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Abstract. Estimates of PM2.5 distributions based on satel-

lite data depend critically on an established relation between

AOD and ground level PM2.5. In this study we performed an

experiment at Cabauw to establish a relation between AOD

and PM2.5 for the Netherlands. A first inspection of the

AERONET L1.5 AOD and PM2.5 data showed a low cor-

relation between the two properties. The AERONET L1.5

showed relatively many observations of high AOD values

paired to low PM2.5 values, which hinted cloud contamina-

tion. Various methods were used to detect cloud contami-

nation in the AERONET data to substantiate this hypothe-

sis. A cloud screening method based on backscatter LIDAR

observations was chosen to detect cloud contaminated ob-

servations in the AERONET L1.5 AOD. A later evaluation

of AERONET L2.0 showed that the most data that are ex-

cluded in the update from L1.5 to L2.0 were also excluded

by our cloud screening, which provides confidence in both

our cloud-screening method as well as the final screening in

the AERONET procedure. The use of LIDAR measurements

in conjunction with the CIMEL AOD data is regarded highly

beneficial. Contra-intuitively, the AOD to PM2.5 relationship

was shown to be insensitive to inclusion of the mixed layer

height. The robustness of the relation improves dependent on

the time window during the day towards noon. The final re-

lation found for Cabauw is PM2.5=124.5×AOD−0.34 and is

valid for fair weather conditions. The relationship found be-

tween bias corrected MODIS AOD and PM2.5 at Cabauw is

very similar to the analysis based on the much larger dataset
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from ground based data only. We applied the relationship

to a MODIS composite map to assess the PM2.5 distribution

over the Netherlands for the first time. The verification of

the derived map is difficult because ground level artefact free

PM2.5 data are lacking. The validity and utility of our pro-

posed mapping methodology should be further investigated.

1 Introduction

While air quality in Europe has improved substantially over

the past decades, air pollution still poses a significant threat

to human health (EEA, 2007). Health effects of air pol-

lution are dominated by particulate matter, both PM2.5 and

PM10. Short-term exposure to PMx has frequently been as-

sociated with increased human morbidity and mortality (e.g.,

Brunekreef and Holgate, 2002). Effects of long-term expo-

sure to PM are much more uncertain than the short-term ef-

fects, but are believed to have a much greater effect on health

loss (Dockery et al., 1993; Pope et al., 1995; Kappos et al.,

2004). For the assessment of the exposure to particulate mat-

ter the determination of the aerosol mass and its composition

is mandatory. Traditionally, in situ observations are used to

derive information on the large scale features of air pollu-

tants. In case of particulate matter this approach is hampered

by the difficulties in the sampling techniques and the highly

variable concentrations in space and time. There is a desire

to apply satellite remote sensing as a cost-effective method to

monitor the highly variable aerosol fields on regional scales

where ground based observations are scarce or lacking alto-

gether.
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Satellite measurements provide full spatial coverage and

are – in principle – consistent for the whole European re-

gion. However, they are less precise than in-situ observa-

tions. This suggests that satellite measurements may be use-

ful to improve the insight in regional PM distributions in

combination with models and ground based measurements.

For Europe, a PM10 distribution has been derived using geo-

statistical techniques combining in-situ observations, mod-

elled distributions and MODIS (MODerate-resolution Imag-

ing Spectroradiometer) satellite data (van de Kasteele et al.,

2006). The authors showed that the use of both model and

remote sensed data improved the quality of the estimated an-

nual average PM10 distribution. Several studies have used

empirical relations between AOD and PM2.5 or PM10 to es-

timate the PM distributions over larger regions (e.g. Kacene-

lenbogen et al., 2006; Vidot et al., 2007). Van Donkelaar

et al. (2006) calculated the ratio between AOD and ground

level PM2.5 with a model and multiplied this ratio with the

retrieved AOD to arrive at an estimate for the ambient PM2.5

level on a global scale. Furthermore, the advent of satellite

observations has also led to a development of data assimila-

tion schemes that assimilate aerosol optical thickness directly

into models (e.g. Builtjes et al., 2001; Collins et al., 2001;

Koelemeijer et al., 2006a). In the latter approaches the (mod-

elled) relation between AOD and PM2.5 is an uncertain and

limiting factor in determining the absolute PM2.5 concentra-

tions from satellite data. Strong correlations and an improved

understanding of this relation are needed to generate reliable

satellite derived estimates of the particulate matter distribu-

tion in a region.

Various studies have reported empirical relations between

AOD and PM10 or PM2.5 measurements for different parts

of the world (e.g. Wang and Christopher, 2003; Hutchison,

2003; Chu et al, 2003; Engel-Cox et al., 2004; 2006; Al-

Saadi et al., 2005; Kacenelenbogen et al., 2006; Koelemeijer

et al., 2006b; Kumar et al., 2007; Liu et al., 2007; Gupta

and Christopher, 2007; Mukai et al., 2008). For exam-

ple, promising correlations are found between time-series of

AOD and PM2.5 for many stations in the Eastern and Mid-

west U.S. Other stations, however, particularly in the West-

ern US, show hardly any correlation (Wang and Christopher,

2003; Hutchison, 2003; Engel-Cox et al., 2004). Variations

in local meteorological conditions, occurrence of multiple

aerosol layers, and variations in aerosol chemical composi-

tion likely play an important role in determining the strengths

of such correlations. For example, Koelemeijer et al. (2006b)

showed that the correlation between PM and AOD is im-

proved when the AOD is divided by the mixing layer height

and, to a lesser extent, when it is corrected for growth of

aerosols with relative humidity. In short, the relationship be-

tween AOD and PM should be determined regionally to ac-

count for its specific conditions.

In this study we aimed to experimentally establish this re-

lationship for the Netherlands. For this purpose a field study

was conducted at the Cabauw Experimental Site for Atmo-

spheric Research – CESAR (Sect. 2). We combine PM2.5

measurements with sun photometer data to empirically deter-

mine the AOD-PM2.5 relationship (Sect. 3). In Sect. 4 we ex-

plore the usefulness of the obtained relationship for mapping

PM2.5 over the Netherlands using MODIS AOD. Finally, we

present an extensive discussion of our results in comparison

to the literature in Sect. 5.

2 Methodology

2.1 Experimental setup

To address the relation between AOD and PM2.5 a study was

set-up to monitor PM2.5 between the 1st of August, 2006,

and 31st of May, 2007, at the Cabauw Experimental Site for

Atmospheric Research (CESAR). CESAR (Russchenberg et

al., 2005; http://www.cesar-observatory.nl) is the focal point

of experimental atmospheric research in The Netherlands.

The site is located in a rural area in the central part of Nether-

lands (51.97◦ N, 4.93◦ E) and hosts a comprehensive set of

active and passive remote sensing instruments, as well as in-

situ observations. The combination of the instrumentation

at Cabauw provides a unique opportunity to study the AOD-

PM2.5 relationship in the Netherlands.

