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Abstract. The Global Retrieval of ATSR Cloud Parameters ties (indirect effectd ohmann and FeichteP005. Aerosol
and Evaluation (GRAPE) project has produced a global dataeffects remain one of the primary uncertainties in our under-
set of cloud and aerosol properties from the Along Trackstanding of the climate systenPCC, 2007, so an under-
Scanning Radiometer-2 (ATSR-2) instrument, covering thestanding of the global aerosol distribution and its evolution
time period 1995-2001. This paper presents the validatiorover time are vital for improving our ability to characterise
of aerosol optical depths (AODs) over the ocean from thisand predict the climate’s response to anthropogenic activity.
product against AERONET sun-photometer measurements, remote sensing of aerosol properties from imaging satel-
as well as a comparison to the Advanced Very High Resojte radiometers is key in providing a global picture of the
lution Radiometer (AVHRR) optical depth product produced je of atmospheric aerosol. Although in situ and ground
by the Global Aerosol Climatology Project (GACP). based measurements of aerosol can provide a very detailed
The GRAPE AOD over ocean is found to be in good agree-picture of aerosol properties in a given location, satellite re-
ment with AERONET measurements, with a Pearson’s corremote sensing is currently the only method by which a truly
lation coefficient of 0.79 and a best-fit slope 00+0.1, but  glohal measure of the distribution and evolution of aerosol
with a positive bias of @8+0.04. Although the GRAPE and o 4 continuous and timely basis can be obtained. Although
GACP datasets show reasonable agreement, there are signifiere are now many such products availabesfkind et al,
icant differences. These discrepancies are explored, and suggog Mishchenko et a).1999 Martonchik et al, 2002 von
gest that the downward trend in AOD reported by GACP mayHoyningen-Huene et al2003 Remer et al. 2005 Grey
arise from changes in sampling due to the orbital drift of theet a1, 2006, most do not cover the period before 2000
AVHRR instruments. and thus are currently of limited use in investigating long
term changes. In addition, the limited amount of informa-
tion available from passive radiometers, combined with the
1 Introduction large number of factors which influence the top of atmo-
sphere signal, mean that the retrieval of aerosol properties
Atmospheric aerosols play an important role in determiningusing such instruments must rely on many assumptions about
the Earth’s radiative balance, both through their absorptiorPoth the nature of the aerosol (composition, size distribution,
and scattering of radiation (the so-called direct aerosol effectheight distribution and mixing state, for instance) and sur-

Yu et al, 2006 and through their influence on cloud proper- face/atmospheric parameters (e.g. surface reflectance, atmo-
spheric trace-gas concentration). These assumptions reduce

the accuracy of aerosol retrievals in general and mean that no

Correspondence td5. E. Thomas one algorithm or instrument can provide accurate estimates
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between different satellite based products. To provide arforward view). This results in two measurements of each lo-
accurate picture of global atmospheric aerosol loading andtation, with atmospheric path lengths which differ by a fac-
evolution there is a need for further well-characterised sateltor of two. This measurement system is key (along with the
lite aerosol products, particularly if they improve the aerosolmore traditional 11 and 12 pum split-window method) to pro-
record prior to the current century. ducing the high precision SST measurements that are the pri-
The Along Track Scanning Radiometer (ATSR) series mary aim of the instruments. The dual-view system has also
of instrument$ are ideally suited to meeting this need. been widely used to separate atmospheric and surface con-
These instruments can provide a nearly continuous recordributions to the top of atmosphere (TOA) signal when using
of aerosol properties from 1995, giving continuity to the ATSR-2 and AATSR to retrieve aerosol and surface proper-
end of the next decade with the Sea and Land Surface Tenties (Veefkind et al, 1998 Grey et al, 2006 Thomas et aJ.
perature Radiometer (SLSTR). This paper characterises th20093.
aerosol optical depth (AOD) derived from ATSR-2 as part of The instrument was designed to have exceptional long
the Global Retrieval of ATSR Cloud Parameters and Evalu-term sensitivity and stability of calibration. For thermal cali-
ation (GRAPE) project, which provides AOD and effective bration the ATSR instruments have two on-board black bod-
radius from 1995-2001. Descriptions of the instrument, theies at known temperatures. Radiation from these is mea-
GRAPE product and the retrieval scheme are given in Qect. sured during each scan and used to provide a continuous
while the AOD over ocean is validated against the Aerosolre-calibration of the instrument. This makes it possible to
Robotic Network (AERONET) of sun photometers in S&t. determine single channel equivalent temperatures correct to
Section4 compares the GRAPE AOD over ocean with the £0.05K. The shortwave channels of the instruments are cal-
Global Aerosol Climatology Project (GACP) AOD product ibrated by viewing solar radiation through an opal diffuser
derived from the Advanced Very High Resolution Radiome- once an orbit. The ATSR-2 instrument has also been vicari-
ter (AVHRR) instruments and provides insights in the long ously calibrated$mith et al, 2002, showing that measured
term trend in global mean AOD evident in the GACP dataset.visible channel radiance is accurate to better than 4% and the
infrared channels to better than 0.05K.

2 Instrument and Algorithm descriptions 2.2 GRAPE

21 ATSR-2 The GRAPE project has produced a 5 year (June 1995-—
January 2001) climatology of aerosol and cloud properties
from ATSR-2. Both cloud and aerosol properties were re-

ATSR-2 Mutlow et al, 1999 was successfully launched on '’ i
board the second of the European Space Agency’s Environli€ved using the Oxford-RAL Aerosol and Cloud (ORAC)

ment Research Satellites (ERS-2) on the 21st of April 19952lg0rithm (Thomas et a.20098. The aerosol products pro-
The primary object of the instrument was the continuation Ofd_uced are aerosol optical depth at 0.55um and effective ra-
the high-accuracy sea surface temperature (SST) record pdius. The cloud products are: cloud top temperature, pres-
gun with the ATSR-1 instrument in 1991. ATSR-2 ceased SUre and height, cloud fraction, optical depth, effective ra-
operation in 2008, but pointing difficulties due to gyro fail- dius Phase (water or ice) and liquid water path. The resolu-

ure on the ERS-2 satellite meant that post 2001 data onlyjion Of the data in this data set #s4 km. GRAPE version
became readily available in the past year. A successive simis AOD Is validated in this papet. Although the GRAPE
lar instrument, Advanced ATSR (AATSR), was launched on projectis now complete, development qf the product is ongo-
board Envisat in March 2002 and is expected to operate untiid under the support of the NERC National Centre for Earth
2012. AATSR will itself be superseded by the Sea and LandOPservation (NCEO). This will include the processing of the
Surface Temperature Radiometer (SLSTR), which is due td°0St 2001 ATSR-2 data and AATSR data with the GRAPE
be launched aboard the Sentinel-3 platform in 2014. version 3 algorithm.

The ATSR-2 instrument has seven channels at 0.55, 0.67, . .
0.87, 1.6, 3.7, 11.0, 12.0 um and measures a 512km swatic "¢ ORAC retrieval algorithm
o_rthogonal t.o the satellite’s dire'cti.on qf fl'ight, with a nadir the ORAC aerosol retrieval used in GRAPE is described
view resol_ut|on (_)f K1km. The dlst_mgwshlng feature_ ofthe i, detail by Thomas et al(20098, but is summarised here
ATSR series of instruments is their so-called dual-view sys-, completeness. The algorithm is an optimal estimation

tem. The instrument uses a rotating scan mirror to sample réscheme designed to allow the retrieval of aerosol properties
diance in a swath centred directly below the satellite (knowngom nadir (or near-nadir) viewing satellite radiometers. The
as the nadir view) and a second view angled at approximately
55° from vertical in the direction of the satellite’s orbit (the 2GRAPE was a UK Natural Environment Research Council
(NERC) project. The full GRAPE data-set is available for use from

1Excluding the first example, ATSR-1, which lacked channels in the British Atmospheric Data Centre. Sktp://badc.nerc.ac.uk/
the visible data/grapefor further details.
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aerosol retrieval used in this study is a development of theTable 1. Properties of the aerosol types used in the GRAPE aerosol
Enhanced Cloud Processor developed\ts et al(1998.  h1oqyct (taken fronHess et al.1998. The abbreviations nuc., acc.

The retrieval ut?lises the Levenbe.rg-Marquardt algorithm t0and coa. refer to the nucleation, accumulation and coarse modes,
fitmodelled radiances to the satellite measurements in a comwhile tra. is short for transported. Note that the listed effective

bination of visible/near infrared channels. The optimal es-radius defines the a priori effective radius in the retrieval. In the
timation framework provides several advantages over othenetrieval this is varied by altering the number mixing ratio of the

more ad hoc methods. In particular

— The scheme fits all retrieved parameters to all measure-

components which make up the class.

