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Abstract

The new global aerosol climatology named HAC (Hamburg Aerosol Climatology) is
compared against MODIS (MODerate resolution Imaging Spectroradiometer, Collec-
tion 5, 2000–2007) and CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization,
Level 2-Version 3, 2006–2011) retrievals. The HAC aerosol optical depth (AOD) values5

are larger than MODIS in heavy aerosol load conditions (over land) and lower over
oceans. Agreement between HAC and MODIS is better over land and for low AOD.
Hemispherically, HAC has 16–17 % smaller AOD values than MODIS. The discrepancy
is slightly larger for the Southern Hemisphere (SH) than for the Northern Hemisphere
(NH). Seasonally, the largest absolute differences are from March to August for NH10

and from September to February for SH. The spectral variability of HAC AOD is also
evaluated against AERONET (1998–2007) data for sites representative of main aerosol
types (pollutants, sea-salt, biomass and dust). The HAC has a stronger spectral depen-
dence of AOD in the UV wavelengths, compared to AERONET and MODIS. For visible
and near-infrared wavelengths, the spectral dependence is similar to AERONET. For15

specific sites, HAC AOD vertical distribution is compared to CALIOP data by looking at
the fraction of columnar AOD at each altitude. The comparison suggests that HAC ex-
hibits a smaller fraction of columnar AOD in the lowest 2–3 km than CALIOP, especially
for sites with biomass burning smoke, desert dust and sea salt spray. For the region of
the greater Mediterranean basin, the mean profile of HAC AOD is in very good agree-20

ment with CALIOP. The HAC AOD is very useful for distinguishing between natural and
anthropogenic aerosols and provides high spectral resolution and vertically resolved
information.

1 Introduction

During the last decades, the scientific community has been trying to estimate the sign25

and magnitude of the well-established factors contributing to the net climate change

5124

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/5123/2013/acpd-13-5123-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/5123/2013/acpd-13-5123-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 5123–5163, 2013

Evaluation of
spatio-temporal

variability

V. Pappas et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

since pre-industrial times. One of the greatest uncertainties in the overall present pic-
ture lies in the interaction between clouds, aerosols and radiation (IPCC, 2007) es-
pecially, the effects of the highly variable aerosol optical properties. Aerosols scatter
and absorb solar radiation, reducing the amount reaching the surface and warming
the atmosphere. This can have impacts on evaporation from the surface, and also in5

cloud formation and precipitation (IPCC, 2007; Lau et al., 2006; Su et al., 2010; John-
son et al., 2004). The sources of atmospheric aerosols are primarily air pollution, fires,
deserts and oceans.

Different modes of aerosol are characterized by different radiative properties. Fer-
rare et al. (2005) investigated the representation of the various types of aerosol (sul-10

fate, black carbon, sea salt, particulate organic matter and dust) in various models
and concluded that there are large differences in their properties, which may be the
reason for inter-model and/or model-data differences and the consequent aerosol ra-
diative effects. The same conclusion was made by Textor et al. (2006), who examined
aerosol component life cycles for 17 aerosol modules of global models that participated15

in common experiments of the AeroCom initiative. Consequently, the international sci-
entific community (IPCC, 2007) urged for a better understanding of the aerosol op-
tical properties which are key parameters in determining their radiative effect/forcing
(Hatzianastassiou et al., 2004).

The motivation for analysing aerosol optical depth (AOD) is that this is a good mea-20

sure of atmospheric aerosol load and along with the two other aerosol optical prop-
erties, namely single scattering albedo (SSA) and asymmetry parameter (ASY), are
all required to accurately determine aerosol radiative effects. The great advances in
surface- and satellite-based monitoring instruments during the last decade have largely
enhanced our ability to measure the atmospheric column aerosol load, and thus AOD,25

on a planetary scale. The combination of ground-based stations (e.g. AErosol RObotic
NETwork, AERONET) and space-borne instruments, like MODIS (MOderate Reso-
lution Imaging Spectroradiometer), MISR (Multi-angle Imaging SpectroRadiometer),
TOMS (Total Ozone Mapping Spectrometer), AVHRR (Advanced Very High Resolution
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Radiometer), provides a comprehensive map of the spatial and temporal distribution of
AOD over most of the globe. There are numerous studies that have used either satellite
products only or in combination with ground-based observations to estimate regional
and global AOD (e.g. Papadimas et al., 2009; Levy et al., 2010). A synthesis of prod-
ucts from different satellite platforms should also improve estimates of AOD (Chatterjee5

et al., 2010).
All of the above-mentioned globally distributed satellite AOD products refer to colum-

nar aerosol loads. Nevertheless, not only the horizontal but also the vertical distribu-
tion of aerosols is an important issue (Kaufman et al., 1997). Knowledge of the vertical
structure of an aerosol layer is essential for modelling and understanding the processes10

involved (e.g. De Graaf et al., 2007) and specifically, for estimating the magnitude of the
aerosol direct (Abel et al., 2005), indirect and semi-direct effects (Penner et al., 2006)
at the boundaries of the atmosphere – top of atmosphere and Earth’s surface – and
within it. The vertical aerosol distribution is considered to be a great uncertainty (IPCC,
2007), therefore it has already been the subject of a number of studies (e.g. Liu et al.,15

2008; Yu et al., 2010). Most of them, though, focus on a limited number of sites, where
ground-based remote sensing instruments (lidars) are available to provide vertical pro-
filing of aerosols. Given that, as these studies verify, the vertical distribution of aerosols
changes significantly from one site to another, obtaining a complete spatial picture of
this distribution is of primary importance. Currently, such a global-scale picture is pos-20

sible only based on models or recent satellite (CALIPSO, CloudSat) observations.
In order to derive characteristic aerosol properties on a global scale, complete and

consistent fields – defined by AeroCom (Kinne et al., 2006) monthly median maps –
have been improved with quality multi-annual monthly statistics by ground based sun-
/sky-photometry (AERONET observations from 1998 to 2007) resulting in the Hamburg25

Aerosol Climatology (HAC). For a complete description of the algorithms and method-
ology used for the construction of the HAC, see Kinne et al. (2008, 2013). The main
advantages of HAC are: (1) it provides aerosol optical properties for all sub-spectral
regions of the solar and infrared spectrum, (2) it defines the vertical distribution of AOD
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and (3) it separates optical properties for fine and coarse aerosols, as well as for pre-
industrial and anthropogenic aerosol even as a function of time.

The purpose of this study is to assess the performance of HAC for use in climatolog-
ical studies, by comparing it against contemporary and successfully validated satellite
retrievals (Sect. 3). Although this has been shown indirectly in the past (Kinne et al.,5

2006) by assessing optical properties in 20 aerosol models participating in AeroCom
and comparing them against remote sensing retrievals, the period of remote sensing
data used there only covered one year (March 2000 to February 2001). As HAC in-
tends to serve as a climatological dataset, it is important to compare it against satellite
data from as many years as possible. Therefore, our MODIS data cover the period from10

March 2000 to February 2007 and CALIOP data are from July 2006 to January 2011.
Furthermore, that study (Kinne et al., 2006) only presented mid-visible AOD, while this
study also looks at the spectral performance of HAC AOD (Sect. 4). Finally, the ver-
tical distribution of HAC is evaluated here, which is mostly based on HAM (Hamburg
Aerosol Module) aerosol module within ECHAM general circulation model (Sect. 5). It15

would be also important to evaluate the HAC SSA and ASY data, but here priority is
given to AOD, first because of its primary importance for the computation of aerosol ra-
diative properties and climatic effects. In addition, presently there are enough available
satellite and surface based AOD data for inter-comparison, which unfortunately is not
the case, especially for SSA, but also for ASY.20