The aerosol optical depth is routinely monitored using

a CIMEL sun photometer and the data are reported to

the AERONET (http://aeronet.gsfc.nasa.gov) (Holben et al.,

2001). The technical details of the instrument are described

in the CIMEL Sun Photometer Manual (http://aeronet.gsfc.

nasa.gov). This specific instrument measures the aerosol op-

tical depth at four wavelengths (440 nm, 670 nm, 870 nm and

1020 nm), and the sky radiance in aerosol channels in the az-

imuth plane (the almucantar technique) and in the principal

plane. These data are used in the AERONET standard proce-

dures to retrieve information on columnar aerosol character-

istics such as the aerosol optical depth, Angström coefficient

and size information. Data processing, cloud-screening al-

gorithm, and inversion techniques are described by Holben

et al. (1998, 2001), Eck et al. (1999), Smirnov et al. (2000),

Dubovik and King (2000), and Dubovik et al. (2000). We

have used the Level 1.5 (Automatically cloud cleared) AOD

data in this study that become available in near-real time. The

Level 2 data (Pre- and post-field calibration applied, automat-

ically cloud cleared and manually inspected) are updated on

a yearly basis and were only available for part of campaign

and will be used for a sensitivity study.

We installed a Tapered Element Oscillating Microbalance

with Filter Dynamics Measurement System (TEOM-FDMS)

to monitor the ambient PM2.5 concentrations. A standard

TEOM is well known for its underestimation of ambient PM

concentrations due to evaporation of semi-volatile compo-

nents from the microbalance that is conditioned at higher

than ambient temperatures. Especially, ammonium nitrate is

sensitive to evaporation under these operation conditions. As

Atmos. Chem. Phys., 9, 909–925, 2009 www.atmos-chem-phys.net/9/909/2009/

http://www.cesar-observatory.nl
http://aeronet.gsfc.nasa.gov
http://aeronet.gsfc.nasa.gov
http://aeronet.gsfc.nasa.gov


M. Schaap et al.: Relation between aerosol optical depth and PM2.5 at Cabauw 911

ammonium nitrate levels are high in the Netherlands (Schaap

et al., 2002), we chose to use the TEOM-FDMS instrument,

which uses its microbalance in two alternating measurement

cycles. During the first cycle the microbalance measures a

mass increase by sampling ambient air, whereas during the

second cycle the evaporation loss of volatile components is

estimated by sampling particle free air. Evaporation loss is

thus unambiguously measured and accounted for in the fi-

nal measurement result. Comparison with reference meth-

ods shows a general good agreement (Grover et al., 2005).

Hence, by using the TEOM-FDMS we obtain estimates of

PM2.5 inline with the reference method, but with a temporal

resolution of half an hour.

Besides these core instruments a range of optical and phys-

ical aerosol parameters such as size distribution and aerosol

extinction and absorption coefficient are routinely monitored

at Cabauw. In this study we have extensively used the

RIVM aerosol back scatter LIDAR (Apituley et al., 2000).

This instrument provides information on the vertical struc-

ture of the aerosol profile, atmospheric layering and the pres-

ence of clouds up to 15 km at a temporal resolution of

5 min. The backscatter LIDAR operates at a single wave-

length (1064 nm) and is therefore limited it its ability to esti-

mate aerosol optical properties in addition to the qualitative

vertical aerosol profile.

2.2 Detection of clouds and mixing layer height

We have used the LIDAR profiles for the detection of the

presence of clouds above Cabauw. LIDAR systems can be

used to detect clouds as they provide strong scattering peaks

in LIDAR data. Moreover, clouds appear as strong modula-

tions in the LIDAR signal with range. We have used a com-

bination of three algorithms to detect clouds based on these

characteristics. The first approach is a threshold method

where the range corrected LIDAR signals above a threshold

are designated as clouds. This works well for high signal to

noise ratios (i.e. low clouds). Favourable results are also ob-

tained in noisy cases when smoothing is applied. The latter

has the disadvantage of reducing (vertical) resolution. For

our study this is not a problem as we are primarily inter-

ested in cloud indicators and the cloud height information

is of secondary importance. The second algorithm aims to

detect strong modulations in the LIDAR signal due to clouds

and uses the first order range-derivative as described by Pal

et al. (1992). The derivative filter may be set at variable reso-

lution with altitude, so as to enhance detection of high cirrus

under noisy conditions. The abovementioned methods only

use qualitative signal features. The third, semi-quantitative,

method is based on retrieval of the backscatter profile from

the LIDAR data (Klett, 1985) and setting a threshold at the

scattering level of clouds. All three techniques were applied

to the data from the RIVM backscatter LIDAR and a com-

bined approach was used to obtain the best possible reliabil-

ity at higher altitudes. Based on 5 min sampling time of the

LIDAR data, maximally 12 occurrences of clouds can be de-

tected in an hour. Here we require a minimum of 3 cloud

detections (out of a maximum of 12 occurrences) to classify

the hour as cloudy. This minimum of 3 was chosen to avoid

misclassifications induced by noise in the LIDAR signal.

A sun photometer obtains AOD data from measurements

looking directly at the sun. The Cabauw LIDAR provides

stationary vertical aerosol profiles and cloud detection for a

small footprint in the zenith sky only. As it is imaginable that

under some circumstances the sun photometer is observing a

clear sky under a slant path, while at the same time the LI-

DAR observes a cloud directly overhead, or vice versa, addi-

tional cloud indicators may be needed, for instance, one that

provides an estimate of all-sky cloud cover, rather than cloud

cover right above the instruments only. For this reason we

also investigated the applicability of APCADA (Automatic

Partial Cloud Amount Detection Algorithm) technique (Dürr

and Philipona, 2004), which has been implemented at the

Cabauw site. APCADA provides cloud cover estimates ev-

ery 10 min during daytime and night-time without distinction

in cloud type (altitude). APCADA detects only clouds that

have a measurable effect on long-wave downwelling radia-

tion (LDR). Hence, the APCADA algorithm limited sensi-

tivity for high (i.e. cold) clouds.

The mixing layer height can be inferred from backscat-

ter LIDAR or ceilometer data, since aerosol concentrations

are often higher within the mixing layer compared to layers

above it and can be located at the transition from high-to-low

aerosol loading. For the Netherlands the mixing layer height

(MLH) is retrieved operationally from LD40 ceilometers as

described by de Haij et al. (2007). The method by deHaij

et al. (2007) is a wavelet method for the automatic determi-

nation of mixing layer height from backscatter profiles of an

LD-40 ceilometer and introduces a quality flag to identify

the reliability of MLH layer detections. The performance

of the Wavelet MLH algorithm was analysed by comparing

the results with MLH estimates from radiosondes, wind pro-

filer and research LIDAR measurements. A correlation coef-

ficient of 0.64 was found between ceilometer and radiosonde

determinations when using only ceilometer MLH detections

with good quality. The quality flagged MLH determinations

show successful layer detection can be obtained in about 50%

of all measurement cases. Unfortunately, the ceilometer at

Cabauw was not operational for most of our sampling pe-

riod. Pending the implementation of the wavelet method on

the data from other LIDAR instruments available at Cabauw,

including the RIVM backscatter LIDAR, we used the MLH

data from the site of de Bilt, about 25 km North-East of the

Cabauw station. Also, manually derived MLH values were

obtained from the RIVM backscatter LIDAR during selected

cases, which were in agreement with automatically obtained

findings.

www.atmos-chem-phys.net/9/909/2009/ Atmos. Chem. Phys., 9, 909–925, 2009
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Table 1. Statistical overview of AOD and PM2.5 data obtained dur-

ing the study.