. ; ) Class Effective Components  Number
ment channgls S|mult_aneou.sly, ensuring optimal use of radius ~ Components  mixing ratio
the information contained within the measurements. (um)

— A priori information can be incorporated into the Continental 0.20 water soluble  0.314
scheme in a rigorous way, allowing the retrieval to be average insoluble 1210°°
constrained by existing knowledge. soot 0.542

Desert dust 1.26 water soluble  0.87

— The scheme provides full covariant error characterisa- mineral(nuc.)  0.117
tion, allowing uncertainties in the measurement, a priori mineral(acc.) 1.3%10°2
constraints and forward model assumptions to be prop- mineral(coa.) 6.1%10°°
agated through to uncertainty estimates in the retrieved  Maritime 0.85 water soluble  0.987
parameters. clean seasalt(acc.) 1.3210°2

. _ seasalt(coa.) 2.1410°°

— In addition to the error propagation, the scheme also Arctic 0.20 water soluble  0.197
provides statistics which can be used to identify poorly insoluble 1.5 10-6
constrained or poorly fit retrievals. The primary of these seasalt(acc.) 2.88104
is the cost function, which is a measure of how con- soot 0.803
sistent the retrieved parameters are within the measure-  Antarctic 0.40 sulphate 0.998
ment and a priori constraints. seasalt(acc.) 1.091073

mineral(tra.)  1.2%10~4

Although ORAC retrieves aerosol over both land and ocean,
the quality of the AOD retrievals over land in the GRAPE

roduct are known to be poor for reasons detailed in this sec- . . . .
P P the measurements do not contain enough information to dis-

tinguish different aerosol types. The use of more complex
aerosol climatologies for setting the aerosol types in GRAPE
rTJave been trialed, but it was found that they did not notice-

tion. In addition, the analysis undertaken Bigomas et al.

(20091 showed that, in the configuration used in GRAPE,
the ORAC retrieval has limited sensitivity to aerosol effec-
tive radius. This paper therefore only presents an analysis o
AOD over ocean.

The forward model uses TOA reflectance and atmospheri(%ypes

transmission look up tables (LUTS) calculated using the
plane-parallel DIScrete Ordinates Radiative Transfer (DIS-
ORT) code Stamnes et g1.1988. The LUTs account for
both gas absorption (as given by MODTRAB€k et al,
1999 for a single reference atmosphere) and Rayleigh scat’
tering. The GRAPE project uses a predefined geographi?
cal distribution of differing aerosol types, based on those
described in the Optical Properties of Aerosols and Clouds
(OPAC) databaseHess et a].1998. The aerosol types and
geographical distribution used in GRAPE are shown in Fig.
and their microphysical properties are summarised in Ta-
ble 1. These types define the optical properties and a priori
effective radius (through their size distribution) used in the'
retrieval. It is clear that the use of this simple, fixed aerosol
type climatology is a limitation of the GRAPE aerosol prod-
uct, since it cannot hope to capture the highly diverse an
variable properties of aerosol, particularly in regions peri-

odically influenced by strong sources (e.g. the west coastW

of Africa). However, in the case of the GRAPE product,

www.atmos-chem-phys.net/10/4849/2010/
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ably improve the quality of the product and resulted in re-

rieval artifacts along boundaries between different aerosol

In order to produce LUTs which are a function of aerosol

effective radius, the size distribution of the aerosol types are
perturbed by varying the mixing ratios of the different com-
ponents which make up each aerosol type from the values
prescribed in OPAC. Mie cod&fainger et al.2004) is then
used to convert the microphysical properties (size distribu-
tion and refractive index) of the perturbed aerosol classes into
optical properties. The retrieval of aerosol effective radius
thus not only implies a change in the size of the aerosol par-
ticles, but in the overall composition of the aerosol type. See
homas et al(20091 for a more detailed description of the
mplication of this methodology. Due to the lack of ground
truth data to compare against, aerosol effective radius is not
validated in this paper. AERONET does provide effective ra-

ius as a parameter in its all-sky retrievaBupovik et al,
002, but the sparcity of these measurements would require
he use of modelled aerosol fields to interpolate between the

0 datasets and remains a task for further study.
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Continental Desert Maritime Arctic Antarctic
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Fig. 1. The spatial distribution of aerosol types used by GRAPE. The left map shows the distribution used for Southern Hemisphere summer
(October—March), the Northern Hemisphere summer (April-September) is given on the right.

Over the ocean the scheme uses surface reflectancesDue to the lack of cloud masks in the ungridded level 1
based on an ocean reflectance model based on the Cox ameflectance/brightness temperature data used in the GRAPE
Munk (Cox and Munk 1954 algorithm for ocean surface project, the scheme used two cloud flagging algorithms to
roughness with a wind correction proposed\hatts et al.  classify each instrument pixel as either cloud or aerosol be-
(1996, driven by wind fields from European Centre for fore the radiance data was rebinned into tkel3nstrument-
Medium-range Weather Forecasting (ECMWF) reanalysispixel bins (which provides approximately square retrieval
data. Over land the MODerate resolution Imaging Spectrom-pixels which are~4x4km at nadir) used in the retrieval.
eter (MODIS) surface Bi-Directional Reflectance Distribu- Over the ocean a customised scheme based on threshold tests
tion Function (BRDF) product, MOD43BJin et al, 2003 is on 11 and 12 um brightness temperatures, spatial variability
used to define the surface reflectance. As the MODIS BRDFof these values and a threshold on the Normalised Vegetation
product is only available from 2000 onwards, data for the Difference Index (NDVI, defined by the TOA reflectance ra-
equivalent date and location from 2002 are used for all yearstio %, where the subscripts denote the wavelength
Errors resulting from this approximation are a major limiting band% was used. Over the land a local implementation of the
factor to the accuracy of the GRAPE aerosol product overscheme described Birks (2004 was used, which uses two
land and a primary reason that comparisons are limited tdNDVI ratios between the 0.55 and 0.67 um as well as the 0.67
retrievals over the ocean in this paper. and 0.87 um channels. Only retrieval pixels which contained

The primary parameters retrieved by ORAC are aerosoho instrument pixels determined to be cloudy by these flags
optical depth at 0.55um and effective radius. In addition,were used in retrieving aerosol properties.
the algorithm allows small changes in the overall surface re- It should be noted that the version of ORAC used to pro-
flectance, although the spectral shape of the surface is fixedluce the GRAPE dataset made the assumption of a Lamber-
In GRAPE these parameters are retrieved from the 0.67tian surface reflectance. As a result of this assumption, it is
0.87 and 1.6 um channels in ATSR-2's nadir view. Although not possible to make use of the dual-view capability of the
ATSR-2 also has a 0.55 pm channel, this is not utilised byATSR instruments, as it would lead to inconsistencies in the
GRAPE as it is often unavailable due to the low-data-ratedescription of the surface reflectance in the two views. In
modes imposed on ATSR-2 by the ERS-2 satellites telemeaddition, the GRAPE aerosol retrieval used a subset of the
try limitations Mutlow et al, 1999. The scheme’s ability channels used in the cloud retrieval and, due to the complex
to retrieve the surface reflectance is limited due to the smalB-dimensional structure of clouds, a dual view cloud retrieval
number of measurements available to it. Thus, in addition todoes not yet exist. Therefore the GRAPE aerosol product is
the spectral variation of the surface reflectance being fixedderived from the nadir view only. Subsequent development
its magnitude is also tightly constrainted to the a priori value.of the ORAC algorithm has included a dual-view aerosol
Thomas et al(2009h found that errors in the a priori sur- and surface reflectance retrievdhpmas et a).20093 util-
face reflectance of more than 0.01 could not be accuratelysing a BRDF description of the surface reflectance, which
corrected for by the retrieval. has been applied to ATSR-2 and part of the GlobAEROSOL

It should be reiterated that the retrieval fits the modelledproject Portela et al.2010.
aerosol properties to the measured TOA reflectances in all
channels simultaneously. Thus the retrieved 0.55 um AOD
will be just as accurate as a retrieval of, for instance, 0.67 pm
AOD would be, even though the 0.55 um channel is not used
in the retrieval.

Atmos. Chem. Phys., 10, 4849866 2010 www.atmos-chem-phys.net/10/4849/2010/
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Table 2. Quality control applied to GRAPE level 2 aerosol data. Only retrievals which satisfy all of these tests are used in this analysis.