2 Data

2.1 Hamburg Aerosol Climatology (HAC)

The new aerosol Climatology (HAC) provides all-sky aerosol optical properties for
14 solar and 16 infrared wavelengths, which complement the sub-spectral choices
of radiative transfer models (RTM) and trace-gas absorption models. They are pro-25

vided on a monthly basis and at 1◦ ×1◦ latitude-longitude resolution over the globe
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(ftp://ftp-projects.zmaw.de/aerocom/Climatology/2010/). They are given as total colum-
nar values, but also for 20 pre-defined vertical levels extending from the surface to
20 km, thus providing a detailed vertical distribution. HAC also distinguishes aerosol
optical properties of fine and coarse sizes. This distinction also includes separate defi-
nitions for aerosol altitude distributions based on simulations with HAM within ECHAM55

(Stier et al., 2007). In fact, HAC AOD is divided into anthropogenic (AODanthrop, the dif-
ference between current and pre-industrial fine aerosol) and natural (AODnatural, the
sum of pre-industrial fine aerosol and coarse aerosol) components. For AOD, the fol-
lowing mixing rule formulas are valid:

AODtotal = AODfine +AODcoarse = AODnatural +AODanthrop (1)10

Anthropogenic aerosols (Fig. 1b) dominate over heavily polluted areas, such as
South-East Asia around Bejing (largest fine AOD values) or over northern India, East
and Central Europe and Eastern United States. Also a fraction of AOD from wildfires
is considered anthropogenic with major contributions over the Amazon basin (Holben
et al., 1996; Fearnside, 2000) and western, central and southern Africa (Liousse et al.,15

1996; Swap et al., 1996; Johnson et al., 2008; Roberts et al., 2009). Anthropogenic
AOD is mainly found over North Hemisphere land, but also over oceans due to trans-
port from their sources. Averaging all grids across the globe and applying latitudinal
weights, global anthropogenic AOD (at 550 nm wavelength) is found to be 0.037 (Ta-
ble 1). The largest anthropogenic AOD occurs during NH summer and autumn (corre-20

sponding to1.14 and 1.05 times the mean annual global anthropogenic AOD). Natural
aerosols are systematically found above deserts such as Sahara, Saudi Arabia, Gobi
and Taklamakan deserts (Fig. 1c). Larger values of natural aerosol AOD also appear
over southern oceans at latitudes between 45◦ S and 60◦ S, mainly sea salt type, as
also reported by other studies (Chin et al., 2002; Penner et al., 2002). Some dust out-25

flow from Patagonia is also evident at 40◦ W, in agreement with observations (Johnson
et al., 2011). The global natural AOD (at 550 nm wavelength) is 0.093, which is al-
most three times larger than the global anthropogenic AOD (Table 1). Both the global
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and seasonal distributions of natural AOD differ from distributions for anthropogenic
aerosol. Natural AOD maxima in NH spring and summer are driven by dust contribu-
tions from northern Africa (e.g. de Meij and Lelieveld, 2011). Although wildfire burning
also occurred at pre-industrial times, its AOD contributions to natural aerosol are lim-
ited.5

Spectral and zonal variation of AOD (see Figs. S1 and S2 of Supplement, respec-
tively) reproduces features like stronger variability of AOD with wavelength for anthro-
pogenic than natural aerosol and clear inter-hemispherical asymmetry of AOD with
larger values in NH than in SH. Nevertheless, this asymmetry is far stronger for an-
thropogenic (single peak near 30–50◦ N) than natural AOD, which apart from a primary10

peak in 10–30◦ N also exhibits a secondary peak in 45–55◦ S.

2.2 MODIS

HAC AOD is compared to monthly level 3 MODIS Collection 5 (C005) data from March
2000 to February 2007. The reason for using MODIS and not some other satellite
platform is that MODIS products have been extensively validated and regarded as the15

most reliable global satellite AOD datasets to date, as shown by various validation
studies against reference AERONET data (e.g. Levy et al., 2010; Remer et al., 2005;
Ichoku et al., 2002; Chu et al., 2002). The Deep Blue MODIS datasets could also be
potentially used, but due to their limited validation to date it has been decided not
to be used in this study. MODIS sensors on the Terra and Aqua satellites retrieve20

during one overpass per day for each location aerosol products over land and ocean in
a variety of spectral bands, from blue to thermal infra-red (Kaufman et al., 1997; Remer
et al., 2005), every 1–2 days with a 16-day repeat cycle. The expected errors in MODIS
derived AODs over land, based on overpass events over AERONET sites, are ±(0.05+
0.20×AOD) for Collection 5 (Levy et al., 2010), whilst the pre-launch uncertainty of AOD25

over ocean is ±(0.05+0.05×AOD) (Remer et al., 2002).
Remote sensing of aerosol optical properties from a satellite highly depends on the

wavelength of the reflected solar radiation and the reflectivity of the surface. Maximum
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sensitivity to aerosol optical depth occurs over surfaces with low reflectance, such as
ocean surfaces or dark land surfaces (King et al., 1999). On the other hand, for brighter
surfaces, such as deserts and ice sheets, aerosol retrievals are more difficult, result-
ing in missing values for several months and for certain locations in MODIS C005. In
presenting MODIS AOD data from several years there is a trade-off between the more5

appropriate temporal representation and the more appropriate spatial representation.
We have chosen to use the following criterion in order to plot the maps that will be
used for the comparison: for each season of each year at least 2 out of the months of
the period should be available. Then for each year, the annual mean value has been
calculated and presented only when all 4 seasons were available. Finally, for the mean10

values of all the period at least 3 out of 7 annual values were required. This strict crite-
rion resulted in several missing grid cells (Fig. 2), especially during winter (DJF) when
a large part of Northern Hemisphere land areas are covered by deserts (or clouds) and
snow, making retrieval from MODIS impossible.

Levy et al. (2010) thoroughly assessed the performance of the aerosol products over15

dark-land targets by using a new algorithm. From their analysis, it was clear that the
MODIS AOD retrieval often picks incorrect aerosol compositions, which in turn affects
the accuracy of the retrieved AOD value. Thus, users of satellite data need to be cau-
tious when using some of the products. Following their study, it has also been decided
to permit negative AOD values down to −0.05, in order to reduce statistical biases20

in low AOD-conditions. Generally speaking, MODIS aerosol retrievals over oceans are
more reliable than over land (Levy et al., 2010). Note that an important factor for MODIS
erroneous or impossible retrievals – as well as for any other satellite- is cloud contam-
ination. When the cloud fraction goes above 20 %, the mean MODIS overestimation
approaches 0.03–0.04 or 15–20 %, additionally to the uncertainty that arises due to25

the type of surface (Levy et al., 2010).
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2.3 CALIOP

The CALIPSO satellite was launched in April 2006 (Winker et al., 2007) with the main
objective to provide the scientific community with global, day and night data of the
vertical distribution of cloud and aerosol optical properties. The primary payload of
the CALIPSO satellite is a two-wavelength and polarization-sensitive elastic backscat-5

ter lidar, the CALIOP instrument. An extensive discussion on the uncertainties in the
CALIPSO calibration is found in Powell et al. (2009), and the conclusion is that cali-
bration is expected to have a bias no larger than 5 %. Version 3.01 (released in May
2010) performs better than version 2 in daytime retrievals. Night-time performance is
essentially the same, as night-time calibration procedures were unchanged in Version10

3.01 (Rogers et al., 2011). In clear-sky conditions, Mona et al. (2009) found CALIOP to
bias slightly low in the free troposphere and very low in the planetary boundary layer
(PBL, below 2.5 km), probably due to erroneous cloud masking algorithms. However,
Rogers et al. (2011) found good agreement between airborne and CALIOP 532 nm
total attenuated backscatter inside the PBL (below ∼ 3 km). One of the weaknesses15

of CALIOP retrieval process is the misinterpretation of heavy aerosol loads as clouds
(Pappalardo et al., 2010).

