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Abstract. A model of the sea surface bidirectional re- 1 Introduction

flectance distribution function (BRDF) is presented for the

visible and near-IR channels (over the spectral range 550 nnt he Intergovernmental Panel for Climate Change (IPCC) has
to 1.6 um) of the dual-viewing Along-Track Scanning Ra- identified aerosols as among the most uncertain contribu-
diometers (ATSRs). The intended application is as part of theions to radiative forcingRenner et a].2001, Forster et al.
Oxford-RAL Aerosols and Clouds (ORAC) retrieval scheme. 2007). As approximately 70% of the Earth’s surface is cov-
The model accounts for contributions to the observed re-ered by water, the accurate determination of aerosol loadings
flectance from whitecaps, sun-glint and underlight. Uncer-Over ocean is critical to assess direct and indirect aerosol ra-
tainties in the parametrisations used in the BRDF modeldiative effects. In the visible and near-infrared (nIR) spec-
are propagated through into the forward model and retrievedral domains the ocean surface is dark, particularly com-
state. The new BRDF model offers improved coverage oveared to typical land surfaces, meaning the proportional at-
previous methods, as retrievals are possible into the sunmospheric contribution to the signal measured by imaging
glint region, through the ATSR dual-viewing system. The radiometers at the top-of-atmosphere (TOA) is higher for the
new model has been applied in the ORAC aerosol retrievapame aerosol loading. However, typical oceanic aerosol load-
algorithm to process Advanced ATSR (AATSR) data from ings are low (see, for exampl8mirnov et al, 2009, mean-
September 2004 over the south-eastern Pacific. The assumét the surface contribution is non-negligible. An exception
error budget is shown to be generally appropriate, meanind® the rule of the ocean being dark is found in sun-glint,
the retrieved states are consistent with the measurements at¢hereby solar and satellite geometries lead to regions where
a priori assumptions. The resulting field of aerosol opti- the surface is very bright, typically in the tropics for near-
cal depth (AOD) is compared with colocated MODIS-Terra nadir-viewing instruments. Parametrisations of sun-glint are
observations, AERONET observations at Tahiti, and cruisedargely based on the approach@x and Munk19543, and

over the oceanic region. MODIS and AATSR show simi- most aerosol retrieval algorithms use a glint formulation to
lar spatial distributions of AOD, although MODIS reports identify and mask out glint-affected regions before process-
values which are larger and more variable. It is suggestedng. This has the effect of reducing the spatial coverage of
that assumptions in the MODIS aerosol retrieval algorithmthe derived aerosol dataset, particularly in the tropics.

may lead to a positive bias in MODIS AOD of order 0.01 at A notable exception to this is given b@'Brien and

550 nm over ocean regions where the wind speed is high. Mitchell (1988, who relied on the predictable spatial vari-
ation of surface reflectance within large cloud-free portions

of the sun-glint region to peform aerosol and wind speed re-
trievals from Advanced Very High Resolution Radiometer
(AVHRR) data. This methodology has, however, seen little
application since.

Multiangle imaging instruments such as the Along-Track
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of the Earth’s Reflectances (POLDER) allow for an improved ing a nadir-view aerosol retrieval algorithm, is detailed by
representation of surface anisotropy in aerosol retrieval al-Thomas et al(20098) and Thomas et al(2010. This took
gorithms, although over oceans measurements from a sima similar approach for sea surface reflectance although al-
gle viewing geometry have been considered sufficient to detowed the absolute magnitude to vary (while fixing the spec-
rive useful aerosol information. The treatment of surfacetral shape of the surface).
reflectance in some of these (single-view or multiview) al-  Two-channel aerosol retrieval algorithms are presented for
gorithms is described below. Typically, the primary quan- AVHRR by Higurashi and Nakajimél999 andMishchenko
tity retrieved is the aerosol optical depth (AOD) at a mid- et al.(1999: these use fixed glint-based surface reflectances
visible wavelength; many algorithms use a fixed surfacecalculated as described Makajima and Tanakél983 and
reflectance, and some a fixed aerosol type. Regional difMishchenko and Travil997), respectively. They also con-
ferences exist in ocean aerosol climatologies from differ-sider the impacts of the simple reflectance model on the re-
ent sensors (for exampl&dhomas et aJ.2010. Valida- trieved AOD and,&ngstrom exponent, noting that it can be
tion of aerosol optical depth over the open ocean is diffi- significant for cases of high wind or pigment concentrations,
cult; many land and coastal regions are well-represented byr low aerosol loadings.
ground-based measurements taken by the AErosol RObotic Dedicated ocean colour sensors such as the Sea-viewing
NETwork (AERONET,Holben et al. 1998, while the Mar-  Wide Field-of-view Sensor (SeaWiFS) focus on the retrieval
itime Aerosol Network (MAN,Smirnov et al. 2009 of ship- of parameters such as chlorophgltoncentration and treat
borne open ocean measurements is spatially and temporallgerosol as part of an atmospheric correction term. Approx-
sparser. It is likely that some of the differences betweenimations made in surface reflectance models, such as the
these satellite climatologies arise from the assumptions mad#lack pixel approximation” (that the water-leaving radiance
about the ocean surface reflectance. Partially as a result ah the nIR is negligible), have been shown to negatively im-
the comparative darkness of the ocean as compared to larmhact upon the quality of retrieved ocean colour parameters
surface reflectances, the various algorithms as summariseGiegel et al.2000. Sano(2004) describes an algorithm for
below tend to show little change since their early versions. retrieval of AOD,Angstrom exponent and aerosol refractive
The over-ocean aerosol retrieval algorithm for the MOD- index from POLDER reflectance and polarisation measure-
erate resolution Imaging Spectroradiometer (MODIS) is de-ments at 670 nm and 865 nm, making use of the black pixel
scribed first byTanié et al.(1997), and the same basic algo- approximation along with the glint formulation &ox and
rithm is applied in the current Collection 5 of the datags{  Munk (19543.
mer et al, 2005. The methodology is adapted frokoepke This work describes a new algorithm for the calculation
(1984, who defined glint, whitecap (foam) and underlight of sea surface reflectance, drawing upon the methodology of
(scattering from dissolved pigments) contributions to the sur-Koepke (1984). The intended application is as part of the
face reflectance. The glint formulation &fox and Munk  Oxford-RAL Aerosol and Clouds (ORAC) scheme. This is
(19543 is used with a fixed wind speed, whitecap and under-discussed here in the context of aerosol retrievals, although
light contribution, and a glint threshold is defined in which the model may also be applied in the case of optically-
no retrievals are performed (unless heavy dust loading is dethin cloud (where the surface contribution at TOA is non-
tected, in which case the retrieval is attempted). The overalhegligible). As each sensor is different, previous assump-
surface reflectance is fixed in the algorithm. Sediment masksions must be reevaluated, and more recent work taken into
are used to remove pixels of high sediment loading, whichaccount, to create a model suitable for the ATSRs. By mod-
are not accounted for by the reflectance algorithm. Theelling accurately the contributions from different sources, re-
MISR ocean aerosol retrieval algorithivigrtonchik et al. trievals are possible within the sun-glint region, which in-
1999 also uses the method Kbepke(1984). creases the possible coverage of aerosol retrievals as com-
Veefkind and de Leeu{l 999 use a similar algorithm and pared to existing algorithms. Additionally, potential biases in
fixed surface reflectance to retrieve AOD over ocean as dhe retrieved aerosol fields arising from neglect of accounting
mixture of two aerosol types (anthropogenic and maritime)for foam and underlight are avoided, and all four of the vis-
from ATSR-2 data. The nadir and forward views are used in-ible/nIR channels on the ATSRs may be used. Furthermore,
dependently, and a comparison between the two views caim ORAC, unlike many previously-described algorithms, the
be used as a consistency check. The study noted that esurface reflectance is not fixed, adding some flexibility in
rors in the TOA reflectance arising from an incorrect wind those cases in which the assumed surface reflectance is in-
speed could lead to errors of 0.04-0.16 in nadir-view-derivedcorrect.
AOD. As typical open ocean optical depths may be of this
order Smirnov et al. 2009, this is a significant possible er-
ror source. More recently, this algorithm has been applied
by Bennouna et a2009 to Spinning Enhanced Visible and
Infra-Red Imager (SEVIRI) data. A previous version of the
algorithm described here and applied to ATSR-2 data, involv-
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2 Overview of the ORAC-(A)ATSR aerosol retrieval narrow-swath mode over much of the ocean, reducing cover-
age by approximately half, due to data-downlinking restric-
2.1 The (A)ATSR instruments tions from the ERS-2 platform.