Value Criteria  Description
Iterations >1 The retrieval must have converged and not returned the a priori state
after one iteration.
Cost <10 Retrieval must be consistent with both measurements and a priori con-
straints (se®odgerg2000 or Thomas et al(20090 for a definition of
this quantity).
550 nm surface re- <0.1 A high retrieved surface reflectance is indicative of sun-glint contami-
flectance nation.
Effective radius <5um  Avery large retrieved effective radius is indicative of cloud contamina-
tion.
3 \Validation against AERONET teria given in Table?), are over the sea and lie within
+5 pixels (~20 km) from the central pixel identified in
The primary aerosol property given by most satellite tropo-  step 1, are extracted from the GRAPE data. This pro-
spheric aerosol products is the aerosol optical depth (AOD) at  vides a spatial sample from the GRAPE product, similar
some visible wavelength, and it is the estimate of this quan- in size to that used bichoku et al.(2002).

tity from GRAPE that is validated in this paper.
The AERONET is a globally distributed federation of 3. All AERONET measurements for the given station are
ground based sun/sky photometers primarily designed for  extracted with timet30 min of the satellite overpass.

monitoring the column aerosol loading. The AERONET in- Given a typical aerosol transport speed of 2Q/kirthis
strumentation and data analysis schemes are described by is consistent with the-20 km spatial distance sampled
Holben et al(1998. In this paper we compare the GRAPE from the satellite (where the assumption has been made
AOD to AERONET Level 2, version 2 direct-sun AOD mea- that approximately half of the 20 km radius around the

surements. Direct-sun AOD measurements are known to  AERONET station sample lies over the sea).

have a high level of accuracy for typical atmospheric aerosol

loadings, due to the weak dependence of the retrieval on as- 4. The number of valid retrievals, mean and standard devi-
sumptions about the atmospheric state, with the estimate of  ation of AOD from each of these samples are then used

total error of 0.01-0.02 in the so-called triplet AOD measure- in the comparison. Unlike the monthly averaging per-
ments which make up the basic AERONET prodiitlpen formed for the analysis presented in Séctsimple un-

et al, 200). AERONET also imposes standardisation of in- weighted averaging was applied in this case, as the num-
struments, calibration, processing, quality control and distri- ber of samples in each average were small and generally

bution, which make it the primary source of calibration data had consistent retrieved uncertainty estimates.
for satellite based aerosol products such as GRAPE.

When comparing AOD derived from satellite measure- In addition to the sampling difference between the two
ments with those from ground-based AERONET sun pho-datasets, there is no AERONET measurement at 0.55pum
tometers it is necessary to make allowances for the very diffo compare with the GRAPE AOD. This has been ad-
ferent spatial and temporal sampling of the two measuremenrfiressed by interpolating a 0.55um AERONET value us-
systems. AERONET provides a high temporal resolutioning the Angstiom exponent between the 0.50 and 0.87 pm
AOD time-series for a given location, while the satellite pro- AERONET measurements.
vides a series of spatially resolved measurements of the AOD In order to minimise the risk of the inclusion of spuri-
field, often separated by several days. The method used iaus measurements in the intercomparison, it is important
this study to ensure a valid comparison could be made bethat both datasets have adequate quality checks applied. In
tween these two different measurement system was that préhe case of AERONET data, only Level 2 data (which has
sented bylchoku et al.(2002 for the validation of MODIS  been visually inspected and quality assured) from a list of
AOD measurements. The method can be summarised by theites determined to be representative of their surrounding
following steps: areas were used (S. Kinne, personal communication, 2006.
SeeKinne et al.(2003 for an explanation of the method-
ology used in selecting sites). Figu2eshows the locations
of the AERONET sites found to provide matches with the
2. Retrieval pixels which contain valid AOD values (i.e. GRAPE data over the ocean using these criteria. In total there

are not flagged as cloud and pass the quality control cri-are 22 stations, concentrated in North America and Europe,

1. The closest GRAPE retrieval pixel (i.e. 4 km grid box)
to the AERONET station is identified.

www.atmos-chem-phys.net/10/4849/2010/ Atmos. Chem. Phys., 10, 48892010
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Fig. 2. Location of AERONET sites used for validation.

providing a total of 190 individual comparisons over the five 1.0

year dataset. [ p - Ry
The quality control applied to the GRAPE level 2 data 8 0.8l / <~

are summarised in Tab® The tests reject retrievals which < r e

have not converged or where the forward-modelled TOA ra- g 0.6l g B

diances are in poor agreement with those observed by theo ~} 4

satellite, and remove data which show characteristics which 0 i

are known to be indicative of conditions in which the re- E 0.4f -

trieval will perform poorly. In addition, AERONET station é

overpasses where either the standard deviation of the values® .2 .

samples included in the temporal/spatial average AOD from

either AERONET or GRAPE was greater than 0.1 were also ool '™ .

rejected. A highly variable AOD field could result in strong 0.0 0.2 0.4 0.6 0.8 1.0

sampling biases between the two measurements. AERONET 550 nm AOD

A scatter plot of the 190 matches between AERONET and
GRAPE is given in Fig3. A weighted linear least-squares Fig. 3. AERONET comparison of ATSR-2 with the sites shown
fit has been performed between the two datasets, taking thia Fig 2. The two datasets have a Pearson correlation of 0.79
uncertainty (as characterised by the standard deviation ofvith an RMS difference of 0.13. The best-fit line (solid line; 1
the data included in the spatio-temporal averaging describedncertainty given by dashed line) is given by the equatign=
above) in both datasets into accouptdss et a)1992. This (0.08+0.04) + (1.0+£0.1)tp. The one-to-one line (dotted) is also
fit reveals that the GRAPE AOD data exhibit a positive bias included for reference.
of 0.08+0.04 as compared to AERONET, although the slope
of the fit is unity to a high level of confidence. The two
datasets also show a strong Pearson’s correlation coefficienhODs for two days of data, as well as the histogram of the
r,of 0.79. absolute difference between GRAPE and AERONET AODs.

The optimal estimation framework of the GRAPE retrieval In this case the histogram of GRAPE uncertainties estimates
provides error estimates on a retrieval by retrieval basiscan be taken as an upper limit on the expected errors in the
based on the propagation of measurement errors and estralues used in the AERONET comparison, since the spatial
mates of errors introduced by approximations made in theaveraging over retrieval pixels applied to the data will re-
forward model Thomas et a).2009. If the retrieval were  duce the random error by a factor.gfi. However, it is clear
accounting for all sources of error, and errors in AERONET that this error is still an underestimate of the true discrepancy
AODs were taken to be significantly smaller than those inwith AERONET, although both distributions shown in Fg.
the satellite retrievals, one would expect the differences beare well described by log-normal curves, both with standard
tween AERONET and GRAPE AODs to follow the PDF de- deviation of 0.3. This suggests that a significant fraction of
scribed by the GRAPE uncertainties. Figurshows nor-  the scatter of points in seen in Fi§jcan mostly be attributed
malised histograms of the retrieved uncertainty in GRAPEto the random error in the GRAPE retrieval, with the offset

Atmos. Chem. Phys., 10, 4849866 2010 www.atmos-chem-phys.net/10/4849/2010/



G. E. Thomas et al.: GRAPE ATSR-2 aerosol validation 4855

erally result in significantly elevated AODs, and thus would

1.0: be expected to manifest itself more strongly in higher AOD
2 0.8 i points. This is not evident in the GRAPE AODs, which ap-
% ' pear to show a fairly constant bias across the whole AOD
2 1 range.
5 0.6 1 Table3 shows the number of GRAPE-AERONET matches
2 g 1 per site, with fit statistics for sites with a sample of size of at
% 0.4 4 least ten overpasses. The tendency for GRAPE to overesti-
c I 1 mate the AOD compared to AERONET is again clear from
g 0.2 i these results, with the linear fit showing either a consistent

' bias (indicated by a positive intercept) or a slope greater
0.0l | - than unity. Examination of the scatter plots for individual

sites (which are omitted for brevity) and the Error esti-
mates on thel and B parameters show that, as most stations
are dominated by low AODs with only one or two values

Fig. 4. Normalised histograms of the retrieved error in GRAPE apove~ 0.3, the linear fits are generally poorly constrained.

AODs over the ocean (black line) and the discrepancy betweerA_ good example of such a comparison in Tabie th? Tahiti
GRAPE and AERONET AODs (blue line). site, where both GRAPE and AERONET show optical depths

of 0.1 or lower for all 20 matches, resulting in a low RMS of
0.05, but a poor linear fit and low correlation.

The two notable exceptions in Tat8eare Capoverde (in
the Cape Verde Islands) and Venise (located on the Acqua
Alta Oceanographic Tower, off the coast of Venice). Both
of these sites display a wide range of aerosol loading due
to episodic transport from strong continental sources: these

0.0 0.2 0.4 0.6 0.8 1.0
550 nm AOD error

between the two distributions in Fig.being a result of the
apparent positive bias in GRAPE AOD values.

