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Abstract. The new global aerosol climatology named 1 Introduction

HAC (Hamburg Aerosol Climatology) is compared against

MODIS (Collection 5, 2000—2007) and CALIOP (Level

2-version 3, 2006-2011) retrievals. The comparison of S .

aerosol optical depth (AOD) from HAC against MODIS During the last decades, the scientific community has been
shows larger HAC AOD values over regions with higher trying to estimate the sign and magnitude of the individ-
aerosol loads and smaller HAC AOD values than MODIS ual factors contributing to the well-established net climate
for regions with lower loads. The HAC data are found to change since pre-industrial times. One of the greatest un-
be more reliable over land and for low AOD values. The Certainties in assessing what affects climate change is the
largest differences between HAC and MODIS occur from interaction between clouds, aerosols and radiation (IPCC,
March to August for the Northern Hemisphere and from 2007). Aerosols through scattering and absorption reduce the
September to February for the Southern Hemisphere. I@mount of short-wave radiation reaching the surface, result-
addition, both the spectral variability and vertical distribu- ing in surface cooling and warming of the atmosphere. This
tion of the HAC AOD are examined at selected AERONET can have impacts on water evaporation from the surface and
(1998-2007) sites, representative of main aerosol types (pof@lso in cloud formation and precipitation (IPCC, 2007; Lau et
lutants, sea salt, biomass and dust). Based on comparisoié 2006; Su et al., 2010; Johnson et al., 2004). The primary
against spectral AOD values from AERONET, the mean ab-Sources of atmospheric aerosols are fires, deserts, oceans and
solute percentage error in HAC AOD data is 25 % at ultra- fossil fuel combustion. Hence, aerosol modes and their radia-
violet wavelengths (400 nm), 6-12 % at visible and 18 % at!ive properties exhibit high temporal and spatial variability.
near-infrared (1000 nm). For the same AERONET sites, the Eerrare et al. (2005) investigated the representation of the
HAC AOD vertical distribution is compared against CALIOP Various types of aerosol (sulfate, black carbon, sea salt, par-
space lidar data. On a daily average basis, HAD AOD is lesdiculate organic matter and dust) in various models and con-
by 9% in the lowest 3 km than CALIOP values, especially cluded that there are such large differences in their radia-
for sites with biomass burning smoke, desert dust and selve properties that might explain inter-model differences

salt spray. Above the boundary layer, the HAC AOD vertical in aerosol radiative effects. Textor et al. (2006) examined
distribution is reliable. aerosol component life cycles for 17 aerosol modules used

in the global models that participated in AeroCom initiative
experiments and came to the same conclusion. Clearly, there
is a need for a better understanding of variability in aerosol
properties, especially that of the optical depth and its vertical
distribution.
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The motivation for analysing aerosol optical depth (AOD) sea level; and (3) it separates optical properties for fine and
is that it is a good measure of atmospheric aerosol loaccoarse aerosols, as well as for natural and anthropogenic
and because it determines radiative effects, together wittaerosol.
the aerosol single scattering albedo (SSA) and asymmetry The purpose of this study is to assess the performance
parameter (ASY). Advances in surface- and satellite-base@f HAC AOD for use in climatological studies, by compar-
monitoring instruments during the last decade have enhanceithg it against contemporary and successfully validated satel-
our ability to measure AOD on a planetary scale. Ground-lite retrievals (Sect. 3). Although this has been shown indi-
based stations such as those of the AErosol RObotic NETrectly in the past (Kinne et al., 2006) by assessing aerosol
work (AERONET) (Holben et al., 2001; Dubovik et al., optical properties in 20 global models participating in the
2006), and space-borne instruments such as the MOdereroCom experiment and also by comparing them against
ate Resolution Imaging Spectroradiometer (MODIS) (Remerremote sensing retrievals, a longer period of MODIS data
et al., 2005), the Multi-angle Imaging SpectroRadiometeris used here (March 2000 to February 2007) compared to
(MISR) (Diner et al., 1998), the Total Ozone Mapping Spec- one year MODIS AOD data used in that study. Further-
trometer (TOMS) (Herman et al., 1997) and the Advancedmore, Kinne et al. (2006) only presented mid-visible AOD,
Very High Resolution Radiometer (AVHRR) (Zhao et al., while this study also looks at the spectral performance of
2004) provide a comprehensive map of the spatial and temHAC AOD (Sect. 4). Finally, the vertical distribution of HAC
poral distribution of AOD over most of the globe. A synthe- AOD is evaluated here through comparison against Cloud-
sis of products from different satellite platforms should also Aerosol Lidar with Orthogonal Polarization (CALIOP) data
improve estimates of AOD (Chatterjee et al., 2010). from July 2006 to January 2011 (Sect. 5). It would be also

There are numerous studies that have used either sateiimportant to evaluate the HAC SSA and ASY data, but here
lite products only or in combination with ground-based ob- priority is given to AOD, first because of its primary impor-
servations to estimate regional and global AOD (e.g. Patance for the computation of aerosol radiative properties and
padimas et al., 2009; Kaskaoutis et al., 2011). Most studieslimatic effects, and secondly because at present there are
have used satellite AOD products that refer to aerosol loadenough available satellite- and surface-based AOD data for
which is the aerosol amount integrated from the surface tanter-comparison. Unfortunately, this is not the case, not only
the top of atmosphere. However, not only the horizontal butfor SSA, but also for ASY.
also the vertical distribution of aerosols is an important is-
sue (Kaufman et al., 1997). Knowledge of the vertical struc-
ture of an aerosol layer is essential for modelling and un-2 pData
derstanding the processes that are involved (e.g. De Graaf et
al., 2007), especially for estimating the aerosol direct (Abel2.1 Hamburg Aerosol Climatology (HAC)
et al., 2005), indirect and semi-direct effects (Penner et al.,

2006) at the earth’s surface, within the atmosphere and at thelAC provides all-sky aerosol optical properties for 14 so-
top of the atmosphere (TOA). There is great uncertainty inlar and 16 infrared wavelengths, which complement the sub-
the vertical aerosol distribution (IPCC, 2007), and hence itspectral choices of rapid radiative transfer model (RRTM)
has been the subject of a number of studies (e.g. Liu et al.schemes (Mlawer et al.,, 1997) and are applied in the
2008; Yu et al., 2010). Most of them, though, focus on a lim- ECHAM®6 global model to describe atmospheric trace-gas
ited number of sites, where ground-based remote sensing irebsorption. Spectrally dependent aerosol single scattering
struments (lidars) are available to provide vertical profiling of properties (AOD, SSA and ASY) are provided on a monthly
aerosols. As these studies verify, the vertical distribution ofbasis and at°lx 1° latitude-longitude resolution for the en-
aerosols varies significantly between sites and it is only verytire globe {tp://ftp-projects.zmaw.de/aerocom/climatology/
recently that one can obtain a global picture based on modelfeb_2010).

and satellite observations (e.g. CALIPSO, CloudSat). The HAC central element is data-merging, including back-