AOD PM2.5 (µg/m3)

Mean 0.29 18.2

Median 0.25 13.0

N 864 3946

min 0.04 0.0

max 2.45 156.5

2.3 Data handling

The sun photometer AOD data were obtained from the

AERONET website to comply with AERONET standards.

The TEOM-FDMS provides the PM2.5 mass in combination

with instrument diagnostics. The instrument provides a range

of status codes indicating instrument health and data reliabil-

ity. We have used only data without a reported malfunction

or warning code (status code is 0). Furthermore, we require

the concentration to be positive and we disregard all data with

a positive correction for the volatile fraction. This screening

may be rather strict, but it refines the selected data to the best

available. From the LIDAR data quicklook plots were drawn

for each day for visual inspection of the atmospheric con-

ditions (cloudiness, aerosol layers). In addition, the cloud

detection scheme was run for each profile. Standard mete-

orological variables (T , RH, Wind direction and speed) for

the site of Cabauw were taken from the CESAR data portal.

A classification of the synoptic situation was obtained from

the German Weather Service (Hess and Brezowsky, 1977).

All instruments have their own temporal resolution, ranging

from minutes to an hour. Hence, for all instruments and the

meteorological variables we have computed hourly mean val-

ues. Daily data, such as the type of synoptic situation, were

assigned to all hours in the concerning day. All data were

combined in a single database for use in the analysis.

2.4 MODIS satellite data

The first MODIS instrument was launched onboard the EOS-

Terra satellite in December 1999. In May 2002, a sec-

ond MODIS instrument was launched on board EOS-Aqua.

The MODIS instruments measure sunlight reflected by the

Earth’s atmosphere and surface as well as emitted thermal

radiation at 36 wavelengths. At least two observations of

any place in Europe are obtained per day during daylight

hours because the Terra and Aqua satellites cross Europe

near 10:30 and 13:30 local solar time, respectively. The AOD

algorithms for application over land and sea surfaces are mu-

tually independent as the radiative properties of water and

land are very different. The retrieval is more accurate over

ocean than over land because the reflection by water is rela-

tively low outside the region of direct sun glint, algae blooms

and suspended matter, and can be computed accurately from

the sea surface wind field. The accuracy of MODIS AOD

over land is 0.05+/−15% (Levy et al., 2007a).

The MODIS retrieval (v5) of the AOD over land employs

primarily three spectral channels centred at 0.47, 0.66, and

2.1 µm. AOD is derived at 0.47 and 0.66 µm, and inter-

polated to 0.55 µm. The AOD is only retrieved for cloud-

free pixels in a 20×20 pixel area at 500 m resolution and

reported at 10×10 km2 resolution. Only when more than

12 pixels are classified as cloud-free retrieval is attempted.

The AOD is retrieved over surfaces that are not highly re-

flective (hence snow or ice covered surfaces and deserts are

excluded). The basics of the algorithms are described in

Kaufman and Tanre (1998) and Remer et al. (2005). Re-

cently, a new collection (5) of the AOD data was released.

The new MODIS algorithm (v5.2; Levy et al., 2007a, b)

has been updated rigorously. The major changes incorpo-

rate the new surface reflectivity assumptions, a new set of

aerosol model optical properties derived empirically from

AERONET, a new aerosol lookup table and a more elaborate

inversion scheme. The cloud screening procedure was not

changed. As a consequence of all the improvements the new

product generally yields significantly lower AOD than the

previous collection. A preliminary evaluation shows better

agreement with AERONET (Levy et al., 2007a). However,

the data from the new collection still need to be evaluated

in detail for Europe. A full evaluation is outside the scope

of the present project. However, we will evaluate the data

for the situation of Cabauw. The MODIS AOD product was

mapped on a grid over north-western Europe with a spatial

resolution of 0.125×0.0625 degrees lon-lat, which refers to

about 10×10 Km2.

3 Results and preliminary discussion

3.1 Time series of AOD and PM2.5

A statistical overview of the measured data is presented in

Table 1. The average measured AOD was 0.29. The ob-

served AOD values range from virtually zero (0.04) to 2.5,

with a median value of 0.25. For Cabauw a longer record

of AOD exists as it is part of the AERONET network since

2003. The observed AOD in this study is slightly higher

than the average value of 0.26 for the period April 2003 un-

til April 2007, which is probably due to the use of level 1.5

data as discussed below. The measured average PM2.5 con-

centration was 18.2 µg/m3. This rural background level is

high in comparison to other areas in Europe (Putaud et al.,

2004) and confirms that the Netherlands are characterised by

a relatively high PM burden. Maximum concentrations were

observed during the last days of March and the beginning of

April, with a peak value of 156 µg/m3.

As a first assessment of the AOD-PM2.5 relation we have

plotted all AOD data against the co-located PM2.5 data in

Atmos. Chem. Phys., 9, 909–925, 2009 www.atmos-chem-phys.net/9/909/2009/



M. Schaap et al.: Relation between aerosol optical depth and PM2.5 at Cabauw 913

0

50

100

150

0 0.5 1 1.5 2 2.5

P
M

2
.5

 (
µ

g
/m

3
)

AOD

Fig. 1. Ground level PM2.5 as function of sun photometer AOD

(L1.5).

a scatter diagram (Fig. 1). At a first glance, there seems

to be a large variability and no indication for a well de-

fined relation between the variables. The majority of the

data have AOD values lower than 1 and PM2.5 concentra-

tions below 100 µg/m3. Only ten data points are outside this

area. Some of these data points are clear outliers. On the

other hand, four points are associated with the episode of

peak PM2.5 loads during March, 29 and 30. Although we do

not know the reason for the different behaviour during this

period, we suspect that large uncertainties may be associated

with both AOD and the PM2.5 data under these particular

circumstances. Hence, we chose to exclude these ten data

points from this analysis as they negatively impact the com-

parability of the analyses presented below. Investigation on

instrument properties during peak loads (that do not occur

frequently) is still ongoing. A fit through all remaining data

learns that only 13% of the variability in PM2.5 is explained

by AOD.

In Fig. 2 we show the complete time series of AOD and

PM2.5. PM2.5 is given as a grey line and the AOD data are

superimposed as diamonds. Visual inspection of the time se-

ries for August–September (upper panel) yields a more dif-

ferentiated picture than the scatter diagram. During August

PM2.5 concentrations were relatively low, whereas the sun

photometer yields high AOD data. The two measures are

virtually uncorrelated during this month. In contrast, the

AOD and PM2.5 data for September track each other very

well (R2=0.65). Inspection for the remainder of the study

period confirms that periods with and without correlation

follow upon each other. Besides September, a very promis-

ing correlation between AOD and PM2.5 is found for an ex-

tended period between the 15th of March and the 15th of

May (R2=0.56).