The reason for the positive bias in the GRAPE AODs is
difficult to unambiguously determine. However, it could be
a result of the factl tzat(;i Py E?Cess'wv most of the GRAPE eing wind blown Saharan dust in the case of Capale
measurements included in this comparison are over coastyy, jnqystrial pollution from the Po Valley for Venise. Both

waters. The a priori ocean surface reflectance used in produGsjias a1s0 show a strong correlation between GRAPE and
ing the GRAPE data assumes optical properties for typicalAERONET (0.94 and 0.96 respectively), but show quite dif-

deep-ocean water and a Fresnel reflection term as a functiof, .o\t RMS and best-fit lines. Results from Cayerde
of surface wind-speed. The model does not take the effects e usual positive bias in GRAPE AODs compared to

increased chlorophyll or gelbstoff loading. As the sedimentAERONET at low optical depths, but this is reversed at high

gnd plankton loading of coastal waters is often substantialOptical depths, with GRAPE providing lower optical depths
it is likely Fhat the assu.med spe'ctral shape of the ;urface reman AERONET. This is reflected in a slope-ofl in Table3.
flectance is typically fairly poor in these areas, which would Venise results also show a small positive basis in GRAPE

result in a bias in the retrieve(_j AQD. In _ad_ditid'rhomas at low optical depth, but this bias increases with increasing
et al. (20090 show that errors in the a priori absolute sur- AOD, resulting in a slope-1 in Table3

face reflectance of 0.01 or more can also result in significant 1 .ce two results, although by no means conclusive, sug-

errors in the AOD retrieved by the GRAPE algorithm. gest that GRAPE AOD tends to be under-estimated in the
The other likely source of the observed offset are thecase of wind blown dust (indicated by high Cayerde
aerosol optical properties assumed in the retrievals. The clia0ODs), but over estimated in the presence of urban/industrial
matology of aerosol type used by GRAPE assigns the OPAGyo|lution (indicated by high Venise AODs). This cannot be
maritime-clean class to the majority of ocean pixels. How- considered a firm conclusion however, since problems ac-
ever, since the majority of the AERONET comparisons arecyrately representing the surface reflectance (especially for
coastal, many of them will contain some retrievals using thethe Venise site, where the ocean is shallow and enclosed by
aerosol type assigned to the neighbouring land mass, due t@and on three sides) and separating clouds from aerosol (es-
the coarse resolution of the map defining the Spatial diStribU'pecia”y for Saharan dust OUtﬂOW, where very h|gh aerosol
tion of aerosol types (see Fig). loading could easily be flagged as cloud) complicate the pic-
The third possible cause of the positive bias seen in theure.
GRAPE results is cloud contamination: i.e. the inclusion in  The CapaoVerde and Venise AERONET comparisons also
the retrieval of pixels which, although not flagged as cloudy, suggest that, in addition to the random noise in the GRAPE
either contain small amounts of sub-pixel cloud, or are ef-product, the large scatter apparent in Fgnight be largely
fected by unmodelled 3-dimensional radiative effects fromexplained by the inaccuracy of the aerosol properties as-
adjacent clouds. This is a relatively unlikely cause of the off- sumed in the GRAPE retrieval. Such errors are most likely
set in this case however, since cloud contamination will gento manifest themselves at high AOD, as such events would
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Table 3. Statistics of comparisons between GRAPE and AERONET 550 nm AODs for each AERONET station. The values A and B are the
coefficients of a weighted linear least squares fit like that shown ind-iguch thatr, = A+ Bz, . r is the Pearson correlation coefficient

and RMS is the root-mean-squared difference between the two data sets. Statistics are omitted for sites for which there were less than 1(
overpasses.

Station name Matches A B r RMS
Anmyon 1
Arica 14 0.10.1 1.0t0.3 0.67 0.10
COVE 8
CapaVerde 14 0.10.1 0.A0.2 0.94 0.10
Dakar 1
Dry_Tortugas 18 0.1£0.1 0.4£0.3 0.53 0.10
El_Arenosillo 5
Gotland 10 0.0%0.08 1.8t0.4 0.96 0.11
Helgoland 2
IMC _Oristano 8
IMS-METU-ERDEMLI 11 0.2+0.1 0.9-0.3 0.87 0.11
Inhaca 7
Kaashidhoo 7
La Jolla 4
La_Parguera 4
Mont_Joli 1
SanNicolas 22 0.060.07 1.5:0.3 0.64 0.09
Saturnlsland 15 0.10.1 1.%#04 058 0.11
Shirahama 3
Tahiti 14 0.0£0.1 1.5-t0.6 0.38 0.05
Venise 20 0.20.1 1.5£0.3 096 0.24
Wallops 1
All 190 0.08+0.04 1.6:0.1 0.79 0.13

often be associated with aerosol with different characteris-of the Earth in five relatively wide (in comparison with
tics to the maritime background being transported over themore recent satellite radiometers) spectral bands. These are
coast from continental sources. centred around 0.6, 0.9, 3.7, 11 and 12 um. The first AVHRR
instrument lacked the 11 um channel, while the latest version
(AVHRR/3) adds a channel at 1.6 um. These instruments
4 Intercomparison with GACP have been flown on a number of different platforms by the
U.S. National Oceanic and Atmospheric Administration
A|though AERONET provides a ground_truth AOD mea- (NOAA), Starting with the TIROS-N satellite in 1978. The
surement which allows the absolute accuracy of the GRAPHatest versions of the instrument are carried on board the
aerosol product to be assessed, it provides sparse spatial coVletOp platform operated by EUMETSAT.
erage, with large areas of the globe completely empty of The AVHRR aerosol data used in this analysis are those
measurements. Additionally, for the period of the GRAPE produced by GACPGeogdzhayev et aR002 2005. GACP
mission, the AERONET temporal coverage is generally quitewas a major research effort to produce a 23-year global
sparse and does not offer much scope for time-series analysigerosol climatology compiled from a retrieval using the first
on the data. In order to examine both the global distributiontwo channels of AVHRR, supplemented with other data sets
of AOD provided by GRAPE and its evolution through the at later dates. The data is provided as monthly mean val-
five year dataset, a contemporary dataset with similar spatiales on an equal angle<1° lat-lon grid. The retrieval used
and temporal coverage is required for comparison. in GACP uses a direction set method to minimise an er-
The Advanced Very High Resolution Radiometer ror function consisting of the weighted RMS differences be-
(AVHRR) series of instruments are an ideal candidate totween the measured radiancesin channels 1 and 2 of AVHRR
provide this comparative dataset, as they provide coverageith LUTs of modelled radiances. These LUTs are gener-
throughout the GRAPE period and operate with similar ated by adding-doubling radiative transfer code and include
spectral bands to ATSR-2. AVHRR measures the reflectanca parameterisation of the ocean surface reflectance based on
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windspeed (the underlight and surface foam contributionsretrieved on a logarithmic scale by ORAC). Note also that,
to the signal are neglected), as well as gaseous absorptidoy definition

from ozone and water vapouviishchenko et aJ.1999. The 1 1

aerosol in the model uses a power-law size distribution of — = —+=-

spherical particles with a fixed refractive index of 1.5-0003 °~  %m %

in both channelsGeogdzhayev et al2009. The retrieved  Combining Egs. 1) and @) we can derive the value of AOD

parameters are the AOD at 550 nm andAgstiom param-  defined by the fit to the measurements alone
eter (which is directly related to the exponent in the power-

law describing the size distribution). GACP AODs have _ _ (004) I:L_T_a:|
been validated against ship borne radiometéis €t al, " o2—02|02 2]
2004 Smirnov et al. 2006 and was found to have a Pear-

son correlation of 0.90. The retrieval was found to slightly
over estimate low AODs, with a linear fit between the ship
based AODsz,, and the GACP retrievals,, yielding z, = [Z T ]
0.047+-0.836r;. The time period covered by the GRAPE ; _ o ’
dataset is almost identical to that covered by the NOAA-14 [Z Az] +3
AVHRR instrument in the GACP dataset. Omd O

GACP is one of two important aerosol retrievals developedWhere the summations are over all the samples in the average.
for AVHRR, the second being the Pathfinder Atmosphere Global maps of ATSR-2 (computed using E4). and
(PATMOS) algorithm Stowe et al.2002. Several variants GACP AOD, on the same>41° grid, are shown in Fig5,
of the PATMOS product have been developed and, althoughvhile Fig. 6 shows maps of the difference between the sea-
they are not included in this Study, have been Comprehensonal aVerageS from each product. Both datasets show Very
sively compared with the GACP datas&h@o et al, 2008. similar patterns of AOD, with a level of agreement which
Recently a decreasing trend in globally averaged AOD hagompares favourably with other comparisons of satellite de-

been reported from both GACRM{shchenko et a).2007f  fived aerosol optical depttMyhre et al, 2004 2005 Kinne
and PATMOS Zhao et al. 2008. et al, 2003. A linear fit between the GACP and GRAPE

1x1° monthly values yields;=—0.004+1.17, (wherer, is
In order to compare GRAPE and GACP data, the GRAPE ) v v
AOD data have been composited inteI° monthly com- the GACP optical depth ang; refers to the GRAPE value,

as earlier). Here only grid boxes for which GRAPE has re-

posites of the same form as the GACP data. This process W; y . .
: . - rieved an average AOD of less than 1.0 are included in the
complicated by the fact that when one is combining large sets. . .