In order to derive characteristic aerosol properties on aground maps from global modelling (median composite
full global scale and in three dimensions, complete and conimaps) and local quality data from the AERONET network.
sistent fields — defined by AeroCom (Kinne et al., 2006) More than 10 different global models with detailed aerosol
monthly median maps — have been improved with qualitymodules are used and AERONET data from 1998 to 2007
multi-annual monthly statistics from ground-based sun/skyfor more than 300 sites. The matching of model grids with
photometry. For a complete description of the algorithmsAERONET stations is based on the representativeness of
and methodology used for the construction of the Hamburgeach AERONET site. The result is that if higher quality local
Aerosol Climatology (HAC), see Kinne et al. (2008, 2012). data in a region are available, then they are used to modify
The main advantages of HAC are as follows: (1) it providesregionally the background maps obtained from modelling.
aerosol optical properties for all sub-spectral regions of theThe merging process is initially applied to AOD, SSA and
solar and infrared spectrum; (2) it provides the vertical dis-,&ngstn")m parameter (AnP) for the mid-visible wavelength
tribution of AOD from the surface up to 20 km above mean of 550 nm. Then, adopting a separation of contributions by
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Fig. 1. Hamburg Aerosol Climatology (HAC) global annual distribution of aerosol optical depth at 550 nm. Results are giegrdia,
(b) anthropogenic (consisting of fine mode only), dopnatural (pre-industrial fine mode coarse) aerosol.

Table 1. Annual and seasonal Hamburg Aerosol Climatology (HAC) global (no missing grids) values for aerosol optical depth of the various
aerosol modes at 550 nm.

AOD (550 nm) DIJF MAM JJA SON ANNUAL

Anthropogenic 0.031 0.036 0.042 0.039 0.037
Natural (pre-ind. fine-coarse) 0.085 0.101 0.102 0.084 0.093
Fine (pre-ind. fing-anthrop.) 0.053 0.059 0.070 0.063 0.061
Coarse 0.0635 0.078 0.074 0.060 0.069
Pre-ind. fine 0.0215 0.023 0.028 0.024 0.024

larger and smaller aerosol sizes, aerosol columnar propertiest al., 2008; Roberts et al., 2009). Anthropogenic AOD is
for the other wavelengths of the solar and infrared spectrunmainly found over NH land, as well as over oceans due to
are determined (Kinne et al., 2012). Finally, AOD is dis- transport from their sources. Averaging all grids across the
tributed over 20 pre-defined vertical levels extending from globe and applying latitudinal weights, global anthropogenic
the surface to an altitude of 20 km based on simulations withAODssg is found to be 0.037 (Table 1). The largest anthro-
HAM (Hamburg Aerosol Module) within ECHAMS (Stier pogenic AOD occurs during NH summer and autumn (corre-
et al., 2007). Aside from an AOD separation into coarse andsponding to 1.14 and 1.05 times the mean annual global an-
fine sizes, the mid-visible AOD in HAC is also separated into thropogenic AOD). Natural aerosols are systematically found
anthropogenic (AOBhrop the difference between current above the deserts of Sahara, Saudi Arabia, Gobi and Tak-
and pre-industrial fine aerosol) and natural (AQi}as the lamakan (Fig. 1c). Larger values of natural AOD also ap-
sum of pre-industrial fine aerosol and coarse aerosol) compear over the southern oceans at latitudes betwee8 45d
ponents. For AOD, the following mixing formulas are valid: 60° S, mainly sea salt type, as reported by other studies (Chin
et al., 2002; Penner et al., 2002). Some dust outflow from
Patagonia is also evident at?A®, in agreement with obser-
AODyotal = AODfine + AODcoarse= AODnaturai+ AODanthop (1) vations (Johnson et al., 2011). The global natural AOD (at
f550 nm) is 0.093, which is almost three times larger than the

Figure 1 shows a clear inter-hemispherical asymmetry o global anthropogenic AOD (Table 1). Both the temporal and

AOD with larger values in the Northern Hemisphere (NH)

far stronger for anthropogenic (single peak near 36:§0 in NH spring and summer are driven by dust contributions

;hoﬁsga&u;a;;??;?ﬁig?slcg igignfégr:; %g;in a:{h?neilé!g " from northern Africa (e.g. de Meij and Lelieveld, 2011). Al-

(see also Fig. S2 of the Supplement). Anthropogenic aerOsoernost one-quarter of the natural AOD is attributed to biomass
. ' . e urning, which also occurred in pre-industrial times.

(Fig. 1b) are dominant over heavily polluted areas, such as The spectral variation of AOD (Fig. S1 of Supplement)

East Asia (largest fine AOD values), northern India, east- :
. shows that there is a stronger dependence of AOD on wave-
ern and Central Europe and eastern United States. A frac- . -
; e . . length for anthropogenic than natural aerosols. This is due to
tion of AOD from wildfires is also considered anthropogenic . - : o
the size of the particles, with anthropogenic (fine) aerosols

with major contributions over the Amazon Basin (Holben et being weak absorbers of near-infrared radiation, as opposed

al., 1996; Fe_arn5|de, 2000) anq westem, central {:md SOUtl}b natural (coarse) aerosols whose size is closer to infrared
ern Africa (Liousse et al., 1996; Swap et al., 1996; Johnson
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Table 2. Total mid-visible (550 nm) aerosol optical depth (AOD) for HAC and MODIS, and their absolute and relative differences. The
values in brackets are for common HAC-MODIS pixels.

Aerosol optical depth (550nm) HAC MODIS HAGMODIS (HAC—MODIS)/MODIS (%)
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(17.2)
LAND AREAS ONLY (common pixels) (0.190) 0.209 —0.019 -9.1
OCEAN AREAS ONLY (common pixels) (0.118) 0.149 —0.031 —20.1
WINTER (DJF) 0.117 (0.121) 0.146 —0.029 (-0.025) —19.9 (-17.1)
SPRING (MAM) 0.137 (0.137) 0.168 —0.031 (-0.031) —18.5 (-18.5)
SUMMER (JJA) 0.144 (0.145) 0.167 —0.023 (-0.022) —13.8 (-13.2)
AUTUMN (SON) 0.123 (0.124) 0.154 —0.031 (0.030) —20.1 (-19.5)

radiation wavelengths and therefore more efficient in absorppresented only when all 4 seasons were available. Finally, for

tion throughout the solar spectrum. the mean values of the whole period, at least 3 out of 7 annual
values were required.
2.2 MODIS Levy et al. (2010) thoroughly assessed the performance of

