregation of particles becomes relevant. The
observation of the highest effective particle radius in air mass
CS-ST (Fig. 10g) might be an indication of this process.
Moving from air mass CS-ST to CS-A2, CS-Z3, CS-A3,
CS-A1, CS-Z2 and CS-Z1, the aerosol scattering and absorpAtmos. Chem. Phys., 14, 6241–6259, 2014

tion values decrease steadily. When looking at the mean trajectories during the corresponding periods (Fig. 2), we note
that the residence time of the trajectories over the European
continent decrease in a similar fashion. In the air mass types
CS-Z2 and CS-Z1, for example, this residence time is around
2 days and lower. Although the residence time over land appears a useful proxy to explain accumulated pollutant concentrations, we are aware of the limitations of this conclusion
in that (a) emissions of particles are not equally distributed
and (b) particle deposition rates may vary depending on the
amount and type of precipitation typically occurring in each
of these air mass types.
In the warm season, the atmosphere tends to be neutrally
stable at noon (Fig. 1). For aerosol scattering and absorption, we observe the highest values during stagnant conditions (WS-ST). Alike for the cold season, a prolonged stay
of an air mass over a continent with anthropogenic pollution sources is a viable explanation for the enhanced concentrations. Next in order are the air masses with predominant
anticyclonic flow (WS-A2, WS-A1), followed by such with
cyclonic flow (WS-Z3, WS-Z2, WS-Z1). The lowest overall aerosol scattering and absorption values were observed
during the advection of sub-Arctic over the North Sea into
Germany (WS-Z1). In this air mass, the anthropogenic contributions typical for passage over populated land are visibly
the least. When looking at the entire sequence of air masses
we note, with one exception (WS-Z3), a decreasing residence
time over the continent, very much like in the discussion of
the cold season periods above.
For ω, no significant differences can be found between
most of the air mass types. However, the ω in the air masses
CS-Z1 and CS-Z2 are evidently lower and show larger variability compared with those in the other air mass types. One
possible reason is that these two types of air masses originate from the North Atlantic and are associated with the
highest wind speeds. Such clean maritime air has only a
short residence time over the continent before reaching Melpitz. The fresh emitted light-absorbing carbonaceous aerosol
keeps fresh with less light-scattering component produced in
aging processes, and therefore causes a lower ω in these two
air mass types. These air masses also carry a lot of sea salt.
However, the sea salt is mostly distributed in coarse mode
in which the particles have much lower light scattering efficiency per unit volume (Ma et al., 2014), thus does not contribute much to the aerosol total scattering.
As mentioned in previous sections, the scattering
Ångström exponent α varied among different air mass types
because of the variation of aerosol number size distribution.
In the cold season, due to the favourable condition for pollutant accumulation, both the effective radius and volume fraction of fine-mode aerosol are very sensitive to the originating
area and the air mass residence time in the continental atmosphere. α also shows a larger variability. An inverse relationship can be found between α and the fine-mode effective
radius in Fig. 10, which coincides with Fig. 7c and e. In the
www.atmos-chem-phys.net/14/6241/2014/
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warm season, the fine-mode aerosol effective radii are similar for all air mass types and lower than those in the cold
season, and thus cause higher level of α. With similar finemode effective radius, a positive relationship between α and
fine-mode volume fraction can be seen in the warm season
in Fig. 10. Moreover, the effect of fine-mode volume fraction
on α seems greater for α550−700 nm than for α450−550 nm . It can
be seen in Fig. 7d and f that although positive relationships
can be found between both of the two α and the fine-mode
volume fraction, the linear regression for 550–700 nm shows
a higher slope than that for 450–550 nm. The α550−700 nm is
therefore more sensitive to fine-mode volume fraction than
α450−550 nm . From Figs. 7 and 10 it can be concluded that
with the natural variation of aerosol number size distribution
in central Europe, both fine-mode effective radius and volume fraction are important in explaining the variation of α,
but the fine-mode effective radius is more crucial.
From Fig. 10d and g, a pronounced inverse relationship
can be found between b and the effective radius of submicron
aerosol for all the 13 air mass types, which is in accord with
the discussion in Sects. 3.4 and 3.5. The b for most of the
air mass types in the warm season are higher than those in
the cold season, and show a wider probability distribution.
It can be seen in Fig. 8 that the dependence of b on particle
size gets higher with the decrease of particle size. Therefore,
with lower effective radii in summer, the b shows a higher
variability.
4