P y g'larg it: as GACP has a maximum permitted AOD value of 1.0,

of data derived from an optimal estimation retrieval scheme,_ filtering i red t q fair DOINt-b it
such as ORAC, simple averaging can produce a result that igh's Ntering 1S required to produce a fair point-by-point com-

biased towards the a priori value used in the retrieval. Thegi'égn'tghusf nﬁ%lem;ng t:ﬂgllacléo;‘ any At(?]Dst\zbo(\j/etl.Otln
result returned by an optimal estimation algorithm can be » there 1S Titlie global bias between the two datasets.

viewed as a mean of the fit to the measurements and the a pr\—|owever Figs5 and6 show clear systematic differences be-

“E i N tween the two datasets.
timat hted by th t h: ) . .
ori estimate, weighted by the uncertainty in eac Firstly, GRAPE has some anomalously high optical depths

at high latitudes. This is evidence of sea ice contamination of

&)

®)

A weighted mean value for AOD, with the correct a priori
weighting, can then be calculated using the expression
+ X

o2
UZI

(4)

iz - T_’; + T_“Z (1)  the GRAPE product, resulting in an a priori underestimate of
o Om 9 surface reflectance and correspondingly poor retrievals. This

is a known issue in the version 3 GRAPE product and will
wherer is the retrieved estimate of AOD, with uncertainty be corrected in later variants. It should also be noted that in
o, T, ando, are the proportion of the retrieved value de- the time-series analysis in Sectsl and4.2, a point by point
termined from the fit to the measurements, with its associ-comparison was used, and thus did not include ice contami-
ated uncertainty, while, ando, are the a priori and its un- nated points from GRAPE (as these points are not present in
certainty. It is clear that if a simple mean is taken fraln  the GACP data).
samples of such data, where all retrievals use the same a pri- The GRAPE product also shows somewhat higher optical
ori (which is the case for AOD in the GRAPE retrieval), the depths in many regions of continental outflow, particularly
a priori will receiveN times its correct weighting in the aver- in the case of the Atlantic African biomass-burning plume
age. Generally, this effect will be negligible because By. ( and Asian plume across the Pacific. The seasonal bias be-
will be very heavily weighted towards the measurement in-tween GACP and GRAPE AODs can be 0.2 or more near
formation, but for large ensembles of data or for relatively the continents, particularly during the northern hemisphere
poorly constrained retrieval results, it can become signifi-summer. Both products use aerosol properties optimised
cant. The values for ando are products of the retrieval for maritime conditions in most of these locations (as men-
and, in the case of GRAPE, lpgr,) = —1.0+£1.0 (AOD is tioned in the previous section some GRAPE retrievals near
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GACP DIF
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Fig. 5. Global seasonal maps of GRAPE and GACP AOD. Each plot shows the average of all monthly data, where both datasets are available.
The seasons are defined as December-January-February (DJF), March-April-May (MAM) June-July-August (JJA) and September-October-
November (SON).

the cost will use continental aerosol properties, but these wilhigh latitudes, while GRAPE AODs are generally higher at
be in the minority), although the precise properties assumednid-latitudes. However, it is not only the assumed aerosol
are not the same in each product. Thus it is possible thabptical properties which could explain the discrepancies be-
discrepancies in optical depth between each product, espéween the two datasets. Other a priori assumptions, most
cially systematic differences revealed by long term averag-notably cloud clearing and surface reflectance, can easily re-
ing, are a result of the difference in assumed aerosol propsult in even larger discrepancies than assumptions about the
erties. This hypothesis is further supported by the generaherosol itself. However, with onlyx1° monthly GACP data
latitudinal dependence of the systematic differences betweenvailable, it is not possible to identify the reasons behind such
the two products, where GACP AODs tend to be higher atdiscrepancies with any confidence.

Atmos. Chem. Phys., 10, 4849866 2010 www.atmos-chem-phys.net/10/4849/2010/



G. E. Thomas et al.: GRAPE ATSR-2 aerosol validation 4859

GRAPE-GACP DJF GRAPE-GACP MAM

: _'g-;-'('%‘ﬂ—"':»‘-

90

90

GRAPE-GACP SON

uﬁﬁ},_ﬁ_ -

Fig. 6. The difference between GRAPE and GACP AOD for each of the seasonal maps showan Fig.

The fact that, globally, there is little overall bias between 0.20
the GRAPE and GACP products supports the suggestion that
the positive bias seen in GRAPE AODs against AERONET
is, at least partially, due to inaccuracies in modelling the sur-
face reflectance of coastal waters (see S3cfThe bias seen
in GACP results against ship-bourne AOD measurements <
of approximately 4 suggests a similar bias for GRAPE 3
AODs over the remote ocean. w0

m AOD

0.15-

4.1 Global time-series comparison 0.10 ‘

. , L _ , 1995 1996 1997 1998 1999 2000 2001
To facilitate the investigation of the time-series of the two Year

datasets, global mean ocean optical depths were calculated

from the 1x1° GRAPE and GACP monthly fields described Fig. 7. Global time-series showing the comparison of AVHRR
above. To ensure consistency, only grid boxes containinghOD with ATSR-2 AOD between 1995 and 2001. ATSR-2 data
data from both instruments were included in the calculationare shown in black and AVHRR in blue. The thick lines show the
of the averages. The results are shown in Fign order to mean value for each month, with error bars indicating the standard
investigate trends in the two datasets, a five parameter equ&!ror on the mean. Fits to the time-series using Bpae given by
tion has been fit to each time-series. The function used in théhe thin solid lines, and the linear component of these fits are shown
fit is given by Eq. §) and consists of a linear trend superim- 2V the dotted lines.

posed on a sinusoid with a yearly period, with a linear trend

in amplitude:
. ttag multi-annual trend in the data. The fits using this equation are
y(t)=ao+ait+(az+ast) Sin| 725257 |- (5} included in Fig, as are the linear trend parts of the fits (i.e.
ao+azt).

wherer is time in days, and; are the fitted parameters. This
function was chosen over a simple linear fit to the data to
minimise the influence of the seasonal cyde any apparent

Figure7 shows a significant discrepancy between the two
datasets, with GRAPE showing consistently higher AOD
(with the difference being on the order of 0.01) and show-
SWhich is especially strong in some regions, see Se2t. ing a positive trend, rather than the negative one consistently
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found in AVHRR analyses. This can be constrasted against Following this procedure, we find that the linear compo-
the linear fit between thex11° monthly mean values given nent of the fit to the GRAPE data (the black dotted line in
above, where no bias was found: the difference can be atFig. 7) is fg(t)z(o.14&0.002)+(6.5:|:2.0)xl(rﬁt, where
tributed to the inclusion of GRAPE AODs greater than 1.0 ¢t =0 is defined to correspond to 1st June 1995, correspond-
in the time-series averages. Additionally, the GRAPE dataing to the first point in the time-series. Similarly, the fit
display a distinct yearly cycle, which is not present in the to GACP data igg(#)=(0.135+0.003) — (5.0+2.4)x1075;.
GACP data. This difference and the offset in the global meanit is worth noting that the decadal trend seen in the GACP
AOD will be further discussed in the next section, but first the data over the GRAPE data period@@8+0.009 decade?)
curve fitting will be described further. is very close to that found bylishchenko et al(2007H) for

The function given in Eq.5) was fit using weighted least the entire post Pinatubo eruption dataset. However, due to
squares, with each point weighted by the standard error otthe relatively short time-span of GRAPE the trends in both
the mean: datasets are not significant at the 99% confidence level, as
o (7g) © was case for the trend found by Mishchenko et al.

Vn 4.2 Regional time-series comparison

wherety is the global mean value of AOD for a given month,
calculated fromn samples, and (7y) is the associated stan-
dard deviation. One can propagate this error into an estimat
of an error in each of the parameters in Es).|sing the gra-
dient of this function with respect to that parameter:

(S'L'_g:

The discrepancies between the two time-series in Faan
g;lrgely be attributed to regional differences between the two
datasets, as well as the lack of any AODs greater than 1.0
in GACP. To investigate regional trends and differences be-
tween the two dataset, the ocean regions define@bgas
1 N dy 2 1 et al. (2008 have been used. These regions are shown in
Py > <—) (7)  Fig.8and the time-series for GACP and GRAPE data within

iog=l these regions are given in Fi@. Equation ) has again been
where the right hand side is summed over fiemonthly fitted to the time-series to reveal long term trends in the data
global mean values in the time-series. However, this will and the gradient of the trend line for each region is listed in
produce an error estimate based on the assumption that th@b_le“- ) ) ) ]
model fit to the data describes all the systematic variability Figure9 reveals a complicated picture behind the differ-
in the data (i.e. that any differences between the data and fi€"ces seen in the global comparison; the level of agreement
ted function are due solely to the random variability in the bgtween the two datasets is clearly different for different re-
data described by the(zy) values). Since it is highly un- 9'0nS:
likely that the variability in the global mean AOD can be
completely described by Eqg5), these error estimates will
clearly be an underestimate of the true uncertainly in the fit-
ted parameters.