the aerosol products over dark-land targets by using a new al-

HAC AOD is compared to monthly Level 3 MODIS Collec- gorithm. Their analysis demonstrates that the MODIS AOD
tion 5 (C005, Remer et al., 2005; Levy et al., 2007a, b) dataretrieval often picks incorrect aerosol compositions, which
from March 2000 to February 2007. The use of MODIS herebiases the retrieved AOD values. Other biases are introduced
is due to the fact that MODIS products have been extensivelypy nearby clouds (e.g. 3-D effects, shadowing or misinter-
validated and regarded as the most reliable global satellitretation). When the cloud fraction is greater than 20 %, the
AOD datasets to date, as shown by various validation studiegean MODIS overestimation approaches 0.03-0.04 or 15—
against reference AERONET data (e.g. Levy et al., 2010; Re20 % in addition to the uncertainty that arises due to the sur-
mer et al., 2005; Ichoku et al., 2002; Chu et al., 2002). Theface type (Levy et al., 2010). Thus, users of MODIS AOD
Deep Blue MODIS datasets could also be potentially usedproducts need to be aware of retrieval limitations and possi-
but due to their limited validation to date they were not usedble biases. Due to better constrained surface properties over
in the present study. MODIS sensors on the Terra and Aqudglint-free deep oceans, aerosol retrievals over oceans are gen-
satellites observe aerosols over land and ocean in a variet§rally more reliable than over land (Levy et al., 2010). With
of spectral bands, from blue to thermal infrared (Kaufman etlarger uncertainties over land, MODIS even has slightly neg-
al., 1997; Remer et al., 2005), every 1-2 days with a 16-dayative values over such areas.
repeat cycle. The expected error in MODIS-derived AOD
values over land, based on overpass events over AERONEZ.3 CALIOP
sites, ist (0.05+ 0.20x AOD) for Collection 5 (Levy et al.,
2010), whilst the pre-launch uncertainty in AOD over oceanThe CALIPSO satellite was launched in April 2006 with
was= (0.05+ 0.05x AOD) (Remer et al., 2002). its main objective being to provide the scientific community
Remote sensing of aerosol optical properties from a satelwith global, day and night data of the vertical distribution of
lite highly depends on the wavelength of the reflected solarcloud and aerosol optical and spatial properties (Winker et
radiation and the reflectivity of the surface. Maximum sen-al., 2007). The primary payload of the CALIPSO satellite is
sitivity to aerosol optical depth occurs over surfaces with a two-wavelength and polarization-sensitive elastic backscat-
low reflectance, such as ocean surfaces or dark land surfacésr lidar, the CALIOP instrument. An extensive discussion
(King et al., 1999). On the other hand, for brighter surfaces,on the uncertainties in the CALIOP calibration is found in
such as deserts and ice sheets, aerosol retrievals are maPewell et al. (2009), where it is mentioned that calibration
difficult, resulting in missing values for several months andis expected to have a bias no larger than 5%. Version 3.01
for certain locations in MODIS CO005. In presenting MODIS (released in May 2010) performs better than version 2 in
AOD data from several years, there is a trade-off betweerdaytime retrievals. Night-time performance is essentially the
the more appropriate temporal representation and the morsame, as night-time calibration procedures were unchanged
appropriate spatial representation. We have chosen to use tlie version 3.01 (Rogers et al., 2011). In clear-sky condi-
following criterion in order to plot the maps that will be used tions, Mona et al. (2009) found CALIOP to bias slightly low
for the comparison: for each season of each year, at least -2+ 12 %) in the free troposphere (3—8 km) and very low
out of the 3 months of the period should be available. Then(—24+ 20 %) in the planetary boundary layer (PBL, below
for each year, the annual mean value has been calculated a2d5 km). While there was large confidence for the small bias
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at high altitudes, this was not the case with the large bias irMODIS AOD value (of 0.123 compared to 0.097 by HAC)
the PBL due to the large distance between CALIOP and thdor the SH likely reflects a positive MODIS bias, due to poor
ground-based lidar. Rogers et al. (2011) found good agreeeloud screening over the southern oceans.
ment between aircraft and CALIOP 532 nm total attenuated In order to better assess the HAC—-MODIS differences, the
backscatter inside the PBL (below3 km). One of the weak- AOD values (at 550 nm) were also compared separately over
nesses of the CALIOP retrieval process is the misinterpretaland and over ocean. The MODIS AOD value (0.209) over
tion of heavy aerosol loads (i.e. desert dust over West Africa)and agrees very well with the corresponding value (0.203)
as clouds, especially during daytime due to low signal-to-provided by Levy et al. (2010). For the same period used
noise ratio (Pappalardo et al., 2010; Pappas et al., 2013). in this study, Remer et al. (2008) found a global over-land
The CALIOP version 3 data, which are used here as refervalue of 0.19 in both Aqua and Terra. For the global land,
ence for the AOD vertical distribution, have matured throughincluding global deserts (not covered by MODIS here), Yu
increasing validation against surface-based lidar measurest al. (2006) refer to published Multi-angle Imaging Spec-
ments, e.g. EARLINET (European Aerosol Research LidartroRadiometer (MISR) data that yield a mean AOD value of
Network) and NIES (National Institute for Environmental 0.23+ 0.05. Note also that sampling frequency, and hence re-
Studies, Japan). The data that we used here cover the perididbility, is larger for MODIS than for MISR. For the global
from July 2006 to January 2011. The vertical resolution of ocean, the MODIS value computed here is 0.149, close to
CALIOP varies according to the altitude, being 30 m for al- the range of values found in the literature (e.g. 0.13-0.14
titudes between 0.5 and about 8.2 km and 60 m for altidude®y Yu et al., 2006, and Remer et al., 2008). It appears that
from about 8.2 to about 20.2 km. Vertical information has HAC AOD values (0.19 and 0.118 for land and ocean, re-
been assigned to 200 vertical layers of 100 m thickness eaclspectively, Table 2) are closer to MODIS retrievals over land
Layers are then clustered accordingly, so that they match thareas (bias equal t69.1 %), which are more abundant in the
vertical layers provided by HAC. In terms of data quality NH, while the agreement is not as good over oceanic areas
screening, one of the retrieval confidence measures is thédias of —20.1 %), which are dominant in the SH. However,
CAD (cloud—aerosol discrimination) score. In our study, we there are many issues on the accuracy of MODIS retrievals
have used a threshold CAD score smaller thdd®, which  reported in the literature (e.g. Papadimas et al., 2009; Levy
removes most of the dubious retrievals. CALIOP is a polar-et al., 2010; Zhang and Reid, 2010). For example, Zhang and
orbiting satellite with a period of around 16 days. Therefore,Reid (2010) have made an extensive study on the various
the representativeness of its retrievals is not always ideal, andersions of MODIS products, and one of their findings was
retrievals need to be used with due care. that the increased Level 3 AOD over the Southern Ocean is
mostly caused by cloud contamination. This explains part of
the differences between HAC and MODIS AOD for the SH.