The CALIOP Version 3 data, which are used here as reference for the AOD vertical
distribution, have matured through increasing validation to surface-based lidar mea-
surements, e.g. EARLINET (European Aerosol Research Lidar Network) and NIES20

(National Institute for Environmental Studies). The data that we used here cover the
period from July 2006 to January 2011. Vertical information has been assigned to 200
vertical layers of 100 m thickness each. The number of layers has been chosen accord-
ingly, so that it matches the vertical layers provided by HAC. The vertical resolution of
CALIOP varies according to the altitude, being 30 m between −0.5 km and ∼ 8.2 km25

and 60 m from ∼ 8.2 km to ∼ 20.2 km. In terms of data quality screening, one of the re-
trieval confidence measures is CAD (Cloud Aerosol Discrimination) score. In our study,
we have used a threshold of CAD score smaller than 50, which keeps out most of
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the dubious retrievals. CALIOP is a polar-orbiting satellite with a period of around 16
days. Therefore, the representation of its retrievals is not always ideal and CALIOP
data retrievals need to be used with due care.

3 Evaluation of HAC aerosol optical depth (AOD)

3.1 Regional patterns5

The comparison between HAC and MODIS AODs averaged on a global and hemi-
spherical basis (Table 2) shows overall lower AOD values for HAC. The HAC mean an-
nual global AOD value at 550 nm (corresponding global distribution shown in Fig. 1a)
is 0.130, being smaller than MODIS (0.159, corresponding global distribution shown
in Fig. S3, Supplement) by −18.2 %. Takemura et al. (2002) used a global three-10

dimensional model and found an annual global AOD equal to 0.116, while Ramanathan
et al. (2001) found a value of 0.12±0.04. When averaging HAC on the basis of common
pixels with MODIS, AOD slightly increases to 0.132 (Table 2), still lower than MODIS
by −14.7 %. It should be noted that one of the reasons for higher values provided by
satellite retrievals is undetected cloud contamination.15

According to HAC, there is a strong inter-hemispherical asymmetry in terms of AOD,
with the values for NH being almost double than that for SH (ratio equal to 1.68). Such
a contrast is also found in MODIS with a ratio of 1.55. The relative annual hemispheric
AOD difference between common HAC and MODIS pixels is slightly smaller for N.
Hemisphere (−16.2 %) than for S. Hemisphere (−17.1 %). However, the larger MODIS20

AOD value (of 0.123 compared to 0.097 by HAC) for SH likely reflects a positive MODIS
bias, due to poor cloud screening over the Southern Oceans.

In order to better assess the HAC-MODIS differences, the AOD values (at 550 nm)
were also compared separately over land and over ocean. Our MODIS AOD over land
value (0.209) agrees with the corresponding value provided by Levy et al. (2010). For25

the same period used in this study, Remer et al. (2008) found a global over land value of
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0.19 in both Aqua and Terra. For the global land, including global deserts (not covered
by MODIS here), Yu et al. (2006) refers to published Multi-angle Imaging SpectroRa-
diometer (MISR) data that yield a value of mean AOD of 0.23±0.05. Note also that
sampling frequency and hence reliability is larger with MODIS than with MISR. For the
global ocean, the MODIS value is 0.149, close to those found in literature (e.g. 0.13–5

0.14 at Yu et al., 2006 and Remer et al., 2008). It appears that HAC AOD values (0.19
and 0.118 for land and ocean, respectively, Table 2) are closer to MODIS retrievals
over land areas (bias equal to −9.1 %), which are more abundant in N. Hemisphere,
while the agreement is not that good over oceanic areas (bias of −20.1 %), which are
dominant in S. Hemisphere. However, there have been a lot of issues reported in the10

literature on the accuracy of MODIS retrievals (e.g. Papadimas et al., 2009; Levy et al.,
2010; Zhang and Reid, 2010). Zhang and Reid (2010) have made an extensive study
on the various versions of MODIS products and one of their findings was that the in-
creased Level 3 AOD over Southern Ocean is mostly caused by cloud contamination.
Based on that finding, the large disagreement between HAC and MODIS ocean/S.15

Hemisphere AOD is improved. In general, it has been shown in several studies that
lower AOD values, i.e. over oceans, are biased high by MODIS, while the higher AOD
values, over land, are biased low (Remer et al., 2005; Levy et al., 2005). Another issue
in MODIS uncertainties is its overestimation in fine-mode aerosol sites by ∼ 0.02 (Levy
et al., 2010), which if taken into account can lead to a reduction in the N. Hemisphere20

HAC-MODIS difference (Table 2).
Since the accuracy of MODIS retrievals largely depends on the type of surface (Levy

et al., 2010), a closer look into regional patterns would enable us to draw further con-
clusions on the accuracy of HAC AOD values, taking into consideration the possible
errors in MODIS retrievals and discuss them in the context of the relevant literature.25

The study of Levy et al. (2010) was based on specific sites and not on whole regions,
so the selection of the sites could cause biases with regards to the general trend for
whole regions. However, due to the fact that there are certain areas with homoge-
neous profile of aerosol load, a projection from individual sites to larger areas could
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be justified. At a first glance, it is clear that AOD differences are not systematic, but
strongly depend on latitude and longitude, taking both positive and negative values
(Fig. 2). HAC mainly overestimates AOD with respect to MODIS over land areas, by
up to 0.2 (or 100 %), with some exceptions like western USA, Amazonian basin, cen-
tral Africa or India where it underestimates AOD. The areas with larger HAC AOD are5

mostly areas with heavy aerosol load, either due to pollution (East Europe, East coast
of United States), or due to desert dust (the coast off N. Africa, Gobi desert, the coast
off West Africa), or due to biomass burning smoke (east coast of S. America and S.
Africa). Note that MODIS tends to overestimate AOD over surfaces that are brighter
and less green than optimal, like Central Africa or western USA (Levy et al., 2010).10

Furthermore, MODIS is shown previously to slightly overestimate compared to ground-
based AERONET network by 0.05 or 60 % over areas with fine-aerosol, like eastern
United States (Levy et al., 2010). HAC seems to suffer from a similar problem, based
on the positive values over that area (Fig. 2, all plots). In general, HAC AOD values
over oceans seem to be consistently lower than MODIS, having differences as large as15

about −60 %, especially in the tropics. However, during NH summer period and for the
upper part of the southern windy zone, HAC reproduces higher AOD values by up to
70–80 %. This situation, which is also observed in NH spring but to a lesser extent, is
reversed during NH autumn and winter, probably due to misclassification of sub-pixel
clouds as coarse aerosol by MODIS. It is interesting to note that larger values of HAC20

are found over oceanic areas undergoing dust export, e.g. over the northern tropical
Atlantic Ocean, where it is possible that MODIS tends to identify heavy dust events
as clouds. In general, HAC seems to agree better with MODIS over land than ocean
(especially in N. Hemisphere) verifying thus the conclusions drawn from the results of
Table 2.25

3.2 Seasonal patterns

On a global seasonal basis, the HAC-MODIS differences (Table 2) reveal a relatively
weak annual cycle, reaching values of −20.1 % and −19.9 % in the NH autumn and
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winter, and dropping down to −13.8 % in summer (JJA). The seasonal plots (Fig. 2a–d)
show that there is non-uniform pattern over the Amazon basin. During NH summer,
HAC AOD is larger than MODIS AOD in southern and eastern parts of Amazon basin,
while the sign is opposite in northern and western parts of the basin. On the other hand,
during NH spring, autumn and winter, HAC AOD is smaller than MODIS AOD over5

the largest part of the basin. It should be noted that MODIS might often misinterpret
large biomass burning events as clouds and exclude them from the retrieval process,
resulting in a better agreement during late NH summer and worse agreement in NH
autumn. The missing grids in the region in NH spring and summer plots are most likely
due to large cloud cover or zero values of MODIS that have been artificially excluded10

from the plots. Over North Australia, HAC AOD values are smaller/larger than MODIS
in the dry/wet local season by up to more than 40 %.