We address this problem by scaling #hg values by the

da; 72
i Stg,j

— Both northern regions show a large discrepancy in the
seasonal cycles between the two datasets, with GRAPE
showing a much stronger cycle than is present in GACP.
In both cases there is reasonable agreement between
the two time-series during the low-AOD section of the

x“ statistic for the fit, where “ is defined as GRAPE cycle, but then the GACP values drop away,
yi—7g:\2 while GRAPE continues to increase. It is interesting to
x2= Z( ;(f g’)]) , (8) note that GACP does show a strong seasonal cycle in
i 9.J

the NPO, but it is approximately 3 months out of phase.
The NPO is also notable in that the GRAPE data show
an increasing trend (due to an increasing amplitude of
the season cycle while the lower limit of the cycle re-
mains approximately constant).

wherey; are the fitted values of Egb) for each monthly av-
eragetg ;. In the case wherg; andty ; are samples from
the same distribution with standard deviatioftg, ), x> has

the expectation valu&y — M, where M =5 is the number of

parameters in Eq5f and is as defined above (i.e. the num-  _ The tropical oceans show little evidence of a season cy-
ber of degrees of freedom for the fit). Thus, by rescaling the cle, except for the TAO (which shows evidence of the
uncertainties on the parameters by cycle of African biomass burning). With the exception

of the TIO, the two datasets show better overall agree-

P x? sa; 9) ment than in the northern oceans. It is also worth not-
! N-M"" ing that the two most statistically significant increasing

trends seen in the GRAPE data occur in the TIO and

we are effectively forcing the uncertaintiesdnto reflect the TPO

true discrepancy between the data and model fit.
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Table 4. Trends in 550 nm AOD, in units of decad® from re-
gional time-series. The uncertainties are theektimates propa-
gated from the standard deviation of each point in the time-series.

Region GRAPE GACP
Mean AOD Trend Mean AOD Trend
Global 0.151 (02440.007 0.130 —0.018+0.009
NAO 0.175 000+£0.02 0.132 —0.03+0.01
NPO 0.169 04+0.02 0.131 —0.01+0.01
TAO 0.203 000+0.03 0.187 0034-0.03
TPO 0.124 (035+0.003 0.111 —0.01+0.01
TIO 0.173 005+0.01 0.133 0034-0.02 -180 -90 0 90 180
SAO 0.120 001+0.01 0.107 —0.06+0.02
SPO 0.112 ®2+0.01 0.112 —0.07+0.02
SIO 0.129 002+-0.01 0.120 —0.09+0.02 Fig. 8.

NAO North Atlantic Ocean TAO  Tropical Atlantic Ocean
SAO  South Atlantic Ocean NPO North Pacific Ocean
— Overall, the southern oceans (SAO, SPO and SIO) show TPO  Tropical Pacific Ocean SAO  South Pacific Ocean
the best agreement between the two datasets. BothTIO  Tropical Indian Ocean  SIO  South Indian Ocean
show a seasonal cycle of similar magnitude and phase
and have similar mean values. However, GACP shows
a negative trend in all three regions, but this is not

present in the GRAPE data and for May-July in the Southern Hemisphere, with a maxi-

mum discrepancy of 2

Perhaps the most surprising difference between the GACPp Due to the changes in AVHRR overpass times, due to
and GRAPE time-series is the negative trend seen in th&hanges in orbit over the lifetime of the NOAA satellite,
GACP southern ocean results. The presence of a decrealle GACP dataset shows a more complicated story, with an
ing trend in AOD in the Southern oceans is a surprising re-"ncrease in both the size of the truncation of t'he the h|gh
sult since the aerosol burden in these regions is primaril))at't“de limits of the northern and southern regions, and in

generated by wind driven spray and phytoplankton-generate’® number of months a year so effecteeogdzhayev
dimethyl sulphide (DMS) from the ocean surface. et al. (2005 investigated the effect of this orbital drift on

Time-series of daily mean 10 m altitude wind speed fromthe GACP global mean AOD, from the perspective of the to-

ECMWF reanalysis data and monthly mean Chlorophyll_taI number of samples included in the mean, and the effect

a concentration from the GlobCOLOUR datas®innock of the seasonal cycle on the maximum/minimum latitudes on
et al, 2007, for the combined SAO, SPO and SIO regions hemispheric mean AOD. However, an analysis of the effects

are shown in Fig10. The wind speed shows a slight in- of the orbital drift on this seasonal cycle was not presented.
creasing trend of 028+0.005 ms 1 decade?, but this only Given the band of elevated AOD observed at arourfd30

amounts to a 2% change in the average wind speed over!n the GACP results, a decreased sampling at high latitudes

the 5 years. Although GlobCOLOUR data only becomes" the southern ocean regions will result i'n a Iower'average
available towards the end of 1997 (with the launch of theAOD for these regions. Thus, the decreasing s_ampllng (.)f the
SeaWIFS instrument), there is no significant trend apparen?oUthern PaTt of the SAO, SIO and_ SPO durlng the winter
in the data £0.01:£0.04 mg nT3 decade?). Thus, it seems oyer the lifetime of the NO,_’-\A satellite _can exp!aln the neg—

unlikely that the AOD trend found in GACP data can be at- ative AOD trend observed in these regions during the period

tributed to changes in the wind speed or ocean ecosystem. tcovecjrgd t:)y the iRA;E g?qtip-g“s alslto expﬁms vyhy nohsuch
At high latitudes satellite radiometers are susceptible toi;etr;]eIlszlgss-grc\)l\?ermassetime an dréslg A%Ea Zoeirﬁ:)? ggecthaengf
temporal sampling biases. In the winter months, the high-evated AOD bandparound 66(;) Itis. however. not possible
latitude limits of the northern, or southern, regions will be . ' ! ! P .

. . . to disentangle the source of the AOD seasonal cycle seen in
truncated by the solar zenith angle limits of the retrievals

(80° in the case of GRAPE). This will introduce a cyclical the southern regions from the seasonal cycles of the aerosol

sampling bias into both datasets, which could result in arpourees shown in Fig.0from the cycle in the sampling seen

spurious seasonal cycle in the mean AOD. Fighashows o PHERAR T 08 RN SIS,
the latitude limits of both datasets throughout the period of P y

comparison. In the case of the GRAPE dataset, the actuaéfﬁeCted by such sampling biases.
limit lies equatorward of the 60imit, defined by the Quaas
regions, for November—January in the Northern Hemisphere
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Fig. 9. Regional times series comparison of GRAPE and GACP AOD. Monthly averaged data are given by the thick-solid lines, with GRAPE
in black and GACP in blue. Fits to the time-series using Bjjate given by the thin solid lines, and the linear component of these fits are
shown by the dotted lines.

The much larger seasonal variation exhibited by theble thatthe GACP analysis has flagged heavy aerosol loading
GRAPE data in the northern regions, as well as their dis-events as cloud, or that the retrieval fails in such conditions.
crepancy with the GACP results also warrants further inves-Such a hypothesis is supported by the fact that if the GRAPE
tigation. Although northern regions are also affected by thedata is limited to % 1° monthly AODs of 1.0 or less, there
seasonal sampling biases, it is reasonable to expect a true ais-no global bias between the two datasets. This could also
nual cycle in aerosol loading, because of seasonal changes &xplain the large positive bias GRAPE shows against GACP
both the source strength of the particles, efficiency of long-in the TIO region.
range transport and aerosol removal processes such as pre-It is important to emphasise that the analysis undertaken
cipitation. Figurel2 shows time-series of monthly mean in this section does not provide a validation of the abso-
AOD from AERONET stations which lie along the western lute AODs retrieved by GRAPE. Only comparison against
edges of the North Atlantic and Pacific Oceans. Althougha ground truth measurement, such as that undertaken in
not temporally or spatially coincident with the majority of Sect.3, can provide such a validation. Some of the features
GRAPE time-seriés this cycle is in phase with that seen in seen in the GRAPE data, such as the very high values of
the GRAPE data, suggesting that the cycle seen by GRAPROD seen in the North Atlantic during the summer (F3,
is real. The authors can only speculate about the reasons faequire further analysis and comparison with more measure-
the discrepancy in the GACP seasonal cycle, but it is possiments. However, this analysis has provided some confidence

in the large-scale variability seen in the GRAPE data.