3 Evaluation of HAC aerosol optical depth (AOD) It has been reported in several studies that lower AOD val-
ues (i.e. over oceans) are biased high by MODIS, while the
3.1 Regional patterns higher AOD values, over land, are biased low (Remer et al.,

2005; Levy et al., 2005). Another issue is the MODIS AOD
The comparison between HAC and MODIS AOD on a overestimation of fine-mode aerosol by about 0.02 (Levy et
global and hemispherical basis (Table 2) shows overall loweral., 2010), which could account largely for the NH differ-
AOD values for HAC. The HAC annual global AOD value ences (Table 2).
at 550nm (Fig. 1a) is 0.130, smaller than for MODIS Since the accuracy of MODIS retrievals largely depends
(0.159, global distribution shown in Fig. S3, Supplement) on the type of surface (Levy et al., 2010), a closer look into
by —18.2%. Takemura et al. (2002) used a global three-regional patterns would enable us to draw further conclusions
dimensional model and found an annual global AOD equalon the accuracy of HAC AOD values, taking into considera-
to 0.116, while Ramanathan et al. (2001) reported a valugion the possible errors in MODIS retrievals and discussing
of 0.12+ 0.04. When averaging HAC on the basis of com- them in the context of the relevant literature. The study of
mon pixels with MODIS, AOD slightly increases to 0.132 Levy et al. (2010) was based on specific sites and not on
(Table 2), still lower than MODIS (by-14.7 %). Accord-  whole regions, so the selection of the sites could cause biases
ing to HAC, there is a strong inter-hemispherical asymme-with regards to the general trend for whole regions. However,
try in terms of AOD, with the values for the NH being al- due to the fact that there are certain areas with a homoge-
most double that for the SH (ratio equal to 1.68). Such aneous profile of aerosol load, a projection from individual
contrast is also found in MODIS with a ratio of 1.55. The sites to larger areas could be justified. AOD differences are
annual relative AOD difference between common HAC andnot systematic, having both a positive and a negative sign
MODIS pixels is slightly smaller for the NH{16.2 %) than  (Fig. 2). The areas with larger HAC AODs are mostly land
for the SH 17.1%). The biases are similar and since thereareas with high aerosol load, either due to pollution (eastern
is a large contrast in the hemispherical aerosol load, the biEurope, east coast of United States and East Asia), due to
ases are not dependent on aerosol load. However, the larg€elesert dust (the coast off N. Africa, Gobi Desert, the coast off
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Fig. 2. Comparison between HAC and MODIS (03/2000-02/2007) total aerosol optical depth at 550 nm. Global seasonal distribution of
relative percentage differences ((HAMODIS)/MODIS - %) for(a) winter (DJF),(b) spring (MAM), (c) summer (JJA) an@d) autumn

(SON). White shaded areas correspond to cases for which MODIS AOD values are missing or do not qualify for the averaging threshold.
The maps are presented on‘ax11° latitude — longitude resolution.

West Africa), or due to biomass burning smoke (east coast obver surfaces that are brighter and less green than optimal,
S. America and the area of S. Africa). In some cases, part ofike central Africa or western USA (Levy et al., 2010).

those discrepancies can be attributed to MODIS biases. For Over ocean, HAC AOD values are consistently lower than
instance, reported MODIS low bias over biomass burning ar-MODIS by up to about 60 %, especially in the tropics. How-
eas, such as the African Sahel (Levy et al., 2010), partly off-ever, during NH summer and for the upper part of the south-
sets the larger HAC AOD values (Fig. 2a, c, d). On the otherern windy zone, HAC reports higher AOD values by up to
hand, MODIS is shown previously to overestimate slightly 70-80 %. This situation, which is also observed in NH spring
AOD compared to ground-based AERONET network valuesbut to a smaller extent, is reversed during NH autumn and
by 0.05 or 60% over areas with fine aerosol, like easternwinter, probably due to misclassification of sub-pixel clouds
United States (Levy et al., 2010) and by significantly more as coarse aerosol by MODIS (Fig. S3, Supplement). It is in-
when desert dust is present (Levy et al., 2003, for 550 nm)teresting to note that larger values of HAC are found over
HAC values are larger in the above-mentioned areas (Fig. 2)pceanic areas undergoing dust export (e.g. over the north-
S0 it appears that there might be a high bias for fine-modeern tropical Atlantic Ocean, where it is possible that MODIS
aerosols and dust also. On the other hand, there are land amisidentifies heavy dust events as clouds). In general, HAC
eas, such as western USA, central Africa and India, whereseems to agree better with MODIS over land than ocean (es-
HAC AOD values are smaller than MODIS. This can be ex- pecially in the NH) verifying thus the conclusions drawn
plained by the fact that MODIS tends to overestimate AOD from the results of Table 2.

Atmos. Chem. Phys., 13, 8388399 2013 www.atmos-chem-phys.net/13/8381/2013/



V. Pappas et al.: Evaluation of spatio-temporal variability of Hamburg Aerosol Climatology 8387

0.24 T T T T T T T
; : —+— GLOBE-HAG
nez| NH-HAG |
: : : i | ——SH-HAC
: ; 5 : { | -®-GLOBE-MOD
ner : NH-MOD .
: —-&-5H-MOD
0181 : |
U S ot ———EET : 5
£ : - - : e e :
8 o8l ’/ : : H ;E?_""\"‘__"E .
< - P -

()

10 a .
-+ GLOBE-DIFF
sk g : : Do & NH-DIFF
HAG larger ® P -8 SH-DIFF
o - e H :
MODIS larger
g S m &
@ ] :
E B - : c :
o 105 P o : : . :
s R - i = SR SR
T 5| ' : B SR + P
s e, T
B on L AT : : S :
B LT L f
o L 5 e z -t
E=l FE : : :
Q exr . : + .
ant a.
: a
36 ..
o
a0 1 I 1 i i 1 1 1 i i |
1 2 3 a 5 <] 7 8 ] 10 11 12
Month

(b)

Fig. 3. Intra-annual variation ofa) HAC and MODIS global and hemispherical monthly AOD ghyl HAC and MODIS global and hemi-
spherical monthly AOD relative differences ((HA®IODIS)/MODIS). Note the negative scale graxis in Fig. 3b. Values are for common
grids.

3.2 Seasonal patterns over the Southern Ocean. A more thorough look reveals cer-

tain differences between the two datasets. Thus, while the
The seasonal variation of global and hemispherical averagemODIS highest values appear during NH spring (0.168) and
of HAC and MODIS AOD (Fig. 3a and Table 2) reveals that summer (0.167), for HAC NH spring values reach 0.137,
there are certain similarities and differences in the annualvhile in summer (JJA) they peak at 0.144 (i.e. they are larger
cycle. Global HAC AOD values are systematically lower than spring values by about 5%). The global mean HAC
than MODIS ones throughout the year (Fig. 3b), with HAC— AOD values show a minimum in May (Fig. 3a), which is not
MODIS (relative) differences reaching values 620.1%  so distinct in MODIS data. From the monthly HAC plots (not
and —19.9% in the boreal autumn and winter, decreasingshown here), the following appears during May in HAC: (a)
to —13.8 % in summer (JJA, yellowish and reddish colours the desert dust AOD over Saudi Arabia is reduced, relative to
in Fig. 2c and Table 2), due to the larger HAC AOD values
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April and June plots; (b) the dust transport from West Africa in terms of R values, is found in boreal autumn (Fig 4e).
over the Atlantic Ocean is also reduced; and (c) there is sigNevertheless, if we except the lowest correlation coefficient
nificantly reduced AOD in the far north-west corner of the (R = 0.68), the autumn bias{0.01) and RMSE (0.069) are
Pacific Ocean, again due to reduced transport of aerosol frorthe smallest, indicating a very good agreement. The largest
East Asia. The hemispherical AOD differences reveal that thebias for NH is in spring (bias- —0.046, RMSE=0.092).
largest global HAC-MODIS AOD differences arise from the Spring and summer have the worst agreement between HAC
largest deviations in the SH during austral spring (October-and MODIS, probably due to desert dust misinterpretation by
November) and summer (DJF). SH difference is positive inMODIS. On the other hand, autumn and winter have a better
summer (JJA) due to biomass burning and Southern Oceaagreement. For the SH, boreal spring and autumn have the
larger HAC values. The results of Fig. 3b prove that any as-worst fit (R = 0.47) and largest bias{0.041), respectively.
sessment of AOD differences between the two databases hdhe former is likely to be due to the erroneous MODIS re-
to be made on a hemispherical or even better on a regionatievals for the Southern Ocean and the latter due to misin-
rather than on a global scale, since the sign of the differencéerpretation of biomass burning events as clouds. The only
is mixed. Possible reasons for these differences could be bipositive bias (0.001) of HAC is found in summer (JJA) for
ases of the model-dependent background of the HAC involv-SH, in agreement with the larger oceanic values mentioned
ing model input (e.g. emissions, meteorology) and aerosokarlier (Fig. 2c).
processing (e.g. transport and removal) or biases in assump-
tions for aerosol composition and environment in MODIS
AOD retrievals.