(A)ATSR has an on-board visible calibration system con-
The ATSR series consists of three instruments: ATSR-1sisting of an opal diffuser which views the Sun once per orbit.
(aboard ERS-1), launched in 1991, ATSR-2 (aboard ERS-2)This, together with vicarious calibration against stable bright
launched in 1995, and the Advanced ATSR (AATSR, aboardground targets, means that the visible channel reflectances
Envisat), launched in 2002. The ATSRs were primarily de- are known to an accuracy of 2-3%ith et al, 2002 2008.
signed for measurement of sea surface temperafizeofly
et al, 1995. While ATSR-1 measured radiance at one wave-2.2 The ORAC retrieval
length in the near-infrared and three in the thermal infrared

part of the spectrum, ATSR-2 and AATSR have an additionalORAC is an optimal estimation (OE) retrievaRgdgers

three channels in the visible region. It is these visible chan-2000 making use of Levenburg-Marquardt iteratiorey-

nels which are key to the instruments’ ability to provide data €NP€rg 1944 Marquardf 1963 to find the most probable
suitable for aerosol retrievals, and so ATSR-2 and AATSR state of the surface and atmosphere given measurements and

referred to from here as (A)ATSR, are considered here. 'a priori information. The measurement vector consists of

ERS-2 and Envisat are in Sun-synchronous polar orbitthe TOA reflectances for the nadir and forward views of the

with a mean local solar equatorial crossing time of 10:30 a_m_ﬂrst four channels. The retrieved state parameters (the “state

(ERS-2) or 10:00a.m. (Envisat) for the descending node.veCtor”) are the aerosol optical depth at 550 nfgs), the

The ATSR instruments are unique in that they use two viewsaerOSOI effective radiugd) and the surface bihemispherical
(near-simultaneous in time) with differing path lengths to reflectandcz at ea'(I:'E Oj;gg four che}[ngeli ggg&j’i Rd?ﬁ.’ .
discriminate between radiance from the surface and radiancéd‘*?’ an ddl"‘)' de tand |sdr_e5]or§ a d Agg as 'rs] IS
from the atmosphere. (A)ATSR measures at seven channe ¢ commonly-used standard, the derived 7 may, now-
in the visible and infrared; at present the first four (cen- ever, be referenced.to any wavelength, and is obtained from
tred near 550 nm, 660nm, 870 nm and 1.6 um, known asall;neasuremter;.ts S|:nultan§oulsly.df f d and nadi
channels 1-4, respectively) are used in the aerosol retrieval. or computational Speed, cloud-iree forward and nhadir-

scheme. The additional bands are centred near 3.7 um, 11 ew data are typicall_y ave_raged toa 10 "”_‘ sinusoidal grid
efore the ORAC retrieval is performed. This averaging to a

and 12 pm. O -
. coarser resolution is known as “superpixelling”. From here,
The shortwave quantity reported by (A)ATSR for a the term “ground scene” is taken to refer to the data, super-

given channel is an approximation of the spectral bidi- .

rectional reflection factor, the Sun-normalised radiance,p')(e”ed or pot, .usgd for an indvidual retrieval. I—!owever,
Rrop (6s. s 0y. o), which is defined ORAC can in principle be performed at any resolution.
Sy ¥Ys, Vv, @Pv /),

The robust statistical basis of OE provides the following

PO advantages:
v2xLio(M)dh
Rroa(0s.¢s: v, ) = —- PV @ 1. Estimates of the quality of the retrieval solution (the re-
2, COFSE;0(4) trieval “cost”) for each ground scene. This is essentially

an error-weighteg? test of the fit to the measurements
at the retrieval solution, which provides a level of confi-
dence as to the results of any one retrieval.

wherefs, ¢s denote the illumination (solar) zenith and az-

imuth angles ané, ¢, the corresponding angles of view (the
sensor), respectively. A channel is defined between wave-

lengthsi1, A2 to have response(r). Finally L is the radi- 2. Estimates of the random error on each retrieved param-
ance measured by the instrument ajdis the TOA down- eter for each ground scene. These arise through knowl-
ward solar irradiance. edge of the uncertainty on the measurements and any a

The area sampled by (A)ATSR consists of two curved  Priori data, propagated through the forward model.
swathes: a nadir view, looking down at zenith angles from 3
0°-22, and a forward view inclined between 535 to
the normal to the surface. There are 555 pixels across the
nadir swath (with a size of about 1 Knat the centre) and
371 across the forward swath (with a size of about 1.5km
at the centre). During each scan cycle the satellite moves ap- The retrieval forward model, presentedTihomas et al.
proximately 1 km onward with respect to the Earth’s surface; (20093, calculates the TOA reflectance for a given view-
after around 150s the satellite has moved such that nadiing geometry and state vector. It makes use of precalculated
view samples the same region, giving two views of the scendookup tables (LUTs) of atmospheric transmission and re-
with differing path lengths. Global coverage is achieved ev-flectance using the DISORT radiative transfer cdsannes
ery 3—-6 days depending on location. ATSR-2 operates in @&t al, 1988. A selection of aerosol models are used in the

. The ability (but not requirement) to use any a priori data
available on the state parameters. The model described
in this work provides an a priori for the surface bihemi-
spherical reflectance.

www.atmos-meas-tech.net/3/813/2010/ Atmos. Meas. Tech., 388832010



816 A. M. Sayer et al.: A sea surface reflectance model for (A)ATSR

rgtrieval, corresponding 'FO typical continental, desert, Marraple 1. Geometric notation relating to reflectance used in
itime or urban aerosol, using aerosol components drawn fromyis work.

the OPAC database diess et al(1998, and additionally

a model for biomass burning aerosol drawn fr@ubovik Symbol  Meaning

et al. (2002. These models consist of mixtures of aerosol : :
components, and different effective radii are obtained by al- fs  Solar zenith angle (measured from vertical)
tering their mixing ratios during the retrieval. Generally, the gs \Sﬁgﬁnaz'nglrﬁthhznng'fe((r?neefsul;;%ffr%n%r:grtt?gal)
retrieval is attempted for each aerosol type. The most likely ¢V \ﬁewing azimuth agngle (measured from north)
aerosol type may be chosen either by considering the model ¢\r/ Relative azimuth angleis— ¢y

which resulted in the best fit to the measurements (the lowest ;| Wind azimuth angle (measured from north)
retrieval cost), or using other available information external xw Relative wind directiongs — ¢w

to the retrieval. a) Direction pair 0,¢) in spherical coordinates

2.3 Surface reflectance in the ORAC forward model

Schaepman-Strub et §200§ noted that in remote sensing

terms relating to reflectance were often misunderstood or ap- For ambient lighting conditions there will be atmospheric
plied ambiguously or incorrectly. They defined nomenclaturecontriputions from diffusely-scattered light and absorption.
for nine types of reflectance, using the frameworNafode-  These effects lead to the need for an “atmospheric correc-
mus et al (1977, corresponding to incoming and outgoing tion” for ground-based sensing applications, or conversely
radiation that is either directional, conical or hemispherical.they provide the “signal” for atmospheric sounding; i.e. the
The relevant geometric notation used throughout this workpjconical reflectance observed at the TOA may have signifi-
is given in Tablel. For clarity and conciseness of notation, cantly different spectral and angular characteristics to the bi-
spectral variability of the reflectances is implicit in the defi- cgonical reflectance just above the surface. Through optimal

nitions and so omitted in the notation. estimation, ORAC extracts the information about both from
The most fundamental quantity is the bidirectional re- the TOA measurements.

flectance distribution function (BRDF), denoted in the To account for the mixture of direct and diffuse illumi-

ORAC retrieval byRpp: nation the ORAC retrieval forward modeTlfomas et al,
20093 treats the direct and diffuse contributions to TOA re-
@ flectance with separate terms, subjecting them to different
reflectances at ground, and different atmospheric transmit-
] ] ] ) tances. The surface reflectances required for direct and dif-
This defines the BRDF in terms of the proportibnofthe e radiance may be derived from the BRDF. Hence it be-

incident irradiance; reflected from directios, ¢s) intodi-  comes necessary to define three types of surface reflectance
rection(6y, ¢v). In this case, the point of incidence is the Sun j, the forward model:

and point of reflection is the satellite sensor. It has units of
sr-1, and as a ratio of infinitesimal quantities it (and other di-
rectional reflectances) may not be directly observed. In gen-
eral use the term is defined as a surface property, although a

BL; (Bs, &s; Oy, Pv)

R 9 5 ;9\/, == T
bb(Os, Ps &) 3Ei(95,¢s)

1. The surface BRDFRpp. This describes the reflection
of the direct solar beam into the viewing angle, and is a
function of both solar and viewing angles. The BRDF

TOA BRDF could also be defined as a conceptual analogue
to Rtoa. The BRDF is integrable over angles to obtain the
other reflectance quantities given 8ghaepman-Strub et al.
(2006. Unitless reflectance factors are defined as the ratio
of observed radiant flux to the radiant flux reflected under
the same geometric conditions by an ideal Lambertian sur-
face, such that the bidirectional reflectance factor (BRF) is
the BRDF multiplied byr (Schaepman-Strub et 22006.