The seasonal variation of global and hemispherical averages of HAC and MODIS
AOD (Fig. 3a and Table 2) reveals that there is an almost similar inter-annual cycle.
However, while for MODIS highest values appear during NH spring (0.168) and sum-15

mer (0.167), for HAC NH spring values rise up to 0.137, while in summer (JJA) they
peak at 0.144. Also, it appears that global HAC AOD values are systematically lower
than MODIS ones throughout the year (Fig. 3b). The hemispherical AOD differences
reveal that the largest global HAC-MODIS AOD differences arise from largest devia-
tions in SH during local summer (DJF). The results of Fig. 3b prove that any assess-20

ment of AOD differences between the two databases has to be made rather separately
on hemispherical or even better on a regional scale than on global, since the sign of
the difference is mixed. Possible reasons for these differences could be biases of the
model dependent background of the HAC involving model input (e.g. emissions, mete-
orology) and aerosol processing (e.g. transport and removal) or biases to assumptions25

for aerosol composition and environment in MODIS AOD retrievals.
The overall comparison between HAC and MODIS AOD is given in the scatterplots

of Fig. 4, where monthly values for all grid cells at 1◦ latitude by 1◦ longitude resolution
have been used. On an annual basis, there is a relatively good agreement between
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the two datasets, yielding a correlation coefficient (R) equal to 0.76 for NH and 0.66
for SH and a RMSE of 0.072 and 0.043 for NH and SH, respectively. Seasonally, for
NH, the worst fit, in terms of R-values, is found in boreal spring. Nevertheless, apart
from lowest correlation coefficient (R = 0.68), the bias (−0.01) and RMSE (0.092) are
the smallest, indicating a very good agreement. The best fit for NH is in winter, with5

the largest correlation coefficient (R = 0.68) and second smallest bias (−0.001) and
RMSE (0.069). Taking into account all statistical parameters, for the SH, the worst fit
is in boreal autumn (R = 0.67, bias= −0.041, RMSE= 0.07) and the best fit appears
to be in NH summer (R = 0.64, bias= −0.001, RMSE= 0.06). The only positive bias
(0.001) of HAC is found in summer (JJA) for SH, in agreement with the larger oceanic10

values mentioned earlier (Fig. 2). In terms of values of RMSE, the agreement between
HAC and MODIS is better in light aerosol conditions, namely DJF for NH and JJA for
SH and worse in heavy aerosol conditions (MAM for NH and SON for SH).

4 Spectral validation of AOD

Aerosol optical properties exhibit a significant variation with wavelength. Knowledge of15

aerosol optical properties on several wavelengths and for different parts of the elec-
tromagnetic spectrum can be of great use to identify different aerosol sizes and types
(Vardavas and Taylor, 2011) and for efficiently estimating aerosol radiative and climatic
effects (Hatzianastassiou et al., 2004). Radiative transfer and climate models need to
cover the entire solar spectral range (extending at least up to 5000 nm) and beyond that20

up to the far infrared terrestrial spectrum in terms of aerosol, apart from others, optical
properties. One of the great advantages of the new aerosol HAC is that it provides
aerosol data with such a large spectral coverage. Here we attempt to maximize this
advantage of HAC AOD, by evaluating its spectral AOD profiles. In order to do so, both
HAC and MODIS AODs are compared against data from ground-based AERONET25

stations, usually considered as the truth amongst the aerosol community. It should be
remembered that MODIS aerosol models are somehow tied to the adopted AERONET
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ones (“Algorithm for Remote Sensing of Tropospheric Aerosol from MODIS”, ATBD-
MOD-02; http://modis.gsfc.nasa.gov/data/atbd/atmos atbd.php) and are therefore not
totally independent. HAC data are not totally independent either, since they rely on
AERONET station statistics to modify the modelling background but cannot retain in
this process local detail, which is tested here. AERONET data from 1998 to 2007 (from5

2001 for Jabiru and 1999 for Tahiti) and for the months of January (April for Dalan-
zadgad) and July (September for Alta Floresta) have been used and certain repre-
sentative grids have been selected that correspond to the specific main aerosol types
existing in the Earth’s atmosphere: (a) desert dust, (b) maritime, (c) biomass burning
and (d) urban. The five (5) sites that were selected are seen in Fig. 5. Based on the10

availability of AERONET and MODIS data, the spectral comparison is necessarily re-
strained in the range from 300 nm to 700 nm for continental sites, and from 300 nm
to 2500 nm for oceanic sites, for which spectral AOD data are available from all three
databases.

The AERONET Goddard Space Flight Center (GSFC in Greenbelt, Maryland, USA)15

is a site located in a suburb of Washington DC with the urban aerosol type being
dominant. In January (Fig. 6a-i), HAC AOD550 nm (0.096) is equal to MODIS AOD550 nm,
but larger than AERONET by 39 %. The spectral variation of both HAC and MODIS
is in good agreement to AERONET except for UV. For the July plot (Fig. 6a-ii), HAC
again captures the AERONET spectral variation quite well, having slightly larger AOD20

normalised AOD values in the UV and near-IR. The July value of HAC AOD at 550 nm
is 0.308, 20 % smaller than AERONET and 27 % smaller than MODIS.

For Alta Floresta (in the Amazonian basin, Brazil), a rural site directly influenced
by smoke produced by biomass burning during the fire season (from June to October),
HAC AOD550 nm is smaller than AERONET and MODIS by 22 % and 14 %, respectively,25

in January (Fig. 6b-i) and by 44 % and 50 %, respectively in September. HAC exhibits
a stronger spectral decrease in the UV for both months which might be due to smaller
particles assumed in HAC. MODIS spectral profile is identical to HAC during January
and identical to AERONET during September.
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Dalanzadgad is a small city (population is about 14 000) at an altitude of 1470 m
in Central Asia, and more specifically in the Gobi desert in southern Mongolia. It is
characterized by a typical cold desert climate with cold winters and hot summers. Here,
the month of April has been used instead of January, as dust emission is at a maximum
during April and spectral dependence is more important when AOD is high than when5

it is low. Note that for April (Fig. 6c-i) there are no MODIS data available over the
area, possibly due to observational difficulties imposed by extended cloud coverage.
Figure 8c reveals a stronger spectral dependence of HAC AOD than AERONET for the
wavelengths smaller than 550 nm. For larger wavelengths, the spectral dependence
is largely improved. Looking at the absolute values of AOD at 550 nm, both HAC and10

MODIS overestimate AOD compared to AERONET. This finding is in agreement with
the study of Levy et al. (2010), who found that MODIS retrieval is biased high at this
specific site. Eck et al. (2005) reported that AOD values remain relatively low all year
with a monthly maximum of 0.20 in May and minimum of 0.05 to 0.06 (clean background
levels) in December and January. HAC (and MODIS) overestimation, however, could be15

associated with the different spatial scales at which the spectral AOD data are reported
in the three datasets and the strong spatial variability of AOD. Indeed, Kim et al. (2004)
reported quite higher AOD values at Mandalgavi, which is also in Mongolia, about
275 km to north north-east of Dalanzadgad, with a long-term annual AOD mean of
∼ 0.4 at 500 nm, a value that is closer to that of HAC.20

Jabiru is a site in North Australia (savanna), with complex aerosol composition con-
sisting mainly of smoke from biomass burning and by maritime aerosols (Qin and
Mitchell, 2009; Grey et al., 2006; Hyer et al., 2011). In January (Fig. 6d-i), HAC AOD
exhibits a stronger spectral dependence than MODIS and AERONET. There is a much
better agreement between HAC and AERONET in July. In terms of absolute values of25

AOD at 550 nm, HAC has smaller values than both AERONET and MODIS in January,
but larger in July. Levy et al. (2010) had also found that MODIS retrieval is biased low
in Jabiru.
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Tahiti is an oceanic site, as it lies in the middle of the Pacific Ocean (Fig. 5). For sites
over ocean, MODIS provides AOD for the wavelength spectrum from 470 to 2130 nm
and AERONET from 340 to 1020 nm. The AOD values at this site are low, as expected
in such clean maritime conditions (Smirnov et al., 2009). Sayer et al. (2010) reported
measured AERONET AOD values ranging from 0.03 to 0.07 at 550 nm, in agreement5

with our HAC values. Although spectral dependence in UV wavelengths seems to be
slightly stronger for HAC, the spectral profiles of all datasets seem to converge at larger
wavelengths.