A characteristic example of the biases in MODIS AOD re- 4  Spectral validation of AOD
trievals is the case of biomass burning areas. The seasonal
plots (Fig. 2a—d) show that there is a non-uniform patternAerosol optical properties exhibit significant variation with
over the Amazon Basin. During NH summer, HAC AOD is wavelength. Knowledge of aerosol optical properties on sev-
larger than MODIS AOD in the southern and eastern parts oferal wavelengths and for different parts of the electromag-
the Amazon Basin, while the sign is opposite in the north-netic spectrum can be useful to identify different aerosol
ern and western parts of the basin. On the other hand, duringizes and possibly types (Vardavas and Taylor, 2011). Broad-
the NH spring, autumn and winter, HAC AOD is smaller than band radiative transfer simulation and climate models need
MODIS AOD over the largest part of the basin. For JJA, Levy to cover the entire solar spectral range (extending at least
et al. (2010) found a high bias in MODIS over certain parts up to 5000 nm) and beyond that up to the terrestrial far in-
of the area (i.e. Alta Floresta in their Fig. 4). This justifies the frared in terms of aerosol optical properties (Hatzianastas-
negative values seen in part of the area (Fig. 2c). The missingiou et al., 2004b). One of the great advantages of the new
grids in the region in NH spring and summer plots are mostaerosol HAC dataset is that it provides aerosol data with a
likely due to large cloud cover or zero values of MODIS that large spectral coverage. Here we attempt to evaluate the HAC
have been artificially excluded from the plots. Missing grid spectral AOD profile by comparing it against MODIS and
cellsin all plots are due to our criterion for representativenesgyround-based AERONET station values. MODIS aerosol
of each season in the annual mean. Comparing Figs. 2 anchodels are not totally independent of AERONET measure-
S3 of the Supplement (showing seasonal global distributionsnents, as they are used for validating, correcting and improv-
of MODIS AOD), it is evident that those missing grid cells ing satellite retrievals (“Algorithm for Remote Sensing of
are due to the exclusion of MODIS information because of Tropospheric Aerosol from MODIS”, ATBD-MOD-0ttp:
the application of our strict criterion on data availability (see //modis.gsfc.nasa.gov/data/atbd/atnadisd.php. HAC data
Sect. 2.2). Most missing grid cells are during winter (DJF) are not totally independent either, since AERONET station
when a large part of the NH land areas is covered by cloudstatistics were initially used to modify the modelling back-
and snow, making retrieval from MODIS impossible. Misin- ground in the process of building HAC. However, local de-
terpretation of biomass burning smoke as clouds by MODIStails for individual stations are not kept in the final result.
over North Australia is responsible for smaller HAC AOD Hence, differences are expected between the two datasets.
values in the local dry season (no biomass burning), but theYAERONET data from 1998 to 2007 (from 2001 for Jabiru
are larger during the wet season by up to more than 40%. and from 1999 for Tahiti) and for the months of January

The overall comparison between HAC and MODIS AOD (April for Dalanzadgad) and July (September for Alta Flo-
is given in the scatter plots of Fig. 4, where monthly val- resta) have been used for certain representative grids that
ues for all grid cells at1x 1° latitude-longitude resolution correspond to the main aerosol types: (a) desert dust, (b) ma-
have been used. On an annual basis, there is a relatively goathe, (¢) biomass burning and (d) urban. The five (5) sites
agreement between the two datasets, yielding a correlatiothat were selected are seen in Fig. 5. Based on the availabil-
coefficient R) equal to 0.76 for NH and 0.66 for SH and ity of AERONET and MODIS data, the spectral comparison
a root mean square error (RMSE) of 0.072 and 0.043 foris necessarily restrained in the range from 300 nm to 700 nm
NH and SH, respectively. Seasonally, for NH, the worst fit, for continental sites, and from 300 nm to 2500 nm for oceanic
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Fig. 5. World map with the five selected representative sites for which the spectral evaluation of HAC AOD is attempted: GSFC (1998-2007;
38.99 N, 76.8% W), Alta Floresta (1999-2007; 9.8%, 56.10 W), Dalanzadgad (1998—2007; 43°3, 104.4F E), Jabiru (2000-2007;
12.66° S, 132.89 E) and Tahiti (1999-2007; 17.85, 149.60 W).