4There is insufficient data from appropriately placed AERONET
stations to provide a clear seasonal cycle in AOD if we limit the
comparison to be within the GRAPE time period.
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5 Conclusions

0.2

The GRAPE AOD product over the ocean has been compared \/
against measurements from the AERONET and the GACP g ol
AVHRR derived AOD climatology over the ocean. The 1998 1999 2000 2001 2002 2003 2004 2005 2006
GRAPE and AERONET AOD measurements show a good
correlation of 0.79. A linear fit between the two data- -SetSig 12, Time-series of AOD from four AERONET sites along the
produces a slope of@+0.1, however the fit shows GRAPE  eastern seaboards of North America (COVE, CARTEL and How-
AODs have a pOSItlve bias of @8+0.04. At hlgher AODs land) and Northern Asia (Shirahama).
(20.2) the comparison also shows a much greater degree of
scatter, although this can be attributed to a combination of
the random noise in the GRAPE product, sampling differ- elevated AOD seen in the southern oceans in the GACP data
ences between the two measurement systems and the effeistnot apparent in the GRAPE data.
of systematic errors in the assumed aerosol properties at dif- Time-series analysis of the GRAPE and GACP monthly
ferent locations. means revealed significant differences. Globally, the GRAPE

Comparisons between monthly mean ocean AODs bedataset shows a slightly increasing trend in AOD, as opposed
tween the GRAPE and GACP datasets show reasonable oveio the decreasing trend which has been the headline finding of
all agreement between the two datasets, but there are sontbe GACP datasetishchenko et a.20078. The GRAPE
noticeable discrepancies. The GRAPE dataset displays sonaataset shows stronger seasonal variation than is present in
anomalously high AODs at high latitudes, which can be at-the GACP data, particularly in northern oceans (NAO and
tributed to contamination by surface ice: a known problemNPO), and also showed significantly higher average AODs in
with the GRAPE dataset. The GRAPE data also show noticeregions affected by continental outflow (the NAO, NPO and
ably higher AOD, with discrepancies of 0.2 or more in sea-TIO in particular). The presence of a strong seasonal cycle in
sonal averages, in regions affected by transportation of heavAERONET AODs in the northern ocean regions, which are
aerosol loading from the continents. Conversely, the band ofipproximately in phase with that seen in the GRAPE data,
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suggests that a higher proportion of high AOD events are notCox, C. and Munk, W.: Statistics of the sea surface derived from

included in the GACP dataset. This could be due to either
over-zealous cloud flagging or the failure of the algorithm at
high AOD.

The increasing trend in global AOD seen in the GRAPE
data can be attributed to increasing AOD in the NPO, TPO
and TIO. All of these regions are subject to aerosol transpor

Sun glitter, J. Mar. Res. 13, 198-227, 1954.

Delderfield, J., Llewellyn-Jones, D. T., Bernard, R., de Javel, VY.,
Williamson, E. J., Mason, |., Pick, D. R. and Barton, I. J.: The
Along Track Scanning Radiometer (ATSR) for ERS-1, Proc.
SPIE, 589, 114-120, 1986.

ubovik, O., Holben, B. N., Lapyonok, T., Sinyuk A.,
Mishchenko, M. I., Yang, P., and Slutsker, I.: Non-spherical

f'rom regions which have undergon? large ;cale mdl,jStr'al'sa' aerosol retrieval method employing light scattering by spheroids,
tion over the past few decades. Anincreasing trend in aerosol gepphys. Res. Lett., 29(10), 1415, 10.1029/2001GLO014506,
loading is not, therefore, an unexpected result. Conversely, 2002.

the decreasing trend seen in the GACP data can mostly beeogdzhayev, I. V., Mishchenko, M. I., Rossow, W. B., Cairns, B.
attributed to decreasing AOD in the southern ocean regions and Lacis, A. A.: Global two-channel AVHRR retrievals of
(SAO, SPO and SIO). This is a surprising result, as the AOD aerosol properties over the ocean for the period of NOAA-9 ob-
in these regions is dominated by maritime aerosol generated servations and preliminary retrievals using NOAA-7 and NOAA-
by wind action and the oxidation of DMS generated by the 11 data, J. Atmos. Sci., 59, 262-278, 2002.

ocean ecosystem. An examination of the latitudinal limits of ©809dzhayev, 1. V., Mishchenko, M. I., Liu, L., and Remer, L.:
the two datasets reveals that the decreasing maximum lati- /00l two-channel AVHRR aerosol climatology: - Effects of

. L . stratospheric aerosols and preliminary comparisons with MODIS
tude sampled by the AVHRR instrument in winter during the and MISR retrievals, J. Quant. Spectrosc. Ra., 88, 47—59, 2004.

period of comparison could be a possible explanation of thiSGeogdzhayev | V.. Mishchenko. M. .. Terez. E. |.. Terez. G. A.

trend. and Gushchin, G. K.: Regional advanced very high resolu-
Overall the GRAPE AOD over ocean dataset has been tion radiometer-derived climatology of aerosol optical thick-

shown to have a good level of accuracy compared t0 ness and size, J. Geophys. Res.-Atmos., 110, D23205,
AERONET AODs, despite a significant positive bias. The doi:10.1029/2005JD006170, 2005.

potential value of the dataset has been shown by the lighGrainger, R. G., Lucas, J., Thomas, G. E., and Ewen, G. B. L.: Cal-
this analysis has shed on the long term global aerosol trend culation of Mie derivatives, Appl. Optics, 43, 5386-5393, 2004.
suggested by AOD climatologies based on AVHRR measure&rey, W. M. F., North, P. and Los, S.: Computationally efficient
ments. method for retrieving aerosol optical depth from ATSR-2 and

A - . AATSR data, Appl. Optics, 45, 2786—2795, 2006.

daltjauseett(?[htirs];'l:zl])l/t;g égio?igol?sgg\grgr(;v%rﬂioislﬁ;cfngess‘ M., Koepke, P., and Schult, I.: Optical Properties of Aerosols

' . . and Clouds: The software package OPAC, B. Am. Meteorol.
about long term trends in global and regional AOD. How- Soc., 79, 831-844, 1998.
ever, the authors believe it amply displays the need for furthefyoinen B. N., Eck, T. E., Slutsker, I., Tanre, D., Buis, J. P., Set-
long-term aerosol datasets. The GIobAEROS®hrfela et zer A., Vermote, E., Reagan, J. A., Kaufman, Y., Nakajima, T.,
al., 2010 dataset, and the ATSR-2/AATSR dataset produced Lavenu, F., Jankowiak, I., and Smirnov, A.: AERONET - A fed-
by Grey et al.(2006 will both provide global AODs cover- erated instrument network and data archive for aerosol character-
ing the range 1995-2007. In addition, the extension of the ization, Remote Sens. Environ., 66, 1-16, 1998.

GRAPE dataset to include all ATSR-2 and AATSR data up Holben, B. N., Tanre, D., Smirnov, A., Eck, T. F., Slutsker, 1.,
to 2009 will become available in 2010. Abuhassan, N., Newcomb W. W., Schafer J. S., Chatenet B.,
Lavenu F., Kaufman Y. J., Castle J. V., Setzer A., Markham B.,
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AcknowledgementsThis work was supported by the Natural En-
vironment Research Council (grant numbers NER/T/S/2001/002,
NE/B503933/1 and NE/E011187/1). Additional support was ground-based aerosol climatology: Aerosol optical depth from
provided by the ESA Data User Element project Globaerosol. AERONET, J. Geophys. Res.-Atmos., 106, 12067-12097, 2001.
We also greatfully acknowledge the principal investigators of the von Hoyningen-Huene, W., Freitag, M. and Burrows, J. B.: Re-
AERONET sites utilised by this work, as well as NASA Goddard  trieval of aerosol optical thickness over land surfaces from top-
for making AERONET and GACP data available. of-atmosphere radiance, J. Geophys. Res.-Atmos., 108, 4260,
doi:10.1029/2001JD002018, 2003.

Ichoku, C., Chu, D. A., Mattoo, S., Kaufman, Y. J., Re-
mer, L. A. Tanre, D., Slutsker, |I. and Holben, B.N.: A
spatio-temporal approach for global validation and analysis
of MODIS aerosol products, Geophys. Res. Lett.,, 29, 8006,
doi:10.1029/2001GL013206, 2002.

Berk, A., Bernstein, L. S., Anderson, G. P, Acharya, P. K., Robert-|PCC: Climate Change 2007: The physical science basis. Contri-
son, D. C., Chetwynd, J. H., and Adler-Golden, S. M.: MOD-  bution of Working Group | to the Fourth Assessment Report
TRAN cloud and multiple scattering upgrades with application  of the Intergovernmental Panel on Climate Change, edited by:
to AVIRIS, Remote Sens. Environ., 65, 367-375, 1998. Solomon, S., Qin D., Manning M., Chen Z., Marquis M., Av-

Birks A.: Improvements to the AATSR IPF relating to land surface  eryt K. B., Tignor M., and Miller H. L., Cambridge University
temperature, European Space Agency Technical Note, 2004.

Edited by: K. Carslaw

References

Atmos. Chem. Phys., 10, 4849866 2010 www.atmos-chem-phys.net/10/4849/2010/



G. E. Thomas et al.: GRAPE ATSR-2 aerosol validation 4865

Press, Cambridge and New York, 2007. Portela, O., Thomas, G. E., Poulsen, C. A., and Grainger, R. G.:
Jin, Y., Schaaf, C. B., Woodcock, C. E., Gao, F., Li, X., GIobAEROSOL product user guide, online available http:

Strahler, A. H., Lucht, W., and Liang, S.: Consistency of MODIS  //www.globaerosol.info/docs/globapug vipl.pdf last access:

surface BRDF/Albedo retrievals: 1. Algorithm performance, J. 22 March 2010.