5 Vertical distribution of AOD

Vertical distribution of aerosols can yield variable results of radiative forcing and climate10

change, even if the columnar value of AOD or cloud amount is the same (Chung et al.,
2010). In the present section we attempt first to get a global picture of the aerosol
vertical distribution based on HAC, and then to evaluate this vertical distribution with
CALIOP spaceborne lidar measurements. A detailed comparison between the HAC
and CALIOP at global scale is beyond the scope of the present study; therefore we15

have chosen to perform a comparison only at the regional and local scales. Based on
the required representativeness of the study region, we have selected to perform the
comparison for the Mediterranean basin and for the specific world locations used in the
previous section which are representative of various aerosol types. The Mediterranean
basin has been selected as being a region with almost all types of aerosols coming20

from neighbouring natural and anthropogenic aerosol source areas, both continental
and maritime (Lelieveld et al., 2002). Thus, local emissions along with small- and long-
range transport processes are expected to shape different vertical aerosol distributions.

Figure 7 shows absolute HAC AOD values per layer of 1 km thickness each (top
two rows) and the accumulated fraction of columnar AOD for fine, coarse and total25

aerosol for each altitude (bottom row). The computations/plots are made separately for
10-degree latitudinal zones of both hemispheres, as well as for the two hemispheres
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and the globe, enabling us to get an overall global picture of the vertical distribution
of aerosols. The zonal means indicate that the vertical distribution of aerosols is not
the same for the two hemispheres. In N. Hemisphere the values of total (fine+ coarse)
AOD, i.e. the loadings of aerosols, for the lowest 5 km are about similar for the lati-
tudes 0–60◦ N. Peaks are near 1.5–2.0 km and gradually decrease as we move from5

the equator to higher latitudes. Despite the fact that significant AOD values are found
up to 5 km, most of the aerosol loading is confined in the boundary layer, i.e. up to
3–4 km. An interesting fact is that for the zone 70–90◦ N, a distinct amount of aerosol
is found at altitudes between 10 and 20 km, i.e. in the polar stratosphere, with a peak
at around 15 km (AOD values per km 0.0061–0.0146). Those values are in line with an10

observed/established (e.g. Matsui et al., 2011; Kondo et al., 2011) transport of aerosol
from northern mid-latitudes towards the Arctic. Such distinct stratospheric aerosol
amounts are not found in S. Hemisphere, specifically over southern polar latitudes.
This is also verified by earlier (Stratospheric Aerosol Measurement – SAM2 – aboard
Nimbus 7) or more recent satellite measurements (Stratospheric Aerosol Gas Exper-15

iment – SAGE-II, see http://data.giss.nasa.gov/cgi-bin/sageii/sageii v6.cgi) revealing
quite higher stratospheric aerosol extinction over northern than southern high latitudes,
with maximum during NH spring and summer (Treffeisen et al., 2006). Instead, in S.
Hemisphere, aerosols can be found above 10 km in the zones 50–70◦ S, though with
smaller AOD values than in NH. The existence of aerosols in those high altitudes of SH20

seems to be consistent with the reported long-range, even semi-global, transport of
aerosols, namely dust (Shaw, 1988), to the Antarctica’s clean environment. As for the
SH’s troposphere, in general, aerosols are lifted up to slightly lower than NH’s altitudes,
i.e. up to about 3–4 km, confined in a shallower boundary layer due to the fact that SH
is largely covered by oceans. Furthermore, according to HAC, the abundance of SH25

tropospheric aerosols is clearly reduced with respect to NH in all altitudes, with AOD
not exceeding 0.028 per layer.

On a global basis, 50 % of the total AOD is found up to the height of 1.5 km (Fig. 7c-i)
and 85 % of the total AOD is found from the surface up to 3.22 km above mean sea level
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(a.m.s.l.) with corresponding heights (for 85 %) equal to 2.96 and 3.52 km for NH and
SH, respectively. The vertical profiles of both fine and coarse aerosol are different for
the two hemispheres, with fine aerosol being lifted a bit higher up into the atmosphere
in S. than N. Hemisphere. Although the same is valid for coarse aerosols for latitudes
up to 30◦ N and S, it is the opposite in higher latitudes (30–70◦) where coarse aerosols5

are lifted higher up in S. than N. Hemisphere (right column).
Aerosol vertical profiles are highly dependent on season of the year (i.e. Vuolo et al.,

2009) and on the site location characteristics (i.e. above desert or ocean or urban
area). In order to visualize this, we produced the accumulated fractions of columnar
AOD as functions of height, for total aerosol, for the Mediterranean basin (29.5–46.5◦ N,10

10.5◦ W–36.5◦ E) for the months of January and July (Fig. 8a-i, a-ii). The profiles were
produced using data from HAC and CALIOP. This comparison intends to provide re-
searchers and potential users of HAC and CALIOP of the way aerosol is distributed
vertically, regardless of the total columnar value. Nevertheless, note that differences
already exist with regards to the latter. For instance, the mean HAC total columnar15

value for the entire Mediterranean region is 0.108 in January and 0.128 in July, while
for CALIOP it is 0.083 and 0.172, respectively, indicating a stronger seasonality in
the CALIOP data. For the same area, MODIS columnar AOD data exhibit a similar to
CALIOP seasonality, though at higher values (0.116 and 0.238 for January and July,
respectively). The comparison of vertical distribution of AOD reveals relatively small20

differences between HAC and CALIOP. In January 50 % (85 %) of columnar AOD in
HAC is contributed by aerosols located below 1.2 km (2.1 km), when the same fraction
of AOD in CALIOP is contributed by aerosols below 1.1 km (2.5 km). In July, the perfor-
mance of HAC is even better. The largest difference occurs for the top 20 % of columnar
AOD, where HAC places it above 1.9 km, while CALIOP detects it above 2.1 km. For25

both datasets, aerosols are dispersed vertically at higher altitudes in July than in Jan-
uary, due to the thicker warmer boundary layer, and HAC successfully captures this for
the whole column.
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At the GSFC site (Fig. 8b-i, b-ii), according to CALIOP retrievals, 50 % (85 %) of
columnar aerosol is located below 800 m (1350 m) in January, while the same percent-
ages for HAC are 1140 m (2100 m). A similar pattern, i.e. placement of less HAC AOD
in lower altitudes, is found in the July plot of GSFC. The misplacement here is around
500 m for the bottom 50 % of AOD and decreases to 300 m for the bottom 85 % of5

columnar AOD.
The HAC-CALIOP comparison for the site of Alta Floresta (Fig. 8c-i, c-ii) is mixed.

The July plot corresponding to high monthly AOD (due to biomass burning season)
shows a very good agreement up to 2.2 km, while in the layers up to 5 km HAC places
less aerosol than does CALIOP. The bottom 4 km-thick layer includes 97 % of HAC10

columnar AOD and 100 % of CALIOP columnar AOD. The January plot, on the other
hand shows an identical vertical profile for both HAC and MODIS, with the main dif-
ference that HAC assumes a significantly smaller fraction of the columnar AOD at the
boundary layer.