0

20

40

60

80

100

0

0.2

0.4

0.6

0.8

1

1-Aug 16-Aug 31-Aug 15-Sep 1-Oct

PM2.5 All data
LIDAR

P
M

2
.5

 (
µ

g
/m

3
)

A
O

D

Date

0

20

40

60

80

100

0

0.2

0.4

0.6

0.8

1

1-Dec 23-Dec 15-Jan 6-Feb 1-Mar

PM2.5 All data
LIDAR

P
M

2
.5

 (
µ

g
/m

3
)

A
O

D

Date

0

20

40

60

80

100

0

0.2

0.4

0.6

0.8

1

1-Mar 16-Mar 31-Mar 16-Apr 1-May 16-May 1-Jun

PM2.5 All data
LIDAR

P
M

2
.5

 (
µ

g
/m

3
)

A
O

D

Date

Fig. 2. Time series for PM2.5 and AOD for the period Aug-Sep

(upper panel), Dec-Feb (middle panel) and Mar-May (lower panel).

The AERONET L1.5 AOD data are differentiated between data that

did (filled diamond) and did not (open diamonds) pass our addi-

tional cloud screening based on the LIDAR profiles.

The data for September and springtime illustrate the po-

tential to define situations in which the AOD may be used

to estimate PM2.5 levels. However, the periods with high

AOD and low PM2.5 obscure the statistical analysis. It has

been posed in the literature (e.g. de Mey et al., 2007) that

sun photometer data may be subject to cloud contamination.

Especially cirrus can be optically thin and therefore indistin-

guishable from aerosol optical depth unless cirrus is detected

by independent means. We tested this hypothesis using the

LIDAR data. In Fig. 3 we present time-height LIDAR plots

for two days with high AOD and low PM2.5. The colour

scale (in arbitrary units) is representative for the light scat-

tering that occurs at a given height at a given point in time.

Dark and light blue hues indicate low scattering, green and

brown are indicative for aerosols and white is associated with

very strongly scattering particles and clouds. The data for

the 23rd of August, 2006, indicate that variable clouds were

present at different heights. The data for the 20th of Septem-

ber, 2006, shows a typical day with fair weather without low

clouds. However, optically thin cirrus clouds are present be-

tween approximately 06:00 and 12:00 UTC. For both exam-

ples AERONET level 1.5 observations were included in the

database for several instances during which the LIDAR un-

ambiguously detects clouds. For these examples, the AOD to

www.atmos-chem-phys.net/9/909/2009/ Atmos. Chem. Phys., 9, 909–925, 2009
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Table 2. Statistical summary of the observed AOD, without and

with screening for residual clouds using the LIDAR and APCADA

cloud detection methods.

Mean AOD Median AOD N

All data 0.29 0.25 864

LIDAR 0.27 0.24 376

APCADA 0.25 0.23 493

Table 3. Statistical summary of the sun photometer AOD data

for L1.5 and L2.0 for the period between 1 August 2006, and

12 April 2007.

AOD L1.5 AOD L2.0

Mean 0.29 0.25

Median 0.25 0.22

min 0.04 0.04

max 2.45 1.62

N 613 482

PM2.5 ratio is higher than average. Hence, we concluded that

the presence of clouds indeed contaminates the sun photome-

ter AOD measurements. Although we already expected this

to be the case with hard to detect cirrus, cloud contamination

with broken low-level clouds was not expected. Hence, our

next step was to rigorously screen the AERONET data for

possible cloud contamination.

3.2 Cloud screened data

In this section we evaluate the impact of the additional qual-

ity screening of the AERONET L1.5 data by using APCADA

and our LIDAR based methodology. We show the impact of

the additional cloud screening in Fig. 2 for the LIDAR based

cloud screening. The AOD data points that passed the ad-

ditional test are shown as black diamonds, whereas the data

points that failed the tests are indicated as open diamonds.

A significant portion of the data does not pass the additional

test. For example, almost all data points in August, which

was identified as a period without any correlation between

AOD and PM2.5, do not pass the tests and are suspected of

being cloud contaminated. Also, single excursions with high

AOD, e.g. 16 February, are identified. The data for Septem-

ber, the first period to show a good correlation between our

variables, mostly pass the tests. On the other hand, during

spring there are a number of situations where data do not pass

the test, although the correlation between AOD and PM2.5 is

obvious. In these cases the cloud screening may be too strict,

or the optical thickness of the cloud is very low. However, it

is mostly the combinations of low PM2.5 and high AOD that

are filtered out using these additional analyses.

Fig. 3. Colour coded time-height plot of LIDAR data for 23 Au-

gust 2006 (upper panel) and 20 September 2006 (lower panel).

In Fig. 4 and Table 2 we compare the impact of the two

cloud detection approaches on the explained variability be-

tween AOD and PM2.5. An unexpectedly large number of

data points (∼50%) was rejected from the AERONET L1.5

data due to both broken cloud conditions and optically thin

high cirrus clouds. Both screening methodologies lower the

number of combinations with high AOD and low PM concen-

trations, therewith lowering mean and median AOD values

of the remaining data set. The correlation coefficients for the

AOD-PM2.5 relations after applying the cloud screening are

R2=0.41 (LIDAR) and R2=0.33 (ACPADA), which is sub-

stantially higher than before their application. The screening

based on ACPADA is less strict and yields a slightly lower

explained variability than the LIDAR based approach. A rea-

son might be that the APCADA algorithm is not very sensi-

tive for high (cirrus) clouds. Consequently, we use the LI-

DAR screened AOD data for further analysis.

3.3 Verification of cloud screening using L2.0 data

AERONET level 2.0 data are produced once a year as it re-

quires the calibration of the instrument and a visual inspec-

tion of the data by an expert. Prior to manuscript submis-

sion, L2.0 data were released for Cabauw for the period until

12 April 2007. These data provide the opportunity to investi-

gate the consequences of using the L1.5 instead of L2.0 data.

The number of valid data points in L2.0 is reduced by

about 20% compared to L1.5. The data that are retained in
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Fig. 4. Correlation between PM2.5 and sun photometer AOD at

Cabauw after screening for residual cloud contamination in the

Aeronet AOD measurements based on the LIDAR (left panel) and

APCADA (right panel).

L2.0 are for 98% exactly the same data as in L1.5. The other

2% of the data contains a lower AOD value in L2.0 than in

L1.5. The average AOD is reduced from 0.29 in L1.5 to 0.25

in L2.0. The data reduction by one fifth indicates that the

cloud screening applied in our study is more strict than that

in the final AERONET processing.

In Fig. 5 we have plotted the PM2.5 against AOD for L1.5

and L2.0. The grey diamonds represent all available data.

Comparison between the versions learns that in L2.0 AOD

values above 0.5 which are associated with low PM2.5 data
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Fig. 5. Ground level PM2.5 concentration as function of AOD for

L1.5 (left) and L2.0 (right) for all data (grey) and the data that

passed the LIDAR cloud screening (black). Data represent the pe-

riod between the 1st of August, 2006, and the 12th of April, 2007.

have been eliminated. As a consequence, the fit between

AOD and PM2.5 using all data explain a higher percentage

of the variability than in L1.5. The black diamonds represent

the data after performing the LIDAR based cloud screening.

The close agreement between the two datasets after cloud

screening is remarkable. It means that most AOD data points

that are excluded in the final AERONET processing from

L1.5 to L2.0 are also excluded by our cloud screening. This

was confirmed by identifying the data reduction as function

of the number of cloud counts per hour (see Table 4). The

data reduction in L2.0 is about 10% for the hours with a low
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Table 4. Comparison of the number of observations in the two

AERONET data sets (L1.5 and L2.0) as function of the number of

LIDAR profiles per hour in which clouds were detected.