The closest observable equivalent to the BRF is the bicon-
ical (or conical-conical) reflectance factor (BCRF or CCRF),
obtained by integrating the BRF over solid angleto gen-
erate cones of incident and reflected light. Conical quanti-
ties become a good approximation for the related directional
gualities when the solid angles of the cones are small. In this
case the solid angle subtended by the Sun is small, as is the
instrument’s instantaneous field of view (IFOV) of 1/777 rad.

Atmos. Meas. Tech., 3, 81838 2010

is different for each of AATSR’s viewing geometries.
This is assumed equivalent to the CCRDF and so no
integration over solid angle is performed.

. The directional-hemispherical reflectance (DHR}g.

This describes the diffuse reflection of the direct beam
over the whole hemisphere (or alternatively direct re-
flection of incoming diffuse radiance), and is a func-
tion of the solar angle. The short time delay between
the forward and nadir views means that the solar angle
and hence DHR are effectively identical for both views.
This is sometimes referred to as black-sky albedo, as
incoming illumination comes from a sole direction.

www.atmos-meas-tech.net/3/813/2010/
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3. The bihemispherical reflectance (BHR)gg. This de- [
scribes the reflection of diffuse downwelling radiation,
assumed isotropic. Hence it is independent of the ge-
ometry, and is the quantity retrieved by the retrieval
algorithm. This is sometimes referred to as white-sky
albedo, as illumination arises from the whole of the sky.

j ‘wc l'f wc

In this notation the subscript b indicates a direct beam re-
flectance and d a diffuse reflectance; the DRE, for ex-
ample, denotes an incoming direct beam being diffusely re- %”“1
flected. Given an analytical description Bfp, the DHR for
a given solar zenith angle may be obtained by integration
over all satellite viewing zenith and relative (solar-satellite)
azimuth angles:

Sea surfac

Sea floor

JZ 372 Rop(Os, s; Oy, bv) OBy Sinbyd by d e

- - Fig. 1. Schematic representation of the sea surface BRDF model.
Jo" Jo ' “coysinbydoyde: Blue lines indicate the sea surface (dotted the whitecap-covered

1 (27 pm/2 ) portion, and solid the wind-ruffled surface from which the glint re-
= ;/o /0 Rob(0s, ps: Ov. pv) COHy Sindydbyd gy (3) flectance arises), and red light rays.

Rpd(0s) =

This may then be integrated over all solar zenith angles to

obtain the BHR: Table 2. Spectral and directional variability of componentsipf,.
fg 12 Rpd(0s) CODsSiNdsd b Contribution  Spectral Directional
Rya = fg/zcos%sinesdes from variability  variability
7/2 Whitecaps Moderate  None
=2 / Rbd(0s) COPsSiNfsd b 4) Glint Weak Strong
0 Underlight Strong Weak

For the ocean surface, Gaussian quadrature integration
with 4 points in each angular dimension is sufficient to obtain
the DHR and BHR to 3 significant figures from the BRDF
(the glint contribution is precalculated with a higher number reflected off the foam-free portion of the surface. The contri-
of points, as discussed later). The BHR at each wavelengthUtionS from these two factors will depend on the roughness
used are retrieved by the ORAC scheme, but there is insufof the sea surface, which is determined by the wind speed.
ficient information to also retrieve the full BRDF from the Thirdly, light penetrating the surface can be scattered back
measurements. Therefore BRDF models are used to gene#p into the atmosphere by molecules within the body of wa-
ate Rpp, Rpg and the a prioriRgq. The ratiosRpp : Rgg and ter. The combination of these terms leads to the relationship
Rpb: Rpg are fixed in the aerosol retrieval, such that wiiag
is scaled in an iterative step in the retrieval then these ratiodtbb = fwcowe + (1 — fwe) (ogi + pul) (5)
are used to scal®p, and Rpg by the corresponding factor.

This work describes the sea surface BRDF as calculated i¥/Nere fwcowc is the contribution to reflectance from white-
ORAC. caps; pgl represents the sun glint; ang, denotes the “un-

derlight” term from radiance reflected just below the surface
of the water. This is represented schematically in EigAl-
3 The three components oRpy though these components represent reflectances, they are de-
noted usingo instead ofR for clarity. These three compo-
The model described in this work draws on the heritage ofnents are dealt with individually due to their differing direc-
Koepke (1984). An implementation of thékoepke (1984 tional and spectral variability, as summarised in Tabl&he
description of surface reflectance, focusing on the 400 nm-+termspg andpy are weighted against by a factor of fz),
700 nm spectral range, is in the 6S radiative transfer codavhere f,¢ is the fractional cover of whitecaps, as specular
described byermote et al(1997). Koepke(1984) describes  reflectance and underlight are taken to arise from only the
Rpp as being composed of three terms representing differentoam-free portion of the surface. The formulation fay
sources of upwelling irradiance. Firstly, light can be reflectedincludes a correction to account for light lost due to glint re-
off whitecaps in the rough ocean surface; secondly, it can bdlection at the surface (see Segj.

www.atmos-meas-tech.net/3/813/2010/ Atmos. Meas. Tech., 388832010
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4 Whitecaps Whitecap coverage and reflectance

Whitecaps are where the ocean appears bright due to the
action of wind creating a foam. The simplest of the three
components oRypp, their only dependence is on wind speed
and wavelength. The contribution of whitecaps to reflectance
is the product of the proportion of the surface covered by
whitecaps fwc) and their average reflectangg,(). Koepke
(1989 treated whitecap reflectance in the visible region as
constant with wavelength, although noted that in the near-
infrared it might be expected to decrease due to absorption
by water molecules. More recent coastaiquin et al, 1996 g
and open ocearNjcolas et al. 2001) work suggests a re- 1050,
flectance of about 0.4 at shorter wavelengths, decreasing by 0
about 40% at 850 nm and 85% at 1.65 pm. These ratios have Wind speed, ms

been adopted here for use at the nearby (A)ATSR channels,

with reflectance at 550 nm and 660 nm assumed equal to 0.4ig. 2. Whitecap coverage and contribution to the BRDF as a func-

Kokhanovsky(2004 develops a physical model for white- tion of wind speed. The dashed black line indicates the whitecap
cap reflectance, which is then parametrised in terms of th&overagefwc. The red line shows the contributiofcowe to Rpb
(spectral) water absorption and a spectrally neutral coeffi2t 550nm and 660nm, the green line the contribution at 870 nm,
cient. This coefficient is determined on a case-by-case ba2"d the blue line the contribution at 1.6 um.
sis from several measurement sets, includsnguin et al.

(1996. This model suggests that the whitecap reflectance

may vary globally. The adoption of global values based onand fucowc are considerable (t§—10-2, except at 1.6 um).
Frouin et al.(1996 andNicolas et al.(2001) introduces in  Such high wind speeds are found polewards &f 48th typ-
most cases negligible error into the calculatiorRgf, as the  ical ocean wind speeds elsewhere in the range 5=8 nosr-
whitecap fraction is generally low, and the variability among responding tgwc around 104-1073.

the experimental cases studied Kokhanovsky (2004 is There are several sources of uncertainty with this section
small compared to uncertainties in the whitecap reflectancef the algorithm:

(Frouin et al, 1996 Nicolas et al.2001) and whitecap frac-
tion.