HAC and CALIOP profiles are quite different for January in Dalanzadgad (Fig. 8d-i,15

d-ii), with HAC having a smaller gradient of decreasing AOD, especially above 4.5 km,
indicating non-negligible amount of aerosol above that altitude. For the July plot, there
is very good agreement for the lowest 57 % of aerosol column load. Above that, HAC
has a smoother curve, indicating small amounts of aerosol in the upper layers, in con-
trast to CALIOP that has a slightly sharper curve. Satheesh et al. (2009) reported that20

over India, 15–25 % of columnar AOD is contributed by aerosols below 1 km above
ground. Bearing in mind that our altitudes are above mean sea level and the Dalan-
zadgad site is at 1470 m, the mentioned numbers are in good agreement with our
study, despite the fact that HAC corresponds to a larger area.

A high bias of aerosol altitude by HAC is seen in the plots for Jabiru (biomass burning25

and maritime aerosol type; Fig. 10e-i, e-ii) and Tahiti (oceanic aerosol type; Fig. 10f-i,
f-ii). In Jabiru, the difference for the bottom 50 % of columnar AOD is 1100 m (470 m) for
January (July). For July, HAC assumes significantly more aerosol in the upper layers
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(2–4 km), while CALIOP has detected practically all aerosols (95 %) up to the altitude
of 1.94 km.

In Tahiti, there is again a misplacement of aerosols by HAC for both January and July,
placing the top 55 % above 1.5–1.6 km, while CALIOP has detected only 4.2 % above
that altitude. The vertical misplacement of aerosols from HAC ranges from ∼ 550 m for5

the bottom 10 % of columnar AOD to more than 1.1 km for the bottom 85 %.

6 Conclusions – discussion

The new Hamburg Aerosol Climatology (HAC) presented here is a mixture of ground-
based AERONET observations and AeroCom model monthly mean fields. It has been
shown to successfully reproduce well known geographical and temporal features of10

aerosol loading distributions. Furthermore, it seems to yield adequately patterns asso-
ciated with global distributions of anthropogenic and natural aerosols, with estimated
contributions to the global average total AOD by 28.5 and 71.5 %, respectively. For the
annual anthropogenic load, the largest contribution is during NH summer and autumn
by urban-industrial pollution. For the annual natural load, the largest contribution comes15

from NH summer and spring, most likely by desert dust and with some contribution from
natural wildfires.

A comparison has been attempted against multi-annual aerosol data retrieved from
contemporary satellite sensors, namely MODIS and CALIOP. The comparisons have
been performed for the mid-visible (550 nm) aerosol optical depth (AOD), as this is20

the aerosol optical property quantifying the atmospheric aerosol loading, having large
spatiotemporal variability, and always considered in radiative and climatic considera-
tions with models. Comparing HAC with MODIS collection 5 data (from March 2000 to
February 2008) at 1◦×1◦ (latitude/longitude) grid points, there were overall lower AOD
values in the HAC. The HAC annual global mean total (natural plus anthropogenic)25

AOD is 0.132 whereas the annual global mean for MODIS is 0.159, thus larger by
0.027 or 17.0 %. Regionally, HAC has larger AOD values than MODIS in areas with
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heavy aerosol load, mainly over land (namely northern subtropics), but smaller AOD
than MODIS over ocean areas. An exception to that was the northern part of South-
ern Ocean, where HAC yields larger vales during NH spring and summer. HAC sug-
gests 16.2 % lower AOD than MODIS for North Hemisphere and 17.1 % lower AOD
for South Hemisphere. On a seasonal basis, HAC presents a summer (JJA) maximum5

(0.144), while MODIS maximum values are almost equal for spring (MAM) and summer
(JJA), being 0.168 and 0.167, respectively. In terms of absolute and relative differences,
the largest deviations occurred during months with heavy aerosol conditions, such as
March to August for NH and from September to February for SH.

The spectral dependence of HAC AOD was also investigated by comparing it to10

MODIS and AERONET, yielding satisfactory results in most cases. For the examined
sites and types of aerosol, HAC exhibits a stronger spectral dependence with wave-
length for wavelengths between 300 and 550 nm. There is generally a better agree-
ment between HAC and AERONET spectral dependence for larger wavelengths. This
is true, even for sites with large values of AOD, such as Alta Floresta in September,15

which proves that HAC is successful in capturing the variation of AOD for a large part
of the spectrum that is used in radiation transfer models.

The new HAC climatology provides a vertical profile of aerosols for the whole of the
globe, which is valuable for radiative transfer and climate models, especially given that
it is available separately for fine and coarse aerosols. The highest lifting of aerosols20

occurs in latitudes between the tropics and 30–40◦ N, and especially in the zone 20–
30◦ N, reaching altitudes of 5–6 km. HAC also exhibits some aerosol over the Arctic,
which is being transported from mid-latitudes. According to HAC, there are much less
stratospheric aerosols over corresponding southern polar latitudes, though in South
Hemisphere aerosols are found above 10 km in the zones of Southern Ocean (50–25

70◦ S), associated with coarse aerosols. The difference between the profiles of fine
and coarse aerosol does not seem significant for either of the hemispheres, but in
general fine aerosol is lifted higher up into the atmosphere than coarse aerosol in North
Hemisphere, while the opposite is true for South Hemisphere. On a global basis, 50 %
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of the total AOD is found up to the height of 1.5 km and 85 % of the total AOD is found
from the surface up to 3.22 km above mean sea level. The corresponding fractions for
the NH are 1.42 km and 2.96 km, whereas for SH are 1.70 and 3.52 km. HAC vertical
distribution has been tested against Version 3 data from CALIOP from the period July
2006–January 2011. In the Mediterranean basin, HAC was found to have an almost5

perfect agreement for most of the tropospheric column. Looking at selected individual
representative sites, and for the two months of January and July, we can conclude that
HAC vertical distribution needs some tuning above areas with biomass burning smoke,
desert dust and sea salt spray. The issue in some of those cases is that HAC assumes
less aerosol in the lower layers (GSFC, January and July up to 2 km; Alta Floresta, from10

2.2 to 6 km; Tahiti, January and July; Dalanzadgad, January and July up to 2 and 3 km;
Jabiru, January and July), while in others more aerosol and larger fraction of columnar
AOD is found at the lowest layers, compared to CALIOP (GSFC, January from 2 to
3 km and July from 3 to 9 km; Dalanzadgad, January up to 2 km and July above 2 km).
The misplacement is usually smaller at the lower altitudes but increases as altitude15

increases, with a peak usually at 4–5 km.
According to our analysis, the HAC data for aerosol optical depth (AOD) have proven

to be accurate enough to be used for aerosol studies, especially when it comes to lo-
cations, where neither ground-based or satellite data exist. They also offer great ad-
vantages consisting in the availability of vertically resolved AOD data, wide spectral20

coverage, as well as information on fine and coarse aerosols. The implementation of
the HAC aerosol data, including single scattering albedo and asymmetry parameter, in
a spectral radiation transfer model is the scope of ongoing work aiming at the quantifi-
cation of anthropogenic/natural aerosol radiative forcings, and also at the assessment
of the effect of the vertical misplacement of aerosols on the aerosol radiative effect.25

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/5123/2013/
acpd-13-5123-2013-supplement.pdf.