LIDAR cloud Number of Number of Data

count observations observations Reduction

L1.5 L2.0 (%)

0 103 92 11

1 50 48 4

2 47 40 15

3 36 34 6

4 37 34 8

5 33 28 15

6 40 33 18

7 47 41 13

8 40 32 20

9 35 29 17

10 47 29 38

11 34 17 50

12 59 20 66

number of cloud counts, but increases with cloud count, and

sharply increases above nine cloud detections per hour. As

our cloud count limit is 3 the screened L1.5 data set is for

90% the same as we would have used based on L2.0 data.

The consistency between the data provides confidence in the

use of the LIDAR as an independent and strict method to as-

sess the quality of the sun photometer data. Also, combining

L1.5 and collocated LIDAR observations permit ongoing de-

termination of the AOD-PM2.5 relationship without having

to wait for the L2 data product.

3.4 Determination of the AOD-PM2.5 relation

Sofar, the best estimate of the AOD-PM2.5 relation is that ob-

tained after cloud screening which resulted in the following

linear fit (with PM2.5 in µg/m3):

PM2.5 = 97.5 × AOD + 2.9R2
= 0.40 (1)

Here, we investigate the impact of meteorological conditions

and the time of the day on the relation.

3.4.1 Incorporation of mixing layer height

In optical terms, a given PM2.5 concentration corresponds to

an optical attenuation per unit of distance called extinction

(in m−1). Integration of the optical extinction over a given

distance, e.g. the height of the boundary layer, therefore

gives the optical depth of that layer. It is therefore expected

that the PM2.5 concentration at ground level multiplied by

two factors, namely 1) a conversion to extinction and 2) the

MLH give the total AOD of the MLH. Here, we investigate if

accounting for the mixing layer height (MLH) yields a better

defined relation between AOD and PM2.5 for Cabauw.
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Fig. 6. The vertical aerosol burden as function of AOD. The bur-

den is calculated using the actual (left) and 24 h maximum (right)

mixing layer height (MLH).

Figure 6 shows the scatter plot between AOD and the

PM2.5 concentration multiplied by the MLH. Accounting for

the actual MLH does not improve the correlation between

the quantities. An explanation may be that during the pe-

riods with stable fair weather conditions a residual aerosol

layer is maintained above the mixed layer as remnants of

the mixed layer of the previous day, as can be identified

in the LIDAR profiles in Fig. 3. In those cases a simple

multiplication of PM2.5 concentrations with the MLH would

not lead to a better correlation with the AOD. We have ap-

proximated the depth of the combined mixing and residual

layer by using the maximum MLH over the last 24 h. Us-

ing this approach the explained variability increases, but not
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Fig. 7. The variability of the daily maximum mixing layer height

(m) during the study period.

significantly compared to using PM2.5 itself. The explanation

may be that the daily maximum MLH (Fig. 7) does not show

a significant seasonal variation, that the use of the maximum

MLH over the last 24 h dampens the variability and that the

MLH varies around 1000 m during periods for which AOD

data are available. An analysis with ECMWF mixing layer

height (not shown) confirmed our conclusion that accounting

for the mixing layer height does not improve the coefficient

of determination for the AOD-PM2.5 relation for the time se-

ries concerned in this study.

3.4.2 Meteorological conditions

The air pollution conditions as well as favourable condi-

tions for satellite retrievals over the Netherlands depend on

the large scale meteorological situation. These conditions

are normally associated with easterly and southerly winds

bringing continental air masses to the Netherlands. We have

addressed the origin of the air masses and the meteorologi-

cal conditions by using the classification scheme for synop-

tic situations from the German Weather Service (Hess and

Brezowsky, 1977). This classification system uses 4 main

regimes and 29 different subclasses. This meteorological

classification yields a framework to address the air mass ori-

gin. We address the influence of the air mass origin through

the 4 main regimes, as the number of occasions within each

of the sub-groups is generally small.

Figure 8 shows the variation of PM2.5 with AOD as func-

tion of air mass origin. In the Netherlands the most frequent

air mass origin is from the west. In contrast, valid AOD mea-

surements are scarce for this wind direction, because it is

mostly associated with cloudy skies (Kusmierczyk-Michulec

et al., 2007). Moreover, the data do not indicate a posi-

tively defined relation between AOD and PM2.5. Northerly

wind conditions are mostly associated with clean conditions

characterised by AOD lower than 0.1 and PM2.5 lower than

10 µg/m3. The classification confirms that high AOD and

PM2.5 levels are associated with continental air masses arriv-

ing from the south, southeast and east. The relations between

0

10

20

30

40

50

60

70

80

90

100

0 0.2 0.4 0.6 0.8 1
AOD

P
M

2
.5

 (
µµ µµ

g
/m

3
)

East

North

West

South

Fig. 8. The variation of PM2.5 with AOD as function of air mass

origin.

AOD and PM2.5 for these continental situations are almost

identical.

Although we have identified that the data with an air mass

origin from the west do not show a positively defined rela-

tion between AOD and PM2.5, the low number of data do not

impact the results presented above. The number of data for

many synoptic situations is too low to provide a basis for a

statistical analysis. For such an analysis a longer time series

is needed and we further neglect the air mass origin as an

explanatory variable.

3.4.3 Time of day

While the ground-based measurements of AOD and PM2.5

are obtained throughout the day, satellite observations of

AOD are restricted to “snap-shots” on just a few instances

during the day. To optimally apply a relation between

AOD and PM2.5 to AOD measurements of satellites, we

have investigated whether the AOD-PM2.5 relation changes

when we limit the data to the time window in which the

MODIS instruments pass over our site. MODIS/TERRA and

MODIS/AQUA have their overpasses in the late morning and

early afternoon, respectively. Here, we gradually reduce the

dataset from all available observations to only observations

obtained between 12:00–14:00 UTC and assess the AOD-

PM2.5 relationship.

The effect of constraining the time window is illustrated

in Fig. 9 for the period between 11:00 and 15:00 UTC. Ob-

viously, an overall reduction of available data points is ob-

tained. Also, we observe that a high percentage of the points

on the edges of the data cloud are data points associated with

early morning or late afternoon measurements. This is es-

pecially true for the points with low PM2.5 and moderately

high AOD values. The relations between AOD and PM2.5

as well as the explained variability are presented in Table 5.

Strikingly, the explained variability increases when we con-

fine the time window towards midday. Also, the slope of the
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Table 5. AOD-PM2.5 relations and their explained variability as function of the time interval during the day.

Time window PM2.5=a×AOD+b R2 PM2.5=a×AOD R2

a b a

0–24 97.5 2.93 0.40 107.3 0.40

9–17 111.7 0.55 0.50 113.0 0.50

10–16 106.8 0.96 0.47 110.2 0.47

11–15 124.5 −0.34 0.57 123.3 0.57

12–14 156.1 −6.92 0.72 127.8 0.71
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Fig. 9. The variation of PM2.5 with AOD for all data and those

between 11:00 and 15:00 h.

fit increases significantly while the cut-off value decreases

simultaneously. Therefore, we have investigated the influ-

ence of forcing the relation through zero. These fits yield

slopes between 107 and 127, i.e., a more moderate increase

in slope. By forcing the fit through the origin the explained

variability is slightly, but insignificantly, lower (<1%). Alto-

gether, the fits that are forced through zero show a variability

of less than 10% around the central value, hence, a more sta-

ble relationship between AOD and PM2.5 than in case of a

two-parameter fit allowing for a non-zero cut-off value.