The whitecap fraction is here parameterised in terms of
wind speed,w, by a simple power law according to the
method ofMonahan and Muircheartaigl1980. The frac-
tional cover of whitecaps is given by

10%-

10? —

[EnY
Q
w

10* —

Whitecap fraction/contribution

— There is a large uncertainty of up to 50% in the spectral
reflectance of whitecapd-fouin et al, 1996 Nicolas
et al, 2001 Kokhanovsky 2004).

— Anguelova and Websté2006 reveal that different pa-

_ 6. 352
fwe=2.951x10""w ©) rameterisations of,c can lead to estimates differing by
with the caveat thaf,, cannot be greater than 1. It should up to an order of magnitude, as a simple dependence on
be noted that determination df,c is complicated and var- wind speed is inadequate to explain observed variability.

ious formulations based on wind speed and other environ-  This may be a significant source of error in high-wind or

mental factors have been developed. An overview of some  low-chlorophyll environments away from the sun-glint

of these methods is given \nguelova and Webst€2006. region.

The method oMonahan and Muircheartaigli980 is used

as it has been widely adopted (suchkasepke 1984 and

requires only easily-available wind speed data. In the ORAC )

retrieval scheme, 6-hourly 10 m winds at 1 degree resolutiorp ~ Glint reflectance

from the European Centre for Medium-range Weather Fore-

casts (ECMWF), linearly interpolated in space and time, areThe contributionpg results from rays of light striking the

used throughout. wind-ruffled sea surface and being specularly reflected in the
The contribution of whitecap reflectanceRgp as a func-  observer’s direction. It is calculated using the modeCok

tion of wind speed is shown in Fi@. As it lacks geomet- and Munk(1954g andCox and Munk(1954H, from which

ric dependence, the contribution of whitecapsRig, Rpg key equations are reproduced here for completeness. More

and Rqq are the same. The global mean wind speed forcomplicated than whitecaps, glint depends strongly on ge-

2004, sampled at AATSR overpass times, is shown in¥ig. ometry, wind speed and wind direction, and weakly on wave-

For wind speeds of approximately 10msand higher fyc length.

Atmos. Meas. Tech., 3, 81838 2010 www.atmos-meas-tech.net/3/813/2010/
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2004 global mean wind speed, ns
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Fig. 3. Global mean near-surface wind speed from ECMWF for the year 2004, sampled at AATSR overpass times.

5.1 Calculation — Wind-anisotropic (dependent on upwind and crosswind
wind speed).

The algorithm defines a coordinate system X, Y, Z) such
that P is the observed point on the surface ahthe altitude
with PY in the direction of the Sun an8X in the direction
perpendicular to the Sun’s plane. The surface slope is defineRecentlyZhang and Wan{009 evaluated these parametri-
by the two components sations, along with other work drawing on the heritage of
Cox and Munk(19543 (specifically Wu, 1972 Mermel-

— Wind-anisotropic, with an additional Gram-Charlier se-
ries correction term.

0z —sindy sing

Iy=——=—————— (7)  stein et al.1994 Shaw and Churnsidd 997 Shifrin, 2001,

dX  cods+codly Ebuchi and Kizy 2002 andBréon and Henrigt2006 us-

9Z  sinfs+sind, cosp ing MODIS measurements. It was found that the anisotropic
Iy=—=—"—"—" (8) model (without the Gram-Charlier series)©@bx and Munk

oy COs+Coy (19543, and the model oBréon and Henrio(2006, were

whereds < 7/2 andé, > 0. In reality, the slope distribution Very similar and provided the best model for the observed

will be anisotropic and dependent on wind directjgn The glint. The conclusions remain valid for (A)ATSR as it has
axes are rotated clockwise from the northayto define a  Similar channels to MODIS. Therefore the anisotropic model

new coordinate systerP, X', Y’, Z) where PY' is parallel ~ ©f Cox and Munk(19543 is adopted here; the resulting ex-
to the wind direction, and where the slope components mayPression for the slope distribution is
be re-expressed: 242

p p(Z;(,Z)/,) _ ) (11)

2royoy
where the termg = Z; /o, andn = Zj /oy, and o} and
Zy = —sin(xw) Zx +cos xw) Zy (10) o} are the root mean square valueszjf and Z;,, respec-

Followi d Munk(19544. th bability distri tively. The valuesr/?, taken as as 0.003+0.00192:9.002,
Ollowing Cox an un/ ( ,95_ 3t e probability distrl- 54572 taken as 0.00316:40.004, are fronCox and Munk
bution of surface facets(Z;, Z)) is required to calculate the (19543 for a clean sea surface

glint reflectance. The original work provided coefficients for The total contributiong is calculated, followingSox and

Z} = Co xw) Zx + Sin(xw) Zy 9)

3 parametrisations fgp: Munk (19543, as
— Wind-isotropic (dependent only on absolute wind 7 p(Zy, Zy) Re 12)
speed). gl = 4coFscoF,codt B
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Table 3. Refractive indicesi for water at relevant wavelengths. 5.2 Magnitude of contribution

Both realn and imaginary components are given, although only . I . A
the real part is used in determining the Fresnel coefficient. Adapted! "€ glint contributionog to Ropis shown at 550 nm in Figl.

from Hale and Querry1973 andQuan and Fry1995. The strong geometric dependence is visible; this is key to
the ability of (A)ATSR to perform retrievals into the sun-

glint region, as generally while one view is affected by glint

Wavelength  Real component Imaginary component

2 n " (meaning most signal arises from the surface) the other is not
(so most signal arises from the atmosphere). The asymmetry
550nm 1.341 1.9610°° in Fig. 4 arises due to the wind direction not being in line
660 nm 1.338 2.2810°8 with the field of view. This has a smaller impact@&stends
870nm 1.334 3.9410°7 to the nadir. Dependence on wavelength is weak due to the
1.6pum 1.323 8.5510°°

similarity of the refractive index of water at the modelled
wavelengths.

The sea surface BRDF is integrated using Gaussian
quadrature with 4 points to obtaiR,g and Rqg. The glint
whereR;s is the Fresnel reflection coefficient, agdhe facet  contribution requires a large number of points to calculate
tilt accurately; as a result precalculated lookup tables (LUTS)
of integratedog, using 360 quadrature points, are used for

CoS = COYs+CoFy (13) computational efficiency. These are parametrised in terms of
- J2+2cos® wind speed (forRyg) and wind speed and solar zenith an-

gle (for Rpg). These quantities are shown in Figsand6.
where the scattering angt between the incident beam and The glint DHR shows the expected increase with solar zenith
surface facet is obtained using angle, and for commonly-encountered conditions is approxi-
mately 0.03 (at all wavelengths; shown only for 550 nm). For
high wind speeds the contribution decreases due to the in-
creased whitecap fraction. The BHR is generally 0.05-0.06,
decreasing as increases again due to the increase in white-
cap fraction. When the whitecap contribution is added, an in-
crease withw is observed (except at 1.6 um where the foam

Calculation of the Fresnel reflection coefficightrequires  reflectance is small) together with more variability between
the real component of the refractive index of air, taken asiye wavelengths.

na=1.00029 for all wavelengths, and of watgy, shown in

Table3. These were calculated at 550 nm and 670 nm using

the method ofQuan and Fry1995 assuming a temperature -3 Uncertainties
of 15°C and salinity of 35 parts per thousand, but are correct

to four significant figures over the range of typical tempera- gyer 3 range of typical conditions, the uncertainties in the co-

tures and salinities. efficients used in the calculation ptZ;. Z}) (Eq.11) lead to
This model of Quan and Fry(1999 extends only to  a variability of around 10%, causing a corresponding uncer-

700 nm, so for the longer wavelengths values for pure watefainty in pg of the same amount. This variability decreases

from Hale and Querry1973 were used. At shorter wave- at higher wind speeds.

lengths there was an offset of around 0.0065 between the re-

fractive index as predicted for pure water and that of salinity

typical for the sea, so this adjustment was also applied to the .

pure water data used at 870nm and 1.6 um. Values for th€ Underlight

imaginary part of the refractive index were likewise taken

COS2D = COY), COYs+ Sinby SiNdsCOSHy (14)

such that ® is the familiar scattering angle between incident
and reflected beams.