5145

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/5123/2013/acpd-13-5123-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/5123/2013/acpd-13-5123-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.atmos-chem-phys-discuss.net/13/5123/2013/acpd-13-5123-2013-supplement.pdf
http://www.atmos-chem-phys-discuss.net/13/5123/2013/acpd-13-5123-2013-supplement.pdf
http://www.atmos-chem-phys-discuss.net/13/5123/2013/acpd-13-5123-2013-supplement.pdf


ACPD
13, 5123–5163, 2013

Evaluation of
spatio-temporal

variability

V. Pappas et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Acknowledgements. The AeroCom (http://nansen.ipsl.jussieu.fr/AeroCom) global modelling
effort was essential to this study, as the (16) model median provides the starting point for the
new aerosol climatology (HAC). Thus the work of all global modelling groups that contributed to
AeroCom is particular acknowledged. All AeroCom-based HAC data used here are freely avail-
able on the ftp site (ftp://ftp-projects.zmaw.de/aerocom/Climatology/2010/). The authors thank5

NASA-US for making available the Collection 005 Level-3 MODIS data. We thank the principal
investigators and their staff for establishing and maintaining the 5 AErosol RObotic NETwork
(AERONET) sites used in this investigation. We also thank CALIPSO Science Team for their
efforts in making data products publicly available. CALIOP data were obtained from the NASA
Langley Research Center Atmospheric Science Data Center.10

References

Abel, S. J., Highwood, E. J., Haywood, J. M., and Stringer, M. A.: The direct radiative ef-
fect of biomass burning aerosols over southern Africa, Atmos. Chem. Phys., 5, 1999–2018,
doi:10.5194/acp-5-1999-2005, 2005.

Balis, D., Papayannis, A., Galani, E., Marenco, F., Santacesaria, V., Hamonou, E., Chazette, P.,15

Ziomas, I., and Zerefos, C.: Tropospheric LIDAR aerosol measurements and sun photometric
observations at Thessaloniki, Greece, Atmos. Environ., 34, 925–932, 2000.

Chatterjee, A., Michalak, A. M., Kahn, R. A., Paradise, S. R., Braverman, A. J., and
Miller, C. E.: A geostatistical data fusion technique for merging remote sensing and
ground-based observations of aerosol optical thickness, J. Geophys. Res., 115, D20207,20

doi:10.1029/2009JD013765, 2010.
Chin, M., Ginoux, P., Kine, S., Torres, O., Holben, B. N., Duncan, B. N., Martin, R. V., Lo-

gan, J. A., Higurashi, A., and Nakajima, T.: Tropospheric aerosol optical thickness from the
GOCART model and comparisons with satellite and Sun photometer measurements, J. At-
mos. Sci., 59, 461–483, 2002.25

Chu, D. A., Kaufman, Y. J., Ichoku, C., Remer, L. A., Tanre, D., and Holben, B. N.: Valida-
tion of MODIS aerosol optical depth retrieval over land, Geophys. Res. Lett., 29, 8007,
doi:10.1029/2001GL013205, 2002.

Chung, C. E., Ramanathan, V., Carmichael, G., Kulkarni, S., Tang, Y., Adhikary, B., Leung, L. R.,
and Qian, Y.: Anthropogenic aerosol radiative forcing in Asia derived from regional mod-30

5146

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/5123/2013/acpd-13-5123-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/5123/2013/acpd-13-5123-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://nansen.ipsl.jussieu.fr/AeroCom
ftp://ftp-projects.zmaw.de/aerocom/Climatology/2010/
http://dx.doi.org/10.5194/acp-5-1999-2005
http://dx.doi.org/10.1029/2009JD013765
http://dx.doi.org/10.1029/2001GL013205


ACPD
13, 5123–5163, 2013

Evaluation of
spatio-temporal

variability

V. Pappas et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

els with atmospheric and aerosol data assimilation, Atmos. Chem. Phys., 10, 6007–6024,
doi:10.5194/acp-10-6007-2010, 2010.

De Graaf, M., Stammes, P., and Aben, E. A. A.: Analysis of reflectance spectra of UV-
absorbing aerosol scenes measured by SCIAMACHY, J. Geophys. Res., 112, D02206,
doi:10.1029/2006JD007249, 2007.5

De Meij, A. and Lelieveld, J.: Evaluating aerosol optical properties observed by ground-based
and satellite remote sensing over the Mediterranean and the Middle East in 2006, Atmos.
Res., 99, 415–433, 2011.

Eck, T. F., Holben, B. N., Dubovik, O., Smirnov, A., Goloub, P., Chen, H. B., Chatenet, B.,
Gomes, L., Zhang, X.-Y., Tsay, S. C., Ji, Q., Giles, D., and Slutsker, I.: Columnar aerosol10

optical properties at AERONET sites in central eastern Asia and aerosol transport to the
tropical mid-Pacific, J. Geophys. Res., 110, D06202, doi:10.1029/2004JD005274, 2005.

Ferrare, R. A., Turner, D. D., Clayton, M., Guibert, S., Schulz, M., and Chin, M.: The vertical
distribution of aerosols over the atmospheric radiation measurement Southern Great Plains
Site, measured versus modelled, Fifteenth ARM Science Team Meeting Proceedings, Day-15

tona Beach, Florida, March 14–18, 2005.
Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fahey, D. W., Haywood J., Lean,

J., Lowe, D. C., Myhre, G., Nganga, J., Prinn, R., Raga, G., Schulz, M., and Van Dorland,
R.: Changes in atmospheric constituents and in radiative forcing, in Climate Change 2007:
The Physical Science Basis – Contribution of Working Group I to the Fourth Assessment20

Report of the Intergovernmental Panel on Climate Change, edited by: Solomon, S., Qin, D.,
Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M., and Miller, H. L., 289–348,
Cambridge Univ. Press, New York, USA, 2007.

Grey, W. M. F., North, P. R. J., Los, S. O., and Mitchell, R. M.: Aerosol optical depth and land
surface reflectance from multiangle AATSR measurements: global validation and intersensor25

comparisons, IEEE T. Geosci. Remote, 44, 2184–2197, 2006.
Hatzianastassiou, N., Katsoulis, B., and Vardavas, I.: Global distribution of aerosol direct ra-

diative forcing in the ultraviolet and visible arising under clear skies, Tellus B, 56, 51–71,
2004.

Holben, B. N., Setzer, A., Eck, T. F., Pereira, A., and Slutsker, I.: Effect of dry-season biomass30

burning on Amazon basin aerosol concentrations and optical properties, 1992–1994, J. Geo-
phys. Res., 101, 19465–19481, doi:10.1029/96JD01114, 1996.

5147

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/5123/2013/acpd-13-5123-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/5123/2013/acpd-13-5123-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acp-10-6007-2010
http://dx.doi.org/10.1029/2006JD007249
http://dx.doi.org/10.1029/2004JD005274
http://dx.doi.org/10.1029/96JD01114


ACPD
13, 5123–5163, 2013

Evaluation of
spatio-temporal

variability

V. Pappas et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Hyer, E. J., Reid, J. S., and Zhang, J.: An over-land aerosol optical depth data set for data
assimilation by filtering, correction, and aggregation of MODIS Collection 5 optical depth
retrievals, Atmos. Meas. Tech., 4, 379–408, doi:10.5194/amt-4-379-2011, 2011.

Ichoku, C., Chu, D. A., Mattoo, S., Kaufman, Y. J., Remer, L. A., Tanré, D., Slutsker, I., and Hol-
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Table 1. Annual and seasonal Hamburg Aerosol Climatology (HAC) global (no missing grids)
values for total, anthropogenic and natural aerosol optical depth (AOD) at 550 nm.

DJF MAM JJA SON annual

Anthrop. AOD 0.031 0.036 0.042 0.039 0.037

Natural AOD 0.085 0.101 0.102 0.084 0.093
(pre-ind fine+ coarse)
Fine AOD 0.053 0.059 0.070 0.063 0.061
(pre-ind fine+anthrop.)
Coarse AOD 0.0635 0.078 0.074 0.060 0.069

Pre-ind. fine AOD 0.0215 0.023 0.028 0.024 0.024
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Table 2. Total mid-visible (550 nm) Aerosol Optical Depth (AOD) for HAC and MODIS, and their
absolute and relative [(HAC−MODIS)/MODIS] differences. Values are averaged over the globe
and the two hemispheres, as well as over land and oceans separately. The values in brackets
are for common HAC-MODIS pixels.