Several factors related to the viewing geometry as a sun

photometer is pointed directly at the sun may explain the in-

crease in the explained variability when confining the data

towards mid-day. During conditions with valid AOD re-

trievals the mixing layer height during midday is generally

well mixed, without residual layers present. At higher so-

lar zenith angles (low sun) the observed atmospheric path is

longer and the AOD may be influenced to a larger extend

by horizontal gradients in aerosol properties or atmospheric

conditions. Therefore, correlation in the AOD-PM2.5 rela-

tionship is expected to be higher under small solar-zenith an-

gles. Finally, cloud screening using the LIDAR is probably

more accurate during midday as the LIDAR profiles the at-

mosphere directly above the site. Under large solar zenith

angles the observed part of the sky will be rather different

between sun photometer and LIDAR. Again, better similar-

ity is obtained under small solar zenith angles.

3.4.4 Synthesis

In this Section we have established the relation between

AERONET AOD and ground level PM2.5 concentration for

Cabauw. Inclusion of the mixing layer depth did not signif-

icantly improve the explained variation of the fits between

AOD and PM2.5 for the time period considered, and was

therefore not used to describe the relation between AOD and

PM2.5. Moreover, retrieving the mixing layer height for large

areas and combine those with satellite data (in near real time)

complicates the use of such a relation. Considering that we

found an increase of the correlation coefficient towards using

measurement around midday we arrive at the relationship for

the central time window in which the satellites that we use

have their overpasses. Hence, we use the relation for the data

between 11:00 and 15:00 UTC (with PM2.5 in µg/m3):

PM2.5 = 124.5AOD − 0.34 (2)

The choice for this relation is somewhat arbitrary. Using a re-

lation of PM2.5=120×AOD may be as good as all determined

relations yield results within 10% of this simple relation.

4 Application to MODIS data

In this section we apply the established AOD-PM2.5 rela-

tion to MODIS AOD data to acquire a first order estimate

of the PM2.5 distribution over the Netherlands. First, we as-

sess the quality of the MODIS data for Cabauw and validate

the AOD-PM2.5 relation using MODIS AOD data. Next, the

PM2.5 distribution over the Netherlands is estimated using a

composite map of MODIS AOD over the Netherlands.

We have used the sun photometer data to make a first

assessment of the quality of the MODIS collection 5 data

Atmos. Chem. Phys., 9, 909–925, 2009 www.atmos-chem-phys.net/9/909/2009/



M. Schaap et al.: Relation between aerosol optical depth and PM2.5 at Cabauw 919

for Cabauw. For this purpose, we compare co-located data

within one hour of the satellite overpass in Fig. 10a. The

MODIS AOD data show a very good temporal correlation

explaining 80% of the variability measured from the ground.

The MODIS data are slightly lower than those obtained by

the sun photometer. The slope of the regression between the

data is very close to 1, indicating that the underestimation is

systematically about 0.05.

The validation is by definition biased to situations where

both the satellite retrieval and the AERONET cloud screen-

ing identify a cloud free situation. Situations in which only

one of the two retrievals identifies a cloudy situation are not

taken into account. Therefore, we have assessed the number

of MODIS retrievals over Cabauw, which do have a satel-

lite AOD value but miss an AERONET retrieval. In this

manner, we determine the number of observations that could

erroneously be identified as cloud-free in the cloud detec-

tion procedure of MODIS. Only 7 out of the 57 retrievals

over Cabauw are not paired to an AERONET L1.5 value.

Also, 14 retrievals are present where the LIDAR indicates

that there may be cloud contamination in the sun photometer

data. However, the scatter plot shows that these retrievals

do not negatively impact the validation results. Hence, it

may be that clouds occur in the line of sight between the

sun and CIMEL, whereas more than 12 pixels above and

around Cabauw were identified to be cloud-free, which al-

lows MODIS retrieval. Furthermore, our LIDAR cloud

screening is not perfect and this analysis may highlight the

occasions where our additional cloud screening is too strict.

We validate the established AOD-PM2.5 relation using

MODIS AOD data in Fig. 10b, where we show the variability

of PM2.5 as function of MODIS AOD. For MODIS we find

that PM2.5 is 120 times the AOD plus 5.1 µg/m3. The scatter

is reasonably large but the fit explains 52% of the variabil-

ity in PM2.5. The relation for the MODIS AOD compares

surprisingly well with the relation determined with sun pho-

tometer data. This is especially the case considering that the

slope is within the determined range with the sun photome-

ter and that the 0.05 bias in MODIS AOD yields a cut off

of 5.1 µg/m3, where about 0.05×120=6.0 µg/m3 is ideally

expected.

To derive a first estimate of the PM2.5 concentration field

over the Netherlands based on MODIS data only, we have ap-

plied the AOD-PM2.5 relation to the annual composite map

of MODIS AOD (see Fig. 11a). MODIS AOD in the cen-

tral part of the Netherlands is about 0.2–0.25. The MODIS

data show high AOD values over the Ruhr area and Northern

France. Minima are detected over hilly forest regions in Bel-

gium and Germany, e.g. the Ardennes. Along the coastal

area of The Netherlands, unrealistically high AOD values

are observed for MODIS. At land/water boundaries, appli-

cation of the land algorithm to patches of sea is likely to

lead to too high AOD values (Chu et al., 2002). Further-

more, suspended sediments in shallow water may give rise

to high AOD retrievals (Robles Gonzalez et al., 2000; Chu
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Fig. 10. (a) Validation of MODIS (left) against AERONET at

Cabauw. Grey diamonds show all data, data pertaining to situa-

tions where the LIDAR indicates clear sky conditions are shown

in black. (b) The measured PM2.5 concentration as function of

MODIS AOD.

et al., 2002; Ichoku et al., 2005). This hampers the inter-

pretation of the spatial distribution of satellite based AOD

over many parts of the Netherlands, as inland water bodies

(rivers, lakes) can also give rise to similar measurement arte-

facts. Hence, we have masked all cells in which the surface

waters cover more than 10% of the 10×10 km2 grid. In this

way we also exclude the North Sea, where local sea spray

emissions may significantly contribute to the AOD, which is

not accounted for in the relation between AOD and PM2.5 de-

termined at Cabauw. In Fig. 11b we show our first estimate
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Fig. 11. (a) AOD composite map MODIS and (b) estimated PM2.5

distribution (µg/m3) over the Netherlands and its direct surrounding

during situations with predominantly easterly and southerly flow.

of the PM2.5 distribution based on MODIS AOD in combina-

tion with the established AOD-PM2.5 relation from Cabauw.