sites, for which spectral AOD data are available from all threeof April has been used instead of January, as dust emission is
databases. at a maximum during April and spectral dependence is more
The AERONET Goddard Space Flight Center (GSFC inimportant when AOD is high. Note that for April (Fig. 6¢c—
Greenbelt, Maryland, USA) is a site located in a suburb ofi) there are no MODIS data available over the area, possibly
Washington, DC, with the urban aerosol type being domi-due to observational difficulties imposed by extended cloud
nant. In January (Fig. 6a—i), HAC AQJlanm(0.096) is equal  coverage. Figure 6c¢ reveals a stronger spectral dependence
to MODIS AODss5onm but larger than AERONET by 39%. of HAC AOD than AERONET for the wavelengths smaller
The spectral variation of both HAC and MODIS is in good than 550 nm. At those wavelengths, the larger contribution
agreement to AERONET except for UV. For the July plot comes from fine-mode particles. As seen also at the GSFC
(Fig. 6a—ii), HAC again captures the AERONET spectral site, it appears that fine-mode particles are overestimated in
variation quite well, having slightly larger AOD normalized HAC. At larger wavelengths, the spectral variations are in
AOD values in the UV and near-IR. The July value of HAC good agreement. Looking at the absolute values of AOD at
AOD at 550 nm is 0.308, 20 % smaller than AERONET and 550 nm, both HAC and MODIS overestimate AOD compared
27 % smaller than MODIS. According to Kinne et al. (2012), to AERONET. This finding is in agreement with the study of
the fine-mode aerosol is dominant in the UV. It appears thatLevy et al. (2010), who found that MODIS retrieval is bi-
the fine-mode might be biased high in HAC, compared toased high at this specific site. Eck et al. (2005) reported that
AERONET observations. For the near-IR, coarse-mode parAOD values remain relatively low all year with a monthly
ticles are dominant. Although HAC correctly captures the maximum of 0.20 in May and minimum of 0.05 to 0.06
seasonal increase in AOD, it might be that coarse-mode parclean background levels) in December and January. HAC
ticles are overestimated. (and MODIS) overestimation, however, could be associated
For Alta Floresta (Amazonian Basin), a rural site directly with the different spatial scales at which the spectral AOD
influenced by smoke produced by biomass burning duringdata are reported in the three datasets and the strong spatial
the fire season (June to October), HAC AQ3Bhmis smaller  variability of AOD. Indeed, Kim et al. (2004) reported quite
than AERONET and MODIS by 22% and 14 %, respec- higher AOD values at Mandalgovi, which is also in Mon-
tively, in January (Fig. 6b—i) and by 44% and 50 %, re- golia, about 275 km north-east of Dalanzadgad, with a long-
spectively, in September. HAC exhibits a stronger spectraterm annual AOD mean of about 0.4 at 500 nm, a value that
decrease in the UV for both months which might be dueis closer to that of HAC.
to smaller particles assumed in HAC. The MODIS spectral Jabiru is a savanna site in northern Australia, with com-
profile is identical to HAC during January and identical to plex aerosol composition consisting mainly of smoke from
AERONET during September. biomass burning and maritime aerosols (Qin and Mitchell,
Dalanzadgad is a small city with a population of about 2009; Grey et al., 2006; Hyer et al., 2011). In January
14000 at an altitude of 1470 m in the Gobi Desert in south-(Fig. 6d—i), HAC AOD exhibits a stronger spectral depen-
ern Mongolia. It is characterized by a typically cold desert dence than MODIS and AERONET. There is better agree-
climate with cold winters and hot summers. Here, the monthment between HAC and AERONET in July. In terms of

Atmos. Chem. Phys., 13, 8388399 2013 www.atmos-chem-phys.net/13/8381/2013/



V. Pappas et al.: Evaluation of spatio-temporal variability of Hamburg Aerosol Climatology

—+— AERONET {AOD,,

=1.100 )

sconn

E—]
Wavelength (nm)

E—
Wavelength (nm)

T zem zen

——AERONET (A0, =0.073 )
—o—HAC (A0D,, =0.114 )
—6—MODIS {A0D,y,

0019}

Em—
‘Wavelength (nm)

(a-i) (a-ii)
GSFC asFC
B
: i
8. o
g g
< 3
2 a
9 15 Q"
g g
3 H
H 3
E 5
5 2
2
0s
P
Wavelength (nm)
(b-i) (b-ii)
Alta Floresta Alta Floresta
—— AERONET (AOD,, 0112 )
£ £
8 8
g g
8 8
2 g
3. g
8 8
g g
H H
2 2
H 5
E E
s s
H H
w5 ERNC] T T zEp ke e @
Wavelength (nm)
(c-i) (c-ii)
Dalanzadgad Dalanzadgad
—+— AERONET (AODg,,
—o—HAC (AOD,
£
8 3
g g
8 8
2 g
g s 3 s
g g
H H
3 ]
g g
S s
S H
w5 RG] o T zEp e b %
Wavelength (nm)
(d-i) (d-ii)
Jabiru Jabiru
——AERONET (AOD, =
—o—HAG (AODg,,.
—6—MODIS {AOD,,, =025
£ £
] ]
d g
8 8
g 2
2 2
2 -3
8 8
g 2
2 i
2 2
3 3
£ £
H H
c s ] T aan e =
Wavelength (nm)
(e-i) (e-ii)
Tanit ,_Tahiti
—— AERONET (AOD,g,, ~0.060)
—6—HAG (AOD,,  =0.056)
2 —6—MODIS (AOD,;, =0.120) 2
£ H
3 8
g g
8 8
2 2
g g 1
Q g
2 E
2 2
c s T zm A Fn

E
Wavelength (nm)

Fig. 6. Spectral profile of aerosol optical depth (AOD) and the differences between the three datasets over the five selected sites (see Fig. 5)
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solid blue lines with diamonds for MODIS. The valuesyaxes are AOD values normalized to the AOD value at 550 nm. The legend boxes

mention AOD for each dataset at 550 nm.
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Fig. 7. Vertical distribution of HAC AOD for total (left column, i), fine (middle column, ii) and coarse (right column, iii). HAC layer tops
areat0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 35, 4.0,4.5,5.0, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0, 12.0, 13.0, 15.0, and 20.0 km. Results are given in average

over 10-degree latitudinal zones of Northern Hemisphere (firstapand Southern Hemisphere (second rbyv,In the third row(c), the
cumulative fraction of columnar AOD (in %) is given as function of altitude (in km) averaged over the two hemispheres and the globe.

absolute values of AOD at 550 nm, HAC has smaller val- measurements. A detailed comparison between the HAC and
ues than AERONET and MODIS in January, but larger CALIOP at global scale is beyond the scope of the present
in July. Levy et al. (2010) found that MODIS retrieval is study. Therefore, we have chosen to perform a comparison
biased low in Jabiru. only at regional and local scales. We perform the comparison
For sites over ocean, MODIS provides AOD for the wave- for regions that are representative of various aerosol types, so
length spectrum from 470 to 2130 nm and AERONET from we chose the Mediterranean basin and locations used in the
340 to 1020 nm. The AOD values for Tahiti in the middle of previous section. The Mediterranean basin is a region with
the Pacific Ocean (Fig. 5) are low, as expected for clean maralmost all types of aerosols coming from neighbouring natu-
itime conditions (Smirnov et al., 2009). Sayer et al. (2010) ral and anthropogenic aerosol sources, both continental and
give measured AERONET AOD values ranging from 0.03 maritime (Lelieveld et al., 2002). Thus, local emissions to-
to 0.07 at 550 nm, in agreement with our HAC values. Al- gether with short- and long-range transport processes are ex-
though the spectral dependence at UV wavelengths seenyected to produce different vertical aerosol distributions.
to be slightly stronger in HAC, the spectral profiles of all HAC vertical distribution is based on the Hamburg

datasets seem to converge at larger wavelengths. Aerosol Module (HAM) within the ECHAM general circu-
lation model. Figure 7 shows absolute HAC AOD values ac-