Geophys. Res.-Atmos., 108, 4158, doi:10.1029/2002JD002803Press, W. H., Teukolsky, S. A., Vettering, W. A. and Flannery, B. P.:

2003. Numerical recipes in Fortran 77, Second Edition. Cambridge
Kinne, S., Lohmann, U., Feichter, J., Schulz, M., Timmreck, C., Univ. Press, UK, 1992.

Ghan, S., Easter, R., Chin, M., Ginoux, P., Takemura, T.,Quaas, J., Boucher, O., Bellouin, N., and Kinne, S.: Satellite-based

Tegen, |., Koch, D., Herzog, M., Penner, J., Pitari, G., Hol-  estimate of the direct and indirect aerosol climate forcing, J. Geo-

ben, B., Eck, T., Smirnov, A., Dubovik, O., Slutsker, I., phys. Res.-Atmos., 113, D05204, doi:10.1029/2007JD008962,

Tanre, D., Torres, O., Mishchenko, M., Geogdzhayev, I., 2008.

Chu, D. A, and Kaufman, Y.: Monthly averages of aerosol prop- Remer, L. A., Kaufman, Y. J., Tanre, D., Mattoo, S., Chu, D. A,,

erties: A global comparison among models, satellite data, and Martins, J. V., Li, R. R., Ichoku, C., Levy, R. C., Kleidman, R. G.,

AERONET ground data, J. Geophys. Res.-Atmos., 108, 4634, Eck, T. F., Vermote, E. and Holben B. N.: The MODIS aerosol

doi:10.1029/2001JD001253, 2003. algorithm, products, and validation, J. Atmos. Sci., 62, 947-973,
Liu, L., Mishchenko, M. I., Geogdzhayev, I., Smirnov, A. Sak- 2005.

erin, S. M., Kabanov, D. M., and Ershov, O. A.: Global validation Rodgers, C. D.: Inverse methods for atmospheric sounding: Theory

of two-channel AVHRR aerosol optical thickness retrievals over  and practice, World Scientific, Singapore, 2000.

the oceans. J. Quant. Spectrosc. Ra., 88, 97-109, 2004. Smirnov, A., Holben, B. N., Sakerin, S. M., Kabanov, D. M.,
Lohmann, U. and Feichter, J.: Global indirect aerosol effects: are- Slutsker, I., Chin, M., Diehl, T, L., Remer, A., Kahn, R., Ig-

view, Atmos. Chem. Phys., 5, 715-737, doi:10.5194/acp-5-715- natov, A., Liu, L., Mishchenko, M., Eck, T. F., Kucsera, T. L.,

2005, 2005. Giles, D., and Kopelevich, O. V.: Ship-based aerosol optical

Martonchik, J. V., Diner, D. J., Crean, K. A. and Bull, M. A.: Re- depth measurements in the Atlantic Ocean: Comparison with
gional aerosol retrieval results from MISR, IEEE T. Geosci. Re-  satellite retrievals and GOCART model, Geophys. Res. Lett., 33,
mote, 40, 1520-1531, 2002. L14817, doi:10.1029/2006GL026051, 2006.

Mishchenko, M. I., Geogdzhaey, I. V., Cairns, B., Rossow, W. B., Smith, D. L., Mutlow, C.T. and Rao, C. R. N.: Calibration Moni-
and Lacis, A. A.: Aerosol retrievals over the ocean by use of toring of the Visible and Near-Infrared Channels of Along-Track
channels 1 and 2 AVHRR data: sensitivity analysis and prelimi-  Scanning Radiometer-2 (ATSR-2) using Stable Terrestrial Sites,
nary results, Appl. Optics, 38, 7325-7341, 1999. Appl. Optics, 41, 515-523, 2002.

Mishchenko, M. I. and Geogdzhaey, I. V.: Satellite remote sensingStamnes, K. Tsay, S. C., Wiscombe, W., and Jayaweera, K.: Nu-
reveals regional tropospheric aerosol trends, Opt. Express, 15, merically stable algorithm for discrete ordinate method radiative
7423-7438, 2007. transfer in multiple scattering and emitting layered media, Appl.

Mishchenko, M. I, and I. V. Geogdzhaev, Rossow, W. B.,  Optics, 27, 2502—-2509, 1988.

Cairns, B., Carlson, B. E., Lacis, A. A., Liu, L., and Travis, L. D.. Stowe, L. L., Jacobowitz, H., Ohring, G., Knapp, K. R., and
Long-term satellite record reveals likely recent aerosol trend, Nalli, N. R.: The Advanced Very High Resolution Radiome-
Science, 315, 1543, doi:10.1126/science.1136709, 2007. ter (AVHRR) Pathfinder Atmosphere (PATMOS) climate dataset:

Mutlow, C. T., Murray, M. J., Bailey, P., Birks, A. R., and Initial analysis and evaluations, J. Climate, 15, 1243—-1260, 2002.

Smith, D. L.: ATSR-1/2 user guide issue 1, ESA User Guide, Thomas, G. E., Carboni, E., Sayer, A. M., Poulsen, C. A., Sid-

1999. dans, R., and Grainger, R. G.: Oxford-RAL Aerosol and
Myhre, G., Stordal, F., Johnsrud, M., Ignatov, A, Cloud (ORAC): Aerosol retrievals from satellite radiome-
Mishchenko, M. I., Geogdzhayev, I. V., TanrD., Deug, J.- ters, in: Aerosol remote sensing over land, edited by:

L., Goloub, P., Nakajima, T., Higurashi, A., Torres, O., and Kokhanovsky, A. A. and de Leeuw, G., Springer, Berlin, 2009a.
Holben, B. N.: Intercomparison of Satellite Retrieved Aerosol Thomas, G. E., Poulsen, C. A., Sayer, A. M., Marsh, S. H., Dean,
Optical Depth over the Ocean, J. Atmos. Sci., 61, 499-513, S. M., Carboni, E., Siddans, R., Grainger, R. G., and Lawrence,
2004. B. N.: The GRAPE aerosol retrieval algorithm, Atmos. Meas.

Myhre, G., Stordal, F., Johnsrud, M., Diner, D. J., Geogdzhayev, Tech., 2, 679-701, doi:10.5194/amt-2-679-2009, 2009b.

I. V., Haywood, J. M., Holben, B. N., Holzer-Popp, T., Igna- Veefkind, J. P., de Leeuw, G., and Durkee, P. A.: Retrieval of aerosol
tov, A., Kahn, R. A., Kaufman, Y. J., Loeb, N., Martonchik, J. optical depth over land using two-angle view satellite radiometry
V., Mishchenko, M. I., Nalli, N. R., Remer, L. A., Schroedter- during TARFOX, Geophys. Res. Lett., 25, 3135-3138, 1998.
Homscheidt, M., Targ, D., Torres, O., and Wang, M.: Intercom- Watts, P. D., Allen, M. R., and Nightingale, T. J.: Wind speed ef-
parison of satellite retrieved aerosol optical depth over ocean dur- fects on sea surface emission and reflection for the Along Track
ing the period September 1997 to December 2000, Atmos. Chem. Scanning Radiometer, J. Atmos. Oceanic Technol., 13, 126-141,
Phys., 5, 1697-1719, doi:10.5194/acp-5-1697-2005, 2005. 1996.

Pinnock, S., D’Andon, O. F., and Lavender, S.: GlobColour — A pre- Watts, P. D., Mutlow, C. T., Baran, A. J., and Zavody, A. M.: Study
cursor to the GMES marine core service ocean colour Thematic on cloud properties derived from Meteosat Second Generation
Assembly Centre, ESA Bulletin, European, Space Agency, 132, observations, EUMETSAT ITT no. 97/181, 1998.

42-49, 2007. Yu, H., Kaufman, Y. J., Chin, M., Feingold, G., Remer, L. A.,
Anderson, T. L., Balkanski, Y., Bellouin, N., Boucher, O.,
Christopher, S., DeCola, P., Kahn, R., Koch, D., Loeb, N.,

www.atmos-chem-phys.net/10/4849/2010/ Atmos. Chem. Phys., 10, 48892010


http://www.globaerosol.info/docs/globaer_pug_v1p1.pdf
http://www.globaerosol.info/docs/globaer_pug_v1p1.pdf

4866 G. E. Thomas et al.. GRAPE ATSR-2 aerosol validation

Reddy, M. S., Schulz, M., Takemura, T., and Zhou, M.: A re- Zhao, T. X.-P., Laszlo, I., Guo, W., Heidinger, A., Cao, C., Jele-
view of measurement-based assessments of the aerosol direct nak, A., Tarpley, D., and Sullivan, J.: Study of long-term trend
radiative effect and forcing, Atmos. Chem. Phys., 6, 613-666, in aerosol optical thickness observed from operational AVHRR
doi:10.5194/acp-6-613-2006, 2006. satellite instrument. J. Geophys. Res.-Atmos., 113, D07201,
d0i:10.1029/2007JD009061, 2008.

Atmos. Chem. Phys., 10, 4849866 2010 www.atmos-chem-phys.net/10/4849/2010/