Over the Netherlands PM2.5 levels between 22 and 30 µg/m3

are estimated. Lowest PM2.5 concentrations, slightly above

11 µg/m3, are mapped over the Ardennes and east of the

Ruhr area. In the Ruhr area the resulting PM2.5 levels are be-

tween 30 and 42 µg/m3. Strikingly, highest PM2.5 levels are

mapped over south western Belgium and Northern France, in

the region of Lille.

Some features of the spatial distribution within the Nether-

lands do not appear to be very realistic, although a thorough

validation cannot be performed due to lack of well-calibrated

PM2.5 measurements for this period across the Netherlands

and due to uncertainties in the emissions and modeling of

PM2.5. Nevertheless, features like the high values of PM2.5

near the northern coast of the Netherlands appear unrealis-

tic. This might be caused by smaller inland water bodies

which have not been removed in the abovementioned proce-

dure. This might also explain the relatively high derived PM

levels in the flow area of the large rivers. On the other hand,

the AOD-PM2.5 relation was established within this region

and we did not find an indication of an overestimation of the

AOD derived from MODIS.

5 Discussion

In this section we firstly compare the established AOD-PM2.5

relation to those reported in literature and discuss the major

variables that influence the relation. Secondly, we discuss

the issues concerning the application of the relation to map

PM2.5 over the larger region of the Netherlands.

5.1 AOD-PM2.5 relationship

In the literature several studies report on the relation between

AOD and PMx. We have summarized the results of several

studies in Table 5. The reported relations are very different

as can be deduced from the large range in slopes, cut-offs

and explained variability. The slopes vary between 19 and

71. The cut-off ranges between 0 and 12, where the lower

cut-offs are generally associated with a steeper slope. The

relations we have derived based on the AERONET data and

the relation based on the MODIS data clearly indicate the

highest slope compared to the other studies. On the other

hand, the explained variability is the highest of all listed stud-

ies. A number of variables may explain part of the variabil-

ity between the reported relationships. The major variables

include the atmospheric conditions during a study, character-

istic mixing layer height, aerosol type and size fractionation,

PM sampling technique and the choice of AOD data product

(AERONET as well as satellite product). Below we discuss

these issues and indicate their impact on our study or in gen-

eral.

The comparison of relations between AOD and PM2.5 may

be influenced by the atmospheric conditions during the study.

Hence, studies that focus on longer study periods are likely to

find more robust results without the influence of special con-

ditions. We have used a 10 month data set and our findings

should be confirmed based on a longer time series. Hence,

continuous monitoring is mandatory. For this reason, the

PM2.5 monitoring at Cabauw will be continued as part of

the Dutch Air Quality Monitoring network as operated by

RIVM.

The total AOD is a function of the aerosol column burden

and optical properties of the aerosol. Hence, an important

parameter for the slope of the relation is the characteristic

mixing layer height at a location. Given an AOD for a well

mixed layer the slope of the relation is inversely proportional

to the layer depth. We have shown that the scale height of
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this layer above Cabauw stays close to 1 km without show-

ing a significant seasonal variation. Deeper layers, as would

be expected during summer time in the US and in southern

Europe, would yield a considerably lower slope. In addi-

tion, in areas where the scale height is more variable and

shows a strong seasonal variation, accounting for this param-

eter may provide a more accurate parameterization as shown

by Koelemeijer et al. (2006b).

The aerosol optical properties depend on the composition

and size of the aerosols. Hence, aerosol types such as ma-

rine, remote continental or polluted continental and different

mixtures of these types are expected to yield another rela-

tionship. Our study is performed for polluted continental

conditions. In these cases the aerosol in the Netherlands is

characterized by high levels of secondary inorganic compo-

nents, especially ammonium nitrate, and carbonaceous par-

ticles. Hence, the relationship is not readily applicable to

other parts of the world. Several studies report on the AOD-

PM2.5 relation over the US using a host of sites from the

monitoring network IMPROVE and AirNow (e.g. Al Saadi

et al., 2003; Engel-Cox et al., 2004). They report that the

correlation between AOD and PM2.5 is reasonably high in

the more polluted eastern part of the country, but low in the

cleaner western US. These studies provide a good example

for the regional applicability of the AOD-PM2.5 relation as

both aerosol types and the climatic conditions differ in these

parts of the US.

In addition to the optical properties, the size fraction of

PM is a key issue. Using PM10 in stead of PM2.5 should

yield a steeper slope, assuming that the coarse fraction con-

tributes much less to AOD than the fine fraction. This as-

sumption is valid in most of Europe where the PM2.5 to PM10

ratio tends to be larger than 0.5 (Putaud et al., 2004). Fur-

thermore, systematic differences between PM sampling tech-

niques associated with both automated equipment as well as

filter measurements may cause variability in the reported re-

lations. Similarly, the use of hourly or daily mean PM mea-

surements effects the relation. Engel-Cox et al. (2006) show

that especially the explained variability becomes less when

using daily mean concentrations.

Finally, the choice of AOD product and possible addi-

tional quality checks influence the resulting relations. Our

first analysis using AERONET L1.5 data showed a relatively

large number of points with a high AOD and low PM2.5 con-

centration. Using the LIDAR we could identify that the cloud

screening of the level 1.5 data does not recognize all clouds

as such. An assessment using the level 2 AERONET data

learned that the final screening of the level 1.5 data in the

AERONET procedure, which is partly performed by expert

judgment, removes a large part of the data points we identi-

fied as suspect of cloud contamination. Moreover, this final

check only removes about 10% of the data that our cloud

screening did not identify and remove. Hence, after apply-

ing our LIDAR cloud screening to both data sets, virtually

the same data set is left for use in the analysis. The consis-

tency between the datasets provides confidence in the use of

the LIDAR as an independent method to address the quality

of the sun photometer data. We conclude that the shortcom-

ings of v1.5 compared to v2.0 are effectively removed by

our additional screening for cloud contamination using the

LIDAR profiles. When co-located LIDAR measurements are

not available we advise to use the level 2.0 data. The compar-

ison between the use of AERONET level 1.5 and 2.0 showed

that the level 2.0 data contain less combinations of low PM2.5

and high AOD. Hence, as shown in this study the use of level

2.0 data leads to higher slopes, lower cut-offs and a higher

explained variability.

The earlier studies (Engel-Cox et al., 2004; 2006; Wang

and Christopher, 2003) using MODIS AOD (Table 2) have

used collection 4 data. Recent studies have used the newer

collection 5 data. The algorithms underlying the collection

5 data have changed drastically, causing lower AOD to be

retrieved in mid-latitudes, especially during summer (Levy

et al., 2007a). For stations in the Netherlands and Belgium

the collection 4 data showed a positive bias of 50% (Schaap

et al., 2008). For collection 5 at Cabauw we find an average

bias of −25%. Hence, as MODIS AOD has about halved in

the Netherlands by the change in retrieval algorithm, this can

also explain a large part of the higher PM2.5 mass per unit

AOD found in this study.

In short, the relationship between AOD and PM observed

in one region cannot be easily extrapolated to another region,

because the aerosol sources and mixtures vary regionally.

The strength of the AOD-PMx relationship may also vary

due to regional dependent meteorological factors but we have

shown that the methodology used to quantify the relation is

a key aspect to improve the coefficient of determination. For

comparison and the assessment of the region of validity, a

single approach should be tested at sites throughout Europe.