Conclusions

To explore the magnitude and variations of aerosol optical properties in central Europe, we analysed a data set of
dry-state aerosol number size distributions, scattering and
absorption coefficients collected continuously at a regional
background station in East Germany between 2007 and 2010.
To provide a closure for dry-state aerosol optical properties, we compared the measured scattering and hemispheric
back scattering σsp and σbsp with corresponding values calculated from experimental particle number size distributions
and assumed refractive indices, based on a modified Mie
model which includes the truncation and non-Lambertian effect of TSI 3563 nephelometer. In the calculation, a twocomponent aerosol model proved to be useful, with the mixing state assumed to be homogeneously internal, external or
core–shell internal. In addition, a Monte Carlo simulation
was used to evaluate the uncertainties of calculated σsp and
σbsp induced by the uncertainties of the model inputs. The
results show good correlations between the measured and
calculated values, with R 2 > 0.98 for σsp and R 2 > 0.97 for
σbsp , confirming a good quality of the data set. The uncertainty of the calculated σsp and σbsp is around 8 % (1 standard deviation). Considering the uncertainties of model inputs, more than 99 and 96 % data records of σsp and σbsp
satisfy the closure criterion.
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The correction factor for truncation and non-Lambertian
error of TSI 3563 nephelometer was also calculated from
measured particle number size distributions with the modified Mie model. It was found that the calculated correction
factors do not match the linear relationship with α given by
Anderson and Ogren (1998). Therefore, the parameters derived from the linear fits of calculated correction factors and
α were used in the correction of the 4-year nephelometer
data.
Comparing with the long-term measurements at the regional background stations in other continents, the average
σsp measured in Melpitz is slightly higher than that measured in the US and is only about 30 % of that measured in
North China. The average σap measured in Melpitz is about
2.5 times that measured in US and is about 40 % of that
measured in North China. The average ω in Melpitz is obviously lower than those obtained in marine sites (Mace Head,
Sable Island and Barrow), and is similar as those measured
in regional background sites (Bondville, Hohenpeissenberg,
K-Puszta and Shangdianzi) and the Mediterranean site (Finokalia).
All the observed aerosol optical parameters show annual
variations. The σsp and σap show much higher values and
variations in winter than in summer, mainly attributed to the
annual variation of boundary layer height and the local PM
emissions. The precipitation scavenging of aerosol may also
be a reason for the low values in summer. The single scattering albedo ω only shows a slight annual variation. Active
secondary aerosol formation in summer causes a high level
of ω. And the enhanced emission of BC from power generation and domestic heating in winter causes a low level of
ω. Both b and α are found to be sensitive to the shape of
aerosol number size distribution. The high concentrations of
small particles during new particle formation cause a high
level of b and α in spring and summer. The mixing state of
BC may also influence the level of b but is less important. All
the observed aerosol optical parameters also show some diurnal patterns, with lower contrast compared with their annual
variations.
A recently developed air mass classification based on a
cluster analysis of daily back trajectories and vertical profiles of pseudo-potential temperature was used to classify the
4-year observations according to daily changes in air mass
type. It was found that the atmospheric stability plays an important role for the dry aerosol optical properties measured
near the ground. In the cold season, the vertical stratification is overwhelmingly stable, providing a favourable condition for pollutants accumulation. Moreover, the aerosol optical properties turn out to depend sensitively on the air mass
residence time over land, the region of origin. In the warm
season, in contrast, the atmosphere tends to be well mixed, at
least during daytime. This causes the aerosol optical properties to be less sensitive to the origin of the air mass.
In summary, this work has established a statistically robust
relationship between the tropospheric particle number size
Atmos. Chem. Phys., 14, 6241–6259, 2014
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distribution and aerosol optical properties observed near the
ground. We anticipate that the corresponding results and data
will be of use for comparisons with regional transport models, and a further assessment of direct radiative forcing in the
central European region. Future investigations will need to
look at aerosol optical properties along the vertical dimension of the atmosphere, both on the experimental and computational side.
The Supplement related to this article is available online
at doi:10.5194/acp-14-6241-2014-supplement.
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