from Hale and Querry1973. Underlight is upwelling irradiance from just below the sur-
For viewing zenith angles more extreme thaf,Z0slight  face of the ocean. As suchy, is influenced strongly by
modification is made to the denominator of E&2)follow- pigment concentration and wavelength, and weakly by ge-

ing Zeisse(1995 to avoid an infinite radiance at viewing ometry. The model described here is designed for Case | wa-
zenith angles near the ocean horizon. The reader is referrers, following the nomenclature dorel and Prieuf1977).

to Zeisse(1995 for more details; although such extreme In Case | waters (typically open ocean) the chlorophyll con-
viewing geometries do not occur for the (A)ATSR views, cal- centration is high compared to the scattering coefficient;
culation of the reflectance at such geometries is required fon Case Il waters (typically coastal and shallow) scattering
the integration to obtaiRpg and Ryq for the retrieval forward by inorganic particles dominates. The semi-empirical rela-
model. tionships between ocean constituents and surface reflectance
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Fig. 4. Glint reflectancepg at 550 nm for near-nadir (leféy = 5°) and forward-view (rightgy = 55°) geometries. In both cases="5 ms1

and yw = 135°.
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Fig. 5. Glint contribution to the directional-hemispherical re- . . o . . .
flectanceRg at 550 nm as a function of wind speed and solar zenith Fig. 6. Glint and whitecap contribution to bihemispherical re-
angle. flectanceRyq as a function of wind speed. The black lines shows the

contribution at 550 nm, red at 660 nm, green at 870 nm, and the blue
line the contribution at 1.6 um. The dashed lines show the contribu-
developed byMorel and Prieur(1977), Morel and Gentili tion from sun-glint_alo_ne,weighted agairlst l_)ythe White_cap fraction
(1991 and later work are different between Case | and II (Eg.5), and the solid lines the total contribution from whitecaps and
waters. This work focusses on Case | waters because theg)'nt'
cover the majority of the Earth’s surface, and scattering in

Case Il waters is less well-understood. ) . )
— The topmost layer, corresponding to the air-water in-

6.1 Calculation terface. The downward and upward transmittances
through this surface are denot&gdand?,, respectively;

The underlight reflectance is an analogue to the atmospheric  the (downward) reflectance of upwelling irradiance be-
scattering problem. Reflectances and transmittances related low the interface isRy. The upward reflectance of
to underlight are denoted usifig and 7, rather thank and downwelling irradiance above the interface is the glint.
T, for an easier distinction between other reflectance and

transmittance terms used in this work. Fundamentally, the — An “upper ocean” layer, from which the scattered radia-
system may be considered to consist of three layers: tion causing the underlight contribution originates. The
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822 A. M. Sayer et al.: A sea surface reflectance model for (A)ATSR

reflectance of this layer is denoted By, and known as  through the water body, is negligible and E6) may be

the water body reflectance. simplified to
— An “ocean floor” layer. This is characterised by the re- oul= T4Rw Ty (19)
flectance of the ocean beRyeq The transmittance be- 1-RyRw

t7\_Neefn thde upper Igyerdand ocedag_ ﬂO(:.r is dendigd ?_r | which is the expression used to calculatgin this scheme.
w.u for downward and upward directions, reSpectively. ; ;o noteworthy that in very shallow waters, or wavelengths
at which water is more transparent, the reflectance charac-

bination of the lower two layers. Light penetrating the air- t€ristics of the ocean floor may become important and so
water interface may be reflected back towardsRty] or Eqg. (16) is presented as the general case. An analagous for-

subject to multiple “reflections” between the upper ocean andnulation was presented yustin (1974.

ocean floor. If it is assumed th&eqis isotropic then it can . . -
be easily shown that the combination of these two layers re-6'l'1 Downwelling transmittance coefficientZ q

The problem may be simplified by first considering a com-

duces 1o The termZy in Eq. (19) represents the transmittance of down-
R Tw.dRoedIw.u 15 welling radiat?on. Assuming a flat sea surface,_thi; is simply
wt 1— RwRbed (15)  calculated using the Fresnel coefficient for an incident beam

of a given solar zenith angle, and noting that light not re-
which is the reflectanc®,, of the incident light from the flected is transmitted:
water body, plus a multiple-scattering geometric series limit.

This combination of the two lower layers may then be Zd(6s) = 1 — Rt.aw(6s) (20)
treated as a single (lower) layer of a two-layer system, in - . L .
which the upper?aye(r corrgspgnds to the air—\zlvateryinterface. The subscript 'n’.zf:a."" reminds that the incident beam is
If it is assumed that this lower layer is an isotropic reflec- coming from the air, into the water. For all wavelengths,

tor then the same series limit may be applied to this simpIerITd IS appr_czﬁlmatlely 0(':9? f?9§.<6?0 but _dr(cj)ps sh;\rplydfor .
two-layer system to calculaje: arger zenith angles. Calculation for a wind-roughened sea is

computationally expensive, as it involves the calculation of

Ta(Ruw+ Tw,deedTw.u)T the transmittance through all possible facéisistin (1974
pul = W 1*RWRbedT ! (16) present results for selected angles and wind speeds, and note
l—Ru(RWJrM) that for wind-ruffled seady is slightly lower than 0.98 for
1-RwRped

near-zenith angles of incidence, and the decline in transmit-

The geometric dependencef, is weak and its absolute  tance is slower as the Sun approaches the horizon, although
value is small, so the error introduced by this approxima-the changes are not large. Therefore the assumption of a flat
tion is small. The direct reflectance of incoming light off the sea surface introduces minimal additional error.
interface was dealt with as the sun-glint term and so is not
part of Eq. 6). A further approximation may be made to 6.1.2 Upwelling transmittance coefficientZ
simplify the calculation ofy for the open ocean. The trans-
mittanceZy, of water (either upward or downward) may be The transmittance of the underlight through the water-air in-

calculated as terface is denoted,. If the upwelling irradiance is assumed
to be diffuse, and the sea surface flat, thgrs given by in-

Tw=e W2 a7) tegrating the Fresnel coefficient over all possible upwelling
anglesyy:

whereay, is the absorption coefficient of the water, and
the path length (for a vertical column, equal to the depth of fg/z(l—Rf;wa(Gu))COS%Sin@udGu

the water). For pure watety, can be calculated from the Ty= /2 o sing do (21)
complex part of the refractive index: o COFuSINLTOy

. Here, R+.wa indicates that the upwelling light is travelling
aw =~k (18) from water to air. This give§,=0.522 at 550 nm, 0.523 at

660 nm, 0.525 at 870 nm and 0.536 at 1.6 um. These are just
Using « from Table 3, over all wavelengths of interest, over half typical values ofy because rays hitting the inter-
and even in shallow water (with=100m),7y, is very small  face with® > sin"1(na/ny), approximately 48, are inter-
(102 for z =100m at 550nm, and orders of magnitude nally reflected so that their energy is lost. Hence the radiance
smaller for deeper water or longer wavelengths). Dissolvedpenetrating the surface is limited to the subset with angles of
substances in seawater would further decréseAs are-  incidence smaller than this critical angle.
SultZw.d RpedZw,u, the proportion of light transmitted through As with 7q4, for a rough sea calculation becomes more
the water, reflected off the bottom and then transmitted upcomplicated because the transmittance of facets aligned at
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6.1.5 Absorption coefficient
Table 4. Absorption coefficienty, (m™1) for water at AATSR visi- P

ble channel wavelengths. Sk®rel and Prieuf1977), Table3 and

Eq. (18 A more thorough treatment can be given to the absorption

coefficient of water than the approximation made previously.
The total absorption coefficientof seawater can be thought
of as the sum of the absorption due to pure watgr(as in

Wavelength  Absorption coefficient

» of wateray, m™* Eq.18), that due to phytoplankton pigmenign, andacpowm,
550 nm 0.064 the absorption due to detritus and coloured dissolved organic
660 nm 0.410 matter (CDOM), also known aSelbstoft
870 nm 5.65
1.6um 672 a(A) = aw(1) + aph(r) +acpom(r) (23)