5.2 Estimated PM2.5 distribution

In this section we discuss the issues related to the interpreta-

tion of the estimated PM2.5 distribution. First, we discuss the

representativity of the estimates in time. Next, we discuss

the quality of the estimated distribution.

The PM2.5-AOD relation is derived for atmospheric con-

ditions during which satellite retrievals are available. For

the Netherlands these conditions are associated with stagnant

flow or low wind speed conditions bringing polluted conti-

nental air masses to the Netherlands. As a consequence the

PM2.5 concentrations are higher compared to the long term

average and are characterized by a so-called fair-weather

bias. In Table 6 we assess this bias during both MODIS and

AERONET retrievals. The hours for which a MODIS re-

trieval is available show a mean concentration of 25.3 µg/m3.

The hours with a LIDAR cloud screened AERONET obser-

vation shows a mean value of 28 µg/m3. The selection of

all (L1.5) AERONET observations shows a lower mean of

22.7 µg/m3, reflecting the additional cases with low PM2.5
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Table 6. Overview of reported AOD-PMx relations reported in literature. For each study the fit coefficients a and b, the number of data

points as well as the explained variability (R2) are given. Furthermore, the PM quantity as well as the AOD data source are specified.

Location PMx a b R2 N AOD reference

Italy PM10 55 8 0.6 29 AERONET1.5 Chu et al. (2003)

France PM10 – – 0.27 724 AERONET1.5 Pelletier et al. (2007)

France PM10 – – 0.76 724 AERONET1.5 Pelletier et al. (2007)

France PM2.5 26 12 0.30 1974 POLDER Kacenelenbogen et al. (2006)

US PM2.5 22 6 0.40 14000 MODIS4 Engel-Cox et al. (2004)

US PM2.5 31 5 0.42 19 MODIS4 Engel-Cox et al. (2006)

US PM2.5 71 – 0.49 1095 MODIS4 Wang and Christopher (2003)

US PM2.5 29 9 0.37 1092 MODIS5 Gupta and Christopher (2008)

Table 7. Comparison of the average PM2.5 concentration (µg/m3) during the whole study period and that during those hours with AOD

observations.

PM2.5 Average PM2.5 level associated with AOD measurements

TEOM-FDMS MODIS AERONET LIDAR AERONET all data

Average 18.2 25.3 28.0 22.7

N 3946 35 226 464

and high AOD values which are removed by the LIDAR

cloud screening. Compared to the mean PM2.5 concentration

of 18.2 µg/m3 during the study period, the average PM2.5

during valid satellite retrievals is typically 40 to 55% higher,

which should be accounted for in the interpretation of the

estimated distribution.

The quality of the satellite AOD product has a large im-

pact on the quality of the PM2.5 distribution. In this study

we have used MODIS data from the new MODIS algorithm

(v5.2; Levy et al., 2007). The new algorithm has been up-

dated rigorously compared to the previous version, which

was used in many earlier studies. We have shown that the

new collection underestimates the AOD at Cabauw in a sys-

tematic way. The underestimation does not show a seasonal

dependency. In contrast, the collection 4 data showed a pos-

itive bias of about 50%. Hence, the new data are closer to

the observed values at Cabauw. More importantly, the tem-

poral correlation between MODIS and AERONET AOD has

increased at the Dutch stations. A preliminary evaluation by

the developers also shows better agreement with AERONET

(Levy et al., 2007a). However, we cannot extrapolate this

finding. Hence, the data from the new collection still need to

be evaluated in detail for other areas in Europe.

We did not have the opportunity to validate our mapping

results carefully as there are no other TEOM-FDMS systems

operated routinely in Dutch monitoring networks. Hence, the

estimated PM2.5 distribution is of preliminary status and the

validity and utility of our proposed mapping methodology

should be further investigated. For this purpose, a number of

sites with the same PM-monitoring equipment, located away

from the coast, should be used. The validation of the PM2.5

fields is also hampered because different atmospheric trans-

port models also show different spatial structures over the

Netherlands, stemming from, among others, uncertainties in

emissions and different treatment of atmospheric chemistry.

Moreover, comparison to modeled yearly average fields is

difficult as the PM2.5-field presented here holds for condi-

tions with southerly and easterly flows over the Netherlands

and is representative for the daytime. Nevertheless, some

features of the spatial distribution do not appear to be very

realistic, e.g. the high values of PM2.5 around Lille and near

the northern coast of the Netherlands. This might be caused

by spatially varying systematic errors that are present in the

MODIS AOD data, particularly due to unaccounted variabil-

ity in surface reflectance. Hence, for mapping purposes spe-

cial attention should be given to assess the validity of the

gradients in high resolution AOD data products. Because

of the uncertainties in current satellite data of AOD, it is

not expected that better PM2.5 maps can be constructed for

the Netherlands based on satellite data alone in the near fu-

ture. This conclusion may be specific for the Netherlands

while many parts of continental Europe are much less af-

fected by the presence of mixed land/water pixels than is the

case within the Netherlands. Satellite measurements of AOD

have added-value regarding the temporal variation of PM and

when analyzed in conjunction with or combined with both

surface measurements of PM2.5 and atmospheric transport

models.

Atmos. Chem. Phys., 9, 909–925, 2009 www.atmos-chem-phys.net/9/909/2009/



M. Schaap et al.: Relation between aerosol optical depth and PM2.5 at Cabauw 923

6 Conclusions

In this study we have experimentally established a relation

between AOD and PM2.5 at Cabauw, the Netherlands. For

this purpose we have used multiple instruments to acquire

information on AOD, PM2.5, the presence of clouds and mix-

ing layer depth.

A first inspection of the AERONET L1.5 AOD and PM2.5

data at Cabauw showed a low correlation between the two

properties. The AERONET L1.5 showed relatively many ob-

servations of high AOD values paired to low PM2.5 values,

which hinted cloud contamination. Various methods were

used to detect cloud contamination in the AERONET data

to substantiate this hypothesis. A cloud screening method

based on backscatter LIDAR observations was chosen to de-

tect cloud contaminated observations in the AERONET L1.5

AOD. A later evaluation of AERONET L2.0 showed that the

most data that are excluded in the update from L1.5 to L2.0

were also excluded by our cloud screening, which provides

confidence in both our cloud-screening method as well as

the final screening in the AERONET procedure. Hence, the

use of LIDAR measurements in conjunction with the CIMEL

AOD data is regarded highly beneficial. Contra-intuitively,

the AOD to PM2.5 relationship was shown to be insensitive

to inclusion of the mixed layer height. The robustness of the

relation improves dependent on the time window during the

day towards noon, which coincides with the instant of over-

pass of the satellite. The final relation found for Cabauw is

PM2.5=124.5×AOD−0.34 and is valid for fair weather con-

ditions.

The relationship found between bias corrected MODIS

AOD and ground level PM2.5 at Cabauw is very similar to the

analysis based on the much larger dataset from ground based

data only. We applied the relationship to a MODIS com-

posite map to assess the PM2.5 distribution over the Nether-

lands for the first time. The verification of the derived map

is difficult because ground level artefact free PM2.5 data are

lacking. The validity and utility of our proposed mapping

methodology should be further investigated. Special atten-

tion should be given to the validity of the gradients in high

resolution AOD data products.
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