Vertical distributi cording to 20 pre-defined layers (top two rows) and the ac-
5 \Vertical distribution cumulated fraction of columnar AOD for fine, coarse and
Different vertical distributions of aerosols can yield variable :_otal /atlar;)sol for egch altltudtel(bfotlio]rgt_:o;v_). ':'he con}puta—
results of radiative forcing and climate change, even if the lons/plots are made separately for Jautudinal zones for
columnar value of AOD is the same (Chung et al. 2010)_both_h.em|spheres, as .weII as hemlsphgrlcally a_nd globally,
In this section we attempt first to get a global picture of the providing an overall picture of the vertical distribution of
aerosol vertical distribution based on HAC. and then to eval-2€r0s0ls. The zonal means indicate that the vertical distri-
uate this vertical distribution with CALIOP space-borne lidar bution of aerosols is not the same for the two hemispheres.
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In the NH the values of total (firecoarse) AOD (i.e. the produced using data from HAC and CALIOP. This compar-
aerosol loads) for the lowest 5 km are similar for the latitudesison provides an idea of how aerosols are distributed verti-
0-60C N. Peaks are near 1.5-2.0km and gradually decreaseally, regardless of the total columnar value. Nevertheless,
as we move from the Equator to higher latitudes. Despitenote that differences already exist with regards to the latter.
the fact that significant AOD values are found up to 5km, For instance, the mean HAC total columnar value for the en-
most of the aerosol load is concentrated up to 3—4 km. Antire Mediterranean region is 0.108 in January and 0.128 in
interesting fact is that, for the zone 70290, a non negligi-  July, while for CALIOP it is 0.083 and 0.172, respectively,
ble amount of aerosol is found at altitudes between 10 andndicating a stronger seasonality in the CALIOP data. For
20km (i.e. in the polar stratosphere) with a peak at aroundhe same area, MODIS columnar AOD data exhibit a sea-
15km (AOD values per km 0.0061-0.0146). These valuessonality similar to CALIOP, though at higher values (0.116
are in line (e.g. Matsui et al., 2011; Kondo et al., 2011) with and 0.238 for January and July, respectively). The possible
observed aerosol transport from the northern mid-latitudegeasons behind the differences are as follows: (a) calibra-
towards the Arctic. Such stratospheric aerosol amounts aréon and lidar ratio issues in CALIOP; (b) certain assimila-
not found in the SH polar latitudes. This is also verified tion techniques followed when creating HAC dataset; (c) bias
by earlier (Stratospheric Aerosol Measurement — SAM2of CALIOP retrievals during overpass time with respect to
— aboard Nimbus 7) and more recent satellite measureAERONET or model which enable complete daily coverage;
ments (Stratospheric Aerosol Gas Experiment — SAGE-Il,and (d) biases of ECHAM5-HAM model output. However, it
http://data.giss.nasa.gov/cgi-bin/sageii/sag6icgi) reveal-  is encouraging that the comparison of vertical distributions of
ing higher stratospheric aerosol extinction over northern thanrAOD reveals relatively small differences between HAC and
southern high latitudes, with maximum during NH spring CALIOP. In January 50 % (85 %) of columnar AOD in HAC
and summer (Treffeisen et al., 2006). In the SH, aerosolds contributed by aerosols located below 1.2km (2.1 km),
can be found above 10km in the zones 50:&0though  when the same fraction of AOD in CALIOP is contributed by
with smaller AOD values than in the NH. The existence of aerosols below 1.1 km (2.5 km). In July, the performance of
aerosols at these high altitudes of the SH seems to be corHAC is even better. The largest difference occurs for the top
sistent with the reported long-range, even semi-global, trans20 % of columnar AOD, where HAC places it above 1.9 km,
port of dust (Shaw, 1988), to Antarctica’s clean environment.while CALIOP detects it above 2.1 km. For both datasets,
In the SH troposphere aerosols are lifted to slightly loweraerosols are dispersed vertically at higher altitudes in July
altitudes (3—4 km) than in the NH troposphere, confined tothan in January, due to the thicker warmer boundary layer,
a shallower boundary layer as the SH is largely covered byand HAC successfully captures this for the whole column.
oceans. Furthermore, according to HAC, the abundance of At the GSFC site (Figs. 8b—i, ii), according to CALIOP
SH tropospheric aerosols is clearly reduced with respect taetrievals, 50 % (85 %) of columnar aerosol is located below
NH at all altitudes, with AOD not exceeding 0.028 per layer. 800 m (1350 m) in January, while the same percentages for
Globally, 50 % of the total AOD is found up to a height of HAC are 1140 m (2100 m). A similar pattern (i.e. placement
1.50 km (Fig. 7c—i), and 85 % of the total AOD is found from of less HAC AOD in lower altitudes) is found in the July plot
the surface up to 3.22 km above mean sea level (a.m.s.l.) witlhf GSFC. The misplacement here is around 500 m for the
corresponding heights (for 85 %) equal to 2.96 and 3.52 kmbottom 50 % of AOD and decreases to 300 m for the bottom
for NH and SH, respectively. The vertical profiles of both fine 85 % of columnar AOD. CALIOP passes over the GSFC site
and coarse aerosols are different for the two hemispheregt around 03:00 and 14:00 (local time) every day. As an av-
with fine aerosols being lifted slightly higher into the at- erage of all CALIOP retrievals has been used here, the night
mosphere in the SH than in the NH. Although the same isoverpass is highly likely to bias results towards a less devel-
valid for coarse aerosols for the zones 30-t® both hemi-  oped boundary layer and a more confined vertical dispersion.
spheres, it is the opposite in the zone 0:3Phere coarse For Alta Floresta (Figs. 8c—i, ii), the July plot correspond-
aerosols are lifted higher in the NH than in the SH (right col- ing to high monthly AOD (biomass burning season) shows
umn). The different behaviour of fine and coarse aerosols irgood agreement up to 2.2 km, while in the layers up to 5km
the free troposphere above 4 km has to do with the locatioHAC places less aerosol than does CALIOP. The bottom
of their main source areas over the globe (Fig. S4b and c it km-thick layer includes 97 % of HAC columnar AOD and
the Supplement) in relation with the prevailing low or high 100 % of CALIOP columnar AOD. The January plot, on the
pressure systems over or around them. other hand, shows that HAC assumes a significantly smaller
Aerosol vertical profiles are highly dependent on the sea<raction of the columnar AOD in the boundary layer. Once
son (e.g. Vuolo et al., 2009) and on the site location characmore, this might be due to CALIOP overpass time (01:00 and
teristics (i.e. above desert or ocean or urban area). In ordet3:00 LT), whilst HAC dependence on AERONET might be
to visualize this, we produced the accumulated fractions ofmore characteristic of a fully developed boundary layer.
columnar AOD as functions of height, for total aerosol, for HAC and CALIOP profiles are quite different for Jan-
the Mediterranean basin (29.5-46MN, 10.5-36.5E) forthe  uary in Dalanzadgad (Figs. 8d-i, ii), with HAC having
months of January and July (Fig. 8a—i, ii). The profiles werea smaller gradient of decreasing AOD, especially above
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Fig. 8. Comparison between HAC (black lines and symbols) and CALIOP (red lines and symbols) vertical profiles of accumulated fractions

of columnar total AOD. The comparison is made for the Mediterranean lasand for the 5 selected world locations representative for
specific aerosol regimes used in sectio(bd GSFC,(c) Alta Floresta(d) Dalanzadgadge) Jabiru andf) 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 550nm. Data for specific sites and for

Mediterranean region are from July 2006 to January 2011.