The absorption coefficients used for water are shown in
Table4. Values for 550 nm and 660 nm are taken for sea-
water fromMorel and Prieuf1977); for longer wavelengths
1data are unavailable so at 870 nm and 1.644ns estimated
using imaginary components of the refractive index from Ta-

different angles to the surface has to be taken into accoun
Austin (1974 again show, using examples at selected wind

speeds and angles, that for increasingly rough seas the transra 3 with Eq. (18). This approximation is justified as the

mlt_tance from upvv_ellmg rays at _near-nadlr incidence falls underlight contribution t&Rypp is small at these wavelengths.

while some transmittance is possible for rays at angles larger For agh, the two-component model outlined 18athyen-

than the flat-sea critica! angle. The net effect is tyaghows dranathpét al(2001) andDevred et al(2009 is used. This

lt'ittlr? ideperi\ginﬁz on wind speed, and so the flat-sea asSUMPs|ates the absorption due to phytoplankton to the concentra-
on s again vaid. tion C of chlorophyll-ain mgm~23, assuming a mixed popu-

. o lation of two phytoplankton types, by
6.1.3 Upwelling reflectance coefficientR

aph(A) = U (1—e™ %) a3 (0)C (24)
The final geometric terk,, is the (downward) reflectance
coefficient for upwelling radiance at the water-air boundary.
This can be calculated as-17,. Austin (1974 give broad- m ok *

unrn)=c=C A)—as (A 25
band visible values between 0.485 for a still ocean surface’ U — C1 (@1(H) =a2(3)) (25)
and 0.463 for a wind-ruffled surface with=16ms*; as whereCY" is the maximum chlorophyié concentration as-

this dependence on wind speed is small, @@®Rw <1,  sociated with phytoplankton population 1 in mg# and
the flat-surface assumption introduces negligible error iNtO,* and aj are the specific absorption coefficients i

Eq. 19). (mg chla)~* of the two populations at the wavelength of in-
terest. Scp describes the nonlinearity of absorption and has
6.1.4 Water body reflectanceRy units of n¥ (mg chla)~1. For a global dataseDevred et al.
(2006 found C¥* = 0.62mg nT3, a} =0.0109 nT* (mg chl-
The water body reflectanc®,, is controlled by the optical a)~! at 550nm and 0.0173m (mgchla)~! at 660 nm,
properties of water and matter within it, and is defined as thes} = 0.0064 m® (mgchla)~! at 550nm and 0.0085m4
ratio of upwelling irradiance from just below the surface to (mgchla)~! at 660nm, andSeh = 1.61n? (mgchla) L.
downwelling irradiance just above it. The method of calcu- Absorption by pigments is neglected at 870nm and 1.6 pm;
lation is based on the method oforel and Prieu(1977,  the very strong absorption of the water at these wavelengths
and further developed on many occasions (e.gMorel,  (Table 4) means this approximation has negligible impact.
1988or Morel and Gentili 1993). The parametrisations are For pigment concentrations of approximately 1 mgfnor

based on a variety of semiempirical relationships. The Watermoreaph becomes significant at 550 nm and 660 nm, other-
body reflectance is calculated from the optical properties ofjise it is negligible compared tay.

where the parametér is defined as

the water as follows: Operationally, data for both chlorophyll concentration
and CDOM/detritus absorption are obtained from the Glob-
_f bp(A) 22) Colour project Barrot et al, 2006. This provides global val-
Ao ues of various ocean colour parameters from merged satellite

(MERIS, SeaWIFS and MODIS) datasets. Monthly mean
This describes the colour of the water as the ratio of thevalues on an approximately 25 k25 km grid are used, with
total backscattering coefficieng()) to the absorption coef-  gaps filled using an annual mean. Figidrghows the annual
ficienta (1), multiplied by some empirical correction factor mean pigment (chlorophyl-and phaeophyti@ normally
f. abbreviated as just “chlorophyll”) concentrations over 2004.
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Fig. 7. Annual mean GlobColour-derived chlorophglieoncentration (mg m3) for 2004.
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Fig. 8. Annual mean GlobColour-derived CDOM and detritus absorption coefficient at 550 Ay for 2004.

The large spatial variability, as well as range of concentra- Figure 8 presents an analagous map of the annual mean
tions spanning several orders of magnitude, is evident. In the€DOM absorption coefficient at 550 nm for 2004. According
open ocean, typical values are in the range 0.05to 1mgm to Roesler et al(1989, absorption from detritus and CDOM
but near the coast the concentration can reach 10migan  can be treated as one parameter due to their similar spatial
higher. Chlorophyll content is also important for calculat- distributions and absorption properties; hence, the quantity

ing the backscattering coefficient, as discussed in the nextetrieved by ocean colour algorithms is the total absorption
section. coefficient for both substances. GlobColour provides the
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absorption coefficient at 443 nm which is related to absorp- The second parameter in EQ7, b (1), is the backscat-

tion at longer wavelengths by the following equation: tering probability: the ratio of the backscattering to scattering
coefficients of the pigments. It is related to the total concen-
tration C of chlorophyll=a and pheophytin:, measured in

. mg m3, and wavelength, measured innm, by the follow-
In Eq. (26) the parameteS describes the spectral slope ing expression:

of the absorptionRoesler et al(1989 found different val-
ues (generally in the range 0.011 to 0.018) worked well forz 1 _ 5 002-0.02(0.5— 0.2500 -C 550 28
different regions of the world, with 0.014 a good value for b(A) = 0.002+0.00. +2910610C) A (28)

global studies. This value of 0.014 is used here, as well @S The final term in the backscatter component of BX7) (b

acpom(*) = acpom(443e~S*—443 (26)

assorted other studies (suchGisen et al.2003. is calculated as:
The CDOM absorption coefficient tends to covary with
chlorophyll concentration (Figs?/ and 8). Typical ocean b=0.3c%%2 (29)

values at 550nm are in the range 0.001 to 0.0% rbut
again higher values, generally up to 0.1¥ncan be observed

in productive or coastal waters. This algorithm only takes . T :
P g y particle backscattering is taken into account byith&factor

acpom into account at 550 nm. At 660 nm the value f ! . .
means that CDOM absorption is only around a fifth as strongm Eq. 28). It should be noted that although parametrised in

as at 550 nm. Combined with the fact that absorption by Wa_terms ofC, the models were _developed to accoun_t for scat-
ter and chlorophyll increases by roughly an order of magni-terlng from suspended organic matter as well as pigment.

tude, the CDOM contribution to the total absorption coeffi-
cient is negligible. At longer wavelengths this effect is even
more pronounced. Taking into account the decreasing impor-

tance ofpy with increasing wavelength, this approximation \ore| and Prieu(1977) initially gave £, the empirical cor-

The relationship betweeh and C was derived byMorel
(1988 for data at 550 nm; the wavelength-dependence of

6.1.7 Ratio multiplier f and combination for water
body reflectanceR

has minimal effect on results. rection multiplier of the ratio of total backscattering to to-
) o tal absorption used to calculate the water body reflectance
6.1.6 Backscattering coefficient Rw, a value of 0.33. Subsequent work has found it to de-

pend on the solar geometry and the optical properties of wa-
ter. The method used here was put forwardNbgrel and
Gentili (1991, stated to be accurate within 1.5% for solar
zenith angles smaller than 70t relatesf to the proportion

1 _ of backscattering due to water moleculesg € bpw/bp) as
bp(h) = Zbw(}) +bo(M)b (27)  follows:

The termbp (1) is the total backscattering coefficient from
molecules and particles. Followidorel and Prieu1977)
this is parameterised as

whereb,, is the molecular scattering coefficient for water, / =0.6279-02227,—0.051375 + (~0.3119+0.2465)coshs  (30)
and the second term is the product of the particle backscat-

tering probabilityb, and particle backscattering coefficient variation of f is small with wavelength but larger with so-

b. The division by 2 oby, arises because molecular scatter- |, 4paie from slightly over 0.3 for a near-nadir sun to over
ing is forward-back symmetric, so the backscatter coefficienty ¢ ¢ " <\in near the horizon

is half of the molecular scattering coefficient.