Aerosol Optical Depth HAC MODIS HAC-MODIS (HAC−MODIS)/MODIS
(550 nm) (%)

Annual global 0.130 (0.132) 0.159 −0.029 (−0.027) −18.2 (−17.0)
Annual N. Hemisphere 0.163 (0.160) 0.191 −0.028 (−0.031) −14.7 (−16.2)
Annual S. Hemisphere 0.097 (0.102) 0.123 −0.026 (−0.021) −21.1 (−17.1)
Land areas only (0.190) 0.209 −0.019 −9.1
(common pixels)
Ocean areas only (0.118) 0.149 −0.031 −20.1
(common pixels)
Winter 0.117 (0.121) 0.146 −0.029 (−0.025) −19.9 (−17.1)
Spring 0.137 (0.137) 0.168 −0.031 (−0.031) −18.5 (−18.5)
Summer 0.144 (0.145) 0.167 −0.023 (−0.022) −13.8 (−13.2)
Autumn 0.123 (0.124) 0.154 −0.031 (−0.030) −20.1 (−19.5)
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(a) Total (b) Anthropogenic (c) Natural 
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Figure 1. Hamburg Aerosol Climatology (HAC) global annual distribution of aerosol optical depth at 550 nm. Results are given for (a) total, (b) 908 

anthropogenic (consisting of fine mode only), and (c) natural (pre-industrial-fine mode +coarse) aerosol.  909 
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Fig. 1. Hamburg Aerosol Climatology (HAC) global annual distribution of aerosol optical depth
at 550 nm. Results are given for (a) total, (b) anthropogenic (consisting of fine mode only), and
(c) natural (pre-industrial-fine mode+ coarse) aerosol.
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Figure 2. Comparison between HAC and MODIS total aerosol optical depth at 910 

550nm.  Global seasonal distribution of relative percentage differences ((HAC-911 

MODIS)/MODIS -%) for: (a) winter (December-January-February), (b) spring 912 

(March-April-May), (c) summer (June-July-August) and (d) autumn (September-913 

October-November). White shaded areas correspond to cases for which MODIS AOD 914 

values are missing or do not qualify for the averaging threshold.  915 

 916 
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Fig. 2. Comparison between HAC and MODIS total aerosol optical depth at 550 nm. Global
seasonal distribution of relative percentage differences ((HAC−MODIS)/MODIS – %) for: (a)
winter (December-January-February), (b) spring (March-April-May), (c) summer (June-July-
August) and (d) autumn (September-October-November). White shaded areas correspond to
cases for which MODIS AOD values are missing or do not qualify for the averaging threshold.
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(a) 

(b) 

Figure 3. Intra-annual variation of: a) HAC (AeroCom based) and MODIS global and 919 

hemispherical monthly AOD and b) HAC and MODIS global and hemispherical 920 

monthly AOD relative differences ([HAC-MODIS]/MODIS). Note the negative scale 921 

on y-axis in Fig. 3b. Values are for common grids. 922 

 923 
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Fig. 3. Intra-annual variation of: (a) HAC (AeroCom based) and MODIS global and hemispher-
ical monthly AOD and (b) HAC and MODIS global and hemispherical monthly AOD relative
differences ([HAC−MODIS]/MODIS). Note the negative scale on y-axis in (b). Values are for
common grids.
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Figure 4. Scatterplot comparison between total aerosol optical depth from HAC 924 

(AeroCom based) and MODIS datasets, for all months (a), and for winter (b), spring 925 

(c), summer (d) and autumn (e). Green points are for N. Hemisphere and blue points 926 

for S. Hemisphere. Black line in the plots is the 1:1 line. Statistics given in the 927 

textboxes in the plots separately for N. and S. Hemisphere are: the correlation 928 

coefficients (R), the root mean squared errors (RMSE), the mean values (Mean), and 929 

the number of matched data pairs (N). 930 

931 
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Fig. 4. Scatterplot comparison between total aerosol optical depth from HAC (AeroCom based)
and MODIS datasets, for all months (a), and for winter (b), spring (c), summer (d) and autumn
(e). Green points are for N. Hemisphere and blue points for S. Hemisphere. Black line in the
plots is the 1 : 1 line. Statistics given in the textboxes in the plots separately for N. and S.
Hemisphere are: the correlation coefficients (R), the root mean squared errors (RMSE), the
mean values (Mean), and the number of matched data pairs (N).

5159

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/5123/2013/acpd-13-5123-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/5123/2013/acpd-13-5123-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 5123–5163, 2013

Evaluation of
spatio-temporal

variability

V. Pappas et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 

 

 932 

Figure 5. World map with the five selected representative sites for which the spectral 933 

evaluation of AeroCom AOD is attempted. a) GSFC (1998-2007, 38.99° North, 934 

76.83° West), b) Alta Floresta (1999-2007, 9.87° South, 56.10° West), c) 935 

Dalanzadgad (1998-2007, 43.57° North, 104.41° East), d) Jabiru (2000-2007, 12.66° 936 

South, 132.89° East) and e) Tahiti (1999-2007, 17.57° South, 149.60° West). 937 

938 
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Fig. 5. World map with the five selected representative sites for which the spectral evaluation
of AeroCom AOD is attempted. (a) GSFC (1998–2007, 38.99◦ North, 76.83◦ West), (b) Alta
Floresta (1999–2007, 9.87◦ South, 56.10◦ West), (c) Dalanzadgad (1998–2007, 43.57◦ North,
104.41◦ East), (d) Jabiru (2000–2007, 12.66◦ South, 132.89◦ East) and (e) Tahiti (1999–2007,
17.57◦ South, 149.60◦ West).
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Fig. 6. Spectral profile of Aerosol Optical Depth (AOD) and the differences between the three
datasets over the five selected sites (see Fig. 5) for January (left column, all sites except Dalan-
zadgad where April is shown) and July (right, all sites except Alta Floresta, where September
is shown). Symbols and lines are: solid black lines with plus signs for AERONET data, solid red
lines with circles for HAC data, solid blue lines with diamonds for MODIS. The values on y-axes
are AOD values normalised to the AOD value at 550 nm. The legend boxes mention AOD for
each dataset at 550 nm.
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Figure 7. Vertical distribution of HAC AOD per km for: total (left column, -i), fine (middle column, -ii) and coarse (right column, -iii). Results 961 
are given in terms of averages over 10-degree latitudinal zones of North Hemisphere (first row, a) and South Hemisphere (second row, b). In the 962 
third row (c), is given the cumulative fraction of columnar AOD (in %) as function of altitude (in km) averaged over the two hemispheres and 963 
the globe.  964 
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Fig. 7. Vertical distribution of HAC AOD per km for: total (left column, -i), fine (middle column, -ii)
and coarse (right column, -iii). Results are given in terms of averages over 10-degree latitudinal
zones of North Hemisphere (first row, a) and South Hemisphere (second row, b). In the third
row (c), is given the cumulative fraction of columnar AOD (in %) as function of altitude (in km)
averaged over the two hemispheres and the globe.
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Fig. 8. Comparison between HAC (black lines and symbols) and CALIOP (red lines and sym-
bols) vertical profiles of accumulated fractions of columnar total AOD. The comparison is made
for: the Mediterranean basin (a), and for the 5 selected world locations representative for spe-
cific aerosol regimes used in section 4 (b – GSFC, c – Alta Floresta, d – Dalanzadgad, e –
Jabiru and f – Tahiti). Results are given separately for January (-i) and July (-ii), in each case.
CALIOP values are for 532 nm, while HAC values are for 550 nm. Data for specific sites and for
Mediterranean region are from July 2006 to January 2011.
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