4.5km, indicating non-negligible amount of aerosol above CALIOP data, resulting in a shallower boundary layer and a

that altitude. For the July plot, there is good agreement forimited vertical dispersion of aerosols.

the lowest 57 % of aerosol column load. Above that, HAC In Tahiti, there is again a misplacement of aerosols by

has a smoother curve, indicating small amounts of aerosoHAC for both January and July, placing the top 55 % above

in the upper layers, in contrast to CALIOP, which has a1.5-1.6 km, while CALIOP has detected only 4.2 % above

slightly sharper curve. For both months, desert dust that ighat altitude. The vertical misplacement of aerosols from

lifted higher than the other types of aerosols is most likely HAC ranges from about 550 m for the bottom 10 % of colum-

the reason for HAC placing aerosols above 3km. nar AOD to more than 1.1 km for the bottom 85 %. CALIPSO
A high bias of aerosol altitude by HAC is seen in the passes over the Tahiti site at 17:40 and 05:10 (local time) ev-

plots for Jabiru (biomass burning and maritime aerosol type;ery day.

Figs. 10e—i, ii) and Tahiti (oceanic aerosol type; Figs. 10f—i,

ii). In Jabiru, the difference for the bottom 50 % of columnar

AOD is 1100 m (470m) for January (July). For July, HAC 6 Summary and conclusions

assumes significantly more aerosol in the upper layers (2—

4km), while CALIOP has detected practically all aerosols The new Hamburg Aerosol Climatology (HAC) presented

(95 %) up to the altitude of 1.94 km. While both datasets re-here is a mixture of ground-based AERONET observations

flect the seasonal effect on convection and boundary layeand AeroCom model monthly median fields. It has been

height, this is more marked on the HAC dataset. The reashown to reproduce well-known geographical and temporal

son might again be the use of both daytime and night-timefeatures of aerosol load distributions successfully. Further-
more, it seems to yield adequately patterns associated with
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global distributions of anthropogenic and natural aerosolsfound above 10 km in the Southern Ocean (50-8)) asso-
with estimated contributions to the global average total AOD ciated with coarse aerosols. The difference between the pro-
of 28.5 and 71.5%, respectively. For the annual anthro-files of fine and coarse aerosols does not seem significant
pogenic load, the largest contribution is during the NH sum-for either of the hemispheres, but in general fine aerosols
mer and autumn by urban and industrial pollution. For theare lifted higher up into the atmosphere than coarse aerosols
annual natural load, the largest contribution comes in the NHn the Northern Hemisphere, while the opposite is true for
summer and spring due to desert dust with some contributhe Southern Hemisphere. Globally, 50 % of the total AOD
tions from natural wildfires. is found up to the height of 1.50km, and 85 % of the total
A comparison has been attempted against multi-annualhOD is found from the surface up to 3.22 km above mean
aerosol data retrieved from contemporary satellite sensorssea level. The corresponding fractions for the NH are 1.42 km
namely MODIS and CALIOP. The comparisons have beenand 2.96 km, whereas for the SH are 1.70 and 3.52 km.
performed for the mid-visible (550 nm) aerosol optical depth The HAC vertical distribution has been tested against
(AOD), as this is the aerosol optical property that quan-version 3 data from CALIOP from the period July 2006—
tifies the atmospheric aerosol load, with a large spatio-January 2011. In the Mediterranean basin, HAC was found
temporal variability, and always considered in radiative to have an almost perfect agreement for most of the tropo-
and climate models. In comparing HAC with MODIS col- spheric column, thereby providing high confidence for the
lection 5 data (from March 2000 to February 2007) atuse of the HAC vertical distribution. Looking at selected
1° x 1°(latitude/longitude) grid points, there were overall sites, representative of biomass burning smoke, desert dust
lower AOD values in the HAC. The HAC annual global mean and sea salt spray, it was found that in most cases HAC as-
total (natural plus anthropogenic) AOD is 0.132, whereassumes less aerosol in the lower layers (GSFC, January and
the annual global mean for MODIS is 0.159, thus larger byJuly up to 2 km; Alta Floresta, from 2.2 to 5 km; Tabhiti, Jan-
0.027 or 17.0%. Regionally, HAC has larger AOD values uary and July; Dalanzadgad, January; Jabiru, January and
than MODIS in areas with heavy aerosol load, mainly overJuly), The misplacement is usually smaller at the lower alti-
land (namely the northern subtropics), but smaller AOD thantudes but increases as the altitude increases, with a peak usu-
MODIS over ocean areas. An exception to that was the northally at 4-5km. One likely reason is that the fraction of fine
ern part of the Southern Ocean, where HAC yields largermode aerosols is overestimated in HAC and those aerosols
values during NH spring and summer. HAC suggests 16.2 %are lifted more easily.
lower AOD than MODIS for the Northern Hemisphere and  Despite the differences with ground-based and satellite ob-
17.1 % lower AOD for the Southern Hemisphere. Therefore,servations, the HAC data for aerosol optical depth (AOD) can
the confidence in using HAC is the same for the whole globe be used with confidence in aerosol studies, offering advan-
On a seasonal basis, HAC presents a summer (JJA) matages such as high spectral resolution and global coverage,
imum (0.144), while MODIS maximum values are almost availability of vertically distributed AOD data as well as in-
equal for spring (MAM) and summer (JJA), being 0.168 formation on fine and coarse AOD. The implementation of
and 0.167, respectively. In terms of temporal variation, thethe HAC aerosol data, including single scattering albedo and
least confidence in using HAC is during months with heavy asymmetry parameter, in a spectral radiation transfer model
aerosol conditions, such as March to May for the NH (dueis the scope of ongoing work aiming at the quantification of
to desert dust) and from September to November for the SHanthropogenic/natural aerosol radiative forcings.
(due to biomass burning).
Comparing the spectral dependence of HAC AOD to that
of MODIS and AERONET it was found that there are sites Supplementary material related to this article is
where HAC might overestimate fine-mode aerosols, hencevailable online at: http://www.atmos-chem-phys.net/13/
exhibiting a stronger spectral dependence at ultraviolet wave8381/2013/acp-13-8381-2013-supplement.pdf
lengths (300—440 nm). On the other hand, there is higher
confidence in using the HAC spectral distribution at visi-
ble and infrared wavelengths. The new HAC climatology
provides aerosol vertical profiles for the entire globe that
are needed by radiative transfer and climate models, espdicknowledgementsThis research has been co-financed by the
cially in that they are given separately for fine and coarseEUropean Union (European Social Fund — ESF) and Greek
aerosols. The highest lifting of aerosols occurs in latitudeg"aional funds through the operational programme “Education
. . . and Lifelong Learning” of the National Strategic Reference
between the tropics and 30-49, especially in the zone

. . ... Framework (NSRF) — Research Funding Program: THALES.
20-30 N, reaching altitudes of 5-6 km. HAC also exhibits Investing in knowledge society through the European Social

some aerosol over the Arctic, which is being transportedgng. The AeroCom hitp://nansen.ipsl.jussieu.fr/AeroCom
from mid-latitudes. According to HAC, there are much less giobal modelling effort was essential to this study, as the (16)
stratospheric aerosols over the corresponding southern penodel median provides the starting point for the new aerosol
lar latitudes, though in the Southern Hemisphere aerosols arelimatology (HAC). Thus the work of all global modelling groups
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