Values forby for pure water from 380 nm to 700nm were 6.2 Magnitude of contribution
given by Morel and Prieur(1977). Morel (1974 tabulated
values from 350 nm to 600 nm for both pure water and typi- Figure 9 showsp, at (A)ATSR wavelengths for a range of
cal seawater. The data were shown to fit a power law with arepresentative pigment concentrations. At the shorter wave-
dependence oh—432, with seawater scattering around 1.30 lengths it is of the order of I —10~3, and so away from
times as much as pure water. This relationship has been usate glint region is generally equal to or larger than other
to extrapolate these data to the 660 nm, 870 nm and 1.6 proontributions toRp,. Hence knowledge of is essential to
channels. The values obtained fa; are 1.9%103m1! judge accurately the total reflectance. As it shows a stronger
at 550nm, 8.7%10*m~! at 660nm, 2.6610*m~1 at  wavelength-dependence thag andpg, the spectral shape
870nm and 1.9%410°m~1 at 1.6 um. The value predicted of Ry, will be largely determined byy, outside of the sun-
for 660 nm is in good agreement with that given for pure wa- glint region. At 870 nm and 1.am, py is negligible. At all
ter at 660 nm irMorel and Prieu1977) multiplied by 1.30.  wavelengthgy, increases witht", although at 550 nrp de-
The small size ob,, (both in absolute terms and when com- creases foC > 1 mgnt2 as the increasegcpomssg used
pared tobp) at longer wavelengths means that any error inin the calculations causes absorption to increase more rapidly
this extrapolation is minor in terms of influence &x,. than scattering.

Assuming a pigment concentration of 0.3 mgin the
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Variation of underlight contribution with chlorophyl 7 Typical values, patterns, and errors

To illustrate typical reflectances predicted by the model, it
has been applied to a selection of AATSR orbits from 6
September 2004. Information on the viewing solar-satellite
geometry is shown in FidglLO, along with the ECMWF near-
surface wind speed from noon on that date.

Figuresl1land12 show example nadir-view and forward-
view BRDFs generated at 550 nm and 1600 nm. Sun-glint
is visible in the centre of the nadir-view swaths and toward
o1 01 1 10 the north of the forward-view swaths. These glint patterns

Chlorophyll-a concentration, mgn persist for different orbits as the satellite geometry remains
B B = . the same. Perturbations to this glint shape arise due to vari-
<107 10° 10° 10* 10° >102 ations in the wind speed and from increased reflectance due
to oceanic whitecaps or underlight, particularly at 550 nm.
Fig. 9. Variation of p, with chlorophylla concentratiorC atthe ~ BRDF at 660 nm and 870 nm takes values in between these
four (A)ATSR channels used. The solar zenith angle was taken a$wo wavelengths; at 550 nm all contributions to the BRDF
30°, andacpomsso (inm~t) was setto 10% of (inmgn3)to  are important, while at 1600 nm the shape is glint-dominated,
represent the typically-covarying nature of these quantities in operunless wind speeds are high. The exact location of the glint
waters as seen in FIgEandS region varies Seasona”y_
The sea surface BRDF for (A)ATSR is observed to take
values from around 1@ to 1 dependent on the wavelength
6.3 Uncertainties and location with respect to the sun-glint region. The highest
values are observed for shortest wavelengths; near the glint

) . ) , L region the BRDF can be nearly spectrally flat while far away
The major uncertainties associated withare errors arising  nere can be orders of magnitude difference.

from poor characterisation of pigment and CDOM distribu-  The DHR. shown at 550 nm and 1600 nm in FIG for
tions and scattering. The small size of the underlight term ate same S\;vaths as the previous BRDF example, is almost

o |Ch.1 |Ch.2 |Ch.3 |Ch.4

the longer two wavelengths means that errorsinwvill only —jgentical for both of AATSR's viewing geometries (whose
have minor impacts on the modelled reflectance at 550 nny 4, angles differ by under for any given pixel). Values
and 660 nm. increase as the solar zenith angle increases; as with the shape

of the BRDF, perturbations to the basic shape arise due to

— The relationship betweeh, and C was developed for the_win_d and pigment Qistribution. The same_scale .is L_Jsed
Case | waters (according to the definitiondwgrel and @S in FigS.11land12to |IIus.trate the comparative variabil-
Prieur 1977 and so may not accurately characterise ity o_f the reﬂgctances. Again, values at 660 nm and 870 nm
scattering in Case Il waters (where pigment and scatter®'® intermediate between these two Wavelengths. _The DHR
ing particles do not covary in the same way). This may typltlzally takes value around 18 (where the Sun is high) to
cause the algorithm to perform less well over Case I 10~ (where the Sun is low), and is slightly larger at shorter
waters. Case Il waters are largely coastal and the inhoWvavelengths. o
mogeneity of coastal regions presents other problems Figurel4shows the a priori BHR generated for these over-

for aerosol retrieval; this is beyond the scope of this PaSSes. Being independent of geometry it is the same for both
work. instrument viewings and variability over the globe is deter-

mined by wind and pigment distributions: the glint shape of
the BRDF is “averaged out” by the integration, which con-

— Errors arising from use of month|y means for chloro- tributes around 0.05 to the albedo. The BHR is spectrally
phyll and CDOM values. The GlobColour chlorophyll flatter and less variable than the BRDF or DHR. Typical val-
products have a stated accuracy of 31%. CDOM errorsU€s are in the range 0.05-0.08 at all wavelengths, with the
are not given byBarrot et al(2006. Further errors arise ~ Shortest wavelengths being brightest. The same scale is again
due to variations on shorter timescales than a month. used as in Figsl1and12, to illustrate this comparative lack

of variability.

— There may be regional biases from using 0.014 as a
global CDOM spectral slop§, asRoesler et al(1989
found values from 0.011 to 0.018 in different parts of
the world.
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Fig. 10. Viewing geometry and wind speed for AATSR swaths on 6 September 2004. The top row shows (left-right) the nadir view satellite
zenith angle, forward view satellite zenith angle, and solar zenith angle. The bottom row shows (left-right) the nadir-view relative azimuth
angle, the forward-view relative azimuth angle, and the 12:00 p.m UTC ECMWF 10 m wind speed.

7.1 A priori uncertainty (such as the foam reflectance, or sea slope characteris-

tics fromCox and Munk19543. The magnitude of the
It is important to assign a reasonable error to the a priori perturbations is determined by the stated uncertainty on
albedo generated: too small a variability and the retrieval the model parameter as previously described in the text.
will be unduly constrained by an imperfect model, but too
large a variability and some of the information on the state
is effectively thrown away. Appropriate uncertainties have
been determined in the following way:

— Calculation of the ensemble median reflectance and its
standard deviation for each ocean state, for eadtpgf
Rpg and Rqg. Use of medians decreases the sensitivity

— Generation of 10000 random sets of typical ocean  tooutliers.
and viewing states (for example differing wind speeds,

chlorophyll concentrations and geometries). Figure 15 shows the calculated median and standard de-

viation of Rqq for the ensembles considered. The standard

— For each ocean state, generatiorRgf and integration  deviation is observed to vary with the magnitudergf. The
for Rpg and Rqq for an ensemble (50 members each) of ratio of the ensemble standard deviation to the median is a
random perturbations to the uncertain model parametersneasure of the proportional sensitivity of the state to errorsin

www.atmos-meas-tech.net/3/813/2010/ Atmos. Meas. Tech., 388832010



828 A. M. Sayer et al.: A sea surface reflectance model for (A)ATSR
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Fig. 11. Nadir-view sea BRDF at 550 nm (left) and 1600 nm (right). Data for AATSR swaths on 6 September 2004.
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Fig. 12. Forward-view sea BRDF at 550 nm (left) and 1600 nm (right). Data for AATSR swaths on 6 September 2004.

the model parameters: a larger ratio means that the calculateghch. In the retrieval, multiplying these sensitivities by the a
reflectance or albedo is more sensitive to errors in the modepriori BHR gives the a priori error estimate for the BHR for
parameters. each ground scene.

Over all states, the median of these sensitivity ratios for As the ratiosRqq: Rpp @and Rqq: Rpq are fixed in the re-
Rdg is 0.20 to 2 decimal places at all wavelengths. The sim-trieval forward model, analagous values for the sensitivity of
ilarity between wavelengths is an indicator that the dominat-Rpq and Rpy, to uncertainties in model inputs are useful to
ing terms (the integrated glint contribution), are similar for determine the sensitivity of the forward model to the fixed
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Fig. 13. Sea DHR at 550 nm (left) and 1600 nm (right). Data for AATSR swaths on 6 September 2004.
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Fig. 14. Sea BHR at 550 nm (left) and 1600 nm (right). Data for AATSRs swath on 6 September 2004.

ratios. For the DHR, these median relative uncertainties aréute uncertainty on it is not). As a result some minimum
0.22 at 550 nm and 0.20 at longer wavelengths. As the BRDRhreshold for the uncertainty is imposed based on the median
spans several orders of magnitude, dependent on wavelengtibsolute uncertainty determined for dull BRDFs. The me-
and position relative to the sun-glint, calculation of a rela- dian relative uncertainty oRpp, for the nadir view is 0.81 at
tive uncertainty is not always useful (as the relative uncer-550 nm, 0.75 at 660 nm, 0.69 at 870 nm and 0.63 at 1.6 pm
tainty on a dull BRDF may be high, even when the abso-with minimum absolute uncertainties of 0.01, 0.008, 0.006
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Fig. 15. Joint histograms of ensemble mediBgy against the standard deviation of the ensembiglg, for (A)ATSR visible/nIR wave-

lengths. The colour scale indicates the relative density of points.

Table 5. Forward model uncertainty in TOA reflectance, in units of

For more details on the calculation of the contribution

the percentage of the measured signal, arising from uncertainty if?f uncertainties in the fixed ratioBqq : Rpb and Rqd : Rod

the ratiosRyq: Rpp andRyq: Rpg-

to the forward model error budget the reader is referred to
Sayer(2008. The calculated contribution in terms of per-
centage uncertainty on the TOA reflectance is given in Ta-

Wavelength  Nadir view Forward view e .
ble 5. These values are of a similar order of magnitude
550nm 2.00 1.32 to the measurement uncertain§ngith et al, 2001, 2008,
238 nm g'gg 1"2(1) and increase with wavelength as the atmospheric contribu-
nm ' : tion to TOA reflectance decreases. Forward-view values are
1600 nm 4.61 2.94

lower due to the longer atmospheric path length. The corol-
lary of this is that, when one view is observing the glint re-
gion (bright TOA reflectance), its measurements receive less

and 0.005, respectively. For the forward view, relative uncer—We'ght in the retrieval,

tainties are 0.82, 0.73, 0.64 and 0.58 with minimum values
of 0.007, 0.004, 0.002 and 0.001 for the four channels. The8
higher uncertainties at shorter wavelengths arise due to the

f"f‘Ct _that whitecaps, glint and underlight may all contribute The new sea surface reflectance algorithm has been used to

significantly toRp at these wavelengths. peform aerosol retrievals from AATSR data in the south-
east Pacific (60S-0 S; 180 W60 W) for the month of
September 2004. This region is chosen because it contains
a large region of open ocean, far from strong aerosol source
regions. The background mid-visible AOD in these open

Application to aerosol retrievals
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oceanic regions is typically0.1 (Smirnov et al. 2009, in Fig. 16, for both the total cost and the components corre-
meaning an accurate model of the surface reflectance is ddponding to deviations from measurements and a priori. Re-
importance to determine the surface and atmospheric contritrieved AOD and effective radius have a large a priori uncer-
butions to the TOA reflectance. Additionally, this area con- tainty, soJ is dominated by contributions from the fits of the
tains coastal regions of high chlorophyll concentration andmeasurements, and retrieved minus a priori BHR.

open regions of low chlorophyll concentration (Fig, and With 8 measurements and 4 constrained state vector ele-
while wind speeds over the bulk of the area are from 5—enis it is expected that a well-fit retrieval will have nor-

1 . . .
8ms ", the region from approximately 45-60 S typically  majised cost on the order of 1.5 (=12/8), with approximately
has stronger winds in the region of 10msor higher (see 4 coming from measurements and 0.5 from a priori. The

Fig. 3). For these retrievals, the most recent version of thegyera)| distributions should correspond #& distributions
AATSR visible channel calibration trend data are used (V12).ith these numbers of degrees of freedom. There should

Results are only presented for sea retrievals. be few cases of costs exceeding triple these values (approxi-
~The OE methodRodgers2000 allows an analysis of re-  mataly 4.5 for the total cost). Figutés shows that the distri-
trieval performance through examination of retrieval statis-y tion of actual residuals broadly matches these theoretical
tics. Additionally, comparisons of aerosol optical depth cqnsiderations, suggesting the uncertainties in the retrieval
with satellite data from the MODIS-Terra instrume®et  gre well-characterised. The total cost is a good match for
mer et al, 2009, and with ground-based observations from 4 x2 distribution for 1.5 degrees of freedom. The figure
MAN cruises in the regiongmirnov et al. 2009, and the s tyyncated at/ = 5; the number of retrievals witt > 5
AERONET site on the island of TahitHolben et al, 1998, 5 negligible. Slightly higher proportions of retrievals with
are possible. 0.5 < J < 1 than expected are likely due to the fact that there
are constraints, albeit weak, from the a priori AOD and ef-
fective radius so the true number of degrees of freedom is

The principle of OE is to maximise the conditional prob- actually slightly higher than 1.5. Due to the low number of

ability of the retrieved state given measurements and any€tfievals with 45 < J <10, the results presented here do not
a priori information. Formally, this is the maximum of change significantly if a stricter cost threshold is adopted.

P = P(x|y,x,,b) with respect to the values of the state vec- As discussed, when the residuajgX) — y,, or x —x,)
tor x for a measurement vector of reflectangesherex, is are weighted by their uncertainties (square roots of appro-
the a priori value of the state vector aldre all other param-  priate elements 0§, or S,) these distributions should each
eters not modelled by the forward model. The assumption isapproximate Gaussians with mean 0 and variance 1. As
made that errors in the measurements, a priori and model pawvell as the total cost, the distributions of error-normalised
rameters have Gaussian distributions with zero mean and caesiduals may be examined individually to see whether each
variance matrices given I, S, andS;, respectively. Fol- measurement or parameter is particularly well or poorly fit.
lowing Rodgerg2000 the maximum probability is given for  Figure 17 shows the normalised residuals on the measure-
the minimum ofJ, the retrieval cost: ments, and Figl8 on a priori BHR. It would be expected
that approximately 68% of the data should fall within the
1) = (@) =ym)S @) —ym) + 6 —x)S @ —xa)" (31)  range+1 and 99% withint3. These figures show that, on
dhe whole, the distributions meet these expectations, which
shows again a good representation of uncertainties in the re-

refers to the values of predicted by the forward model from trieval algorithm. Some distributions show a degree of bi-

the current value of the state vector: for clarity, the measureMedality, which may indicate differing deficiencies in the
ment vector is denoted by,,. The minimisation is done with aerosol or surface models in some situations, although biases

respect tar, so that the derivative af is independent ob are small. The residual distributions on white-sky albedo are
The impact ofS,, the model parameter error, dris included sl_ightly narrower than expected, ?ndigating that the BHR pre-
by mapping it into measurement space and including it as éjlcted by the reflectance model is slightly more precise than
contribution toS,. In this case examples of these model pa- the error analysis estimated. The 550 nm residual distribution

rameters include the fixed ratidq: Rop and Rd: Rog, Set has a small positive bias, suggesting that surface reflectance
by the surface reflectance model ' T at this wavelength is slightly brighter than the model predicts.

Operationally,J is normalised by the number of measure- The exception is the 1.6 um reflectance residual, which
ments (here, 8) before being output by ORAC. Standard qualtends to be negative and wider than expected for the nadir
ity controls are applied to retrievals to exclude those poorlyview. As AOD is generally much lower in the nIR than vis-
fit (typically a result of cloud contamination). This involves ible region, the bulk of the information on optical depth is
considering only those scenes retrieved with a normalisedbtained from the shorter-wavelength channels, and so the
cost lower than 10. Additionally, only the maritime aerosol poorer nadir-view 1.6 um fit should not lead to significant er-
model was used. The distribution of residual costs is showrrors in AOD. The width suggests that, in some situations,

8.1 Aerosol retrieval statistics

The terms present in the equation represent weighted d
viations from measurements and the a priori state. biéxe
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Histogram of retrieval cost are not on the same orbital track), the gridded data are com-
0.15[ T T pared only when both MODIS and AATSR provide aerosol
I retrievals on a given day.
Monthly mean fields of 550 nm AOD have been calcu-
0 10* 1 lated from the daily mean fields for both instruments, and

are shown in Figl9. Coverage is incomplete and largely

limited by AATSR’s narrower swath, MODIS elimination of

A high-sediment and sun-glint regions and overall high cloudi-

0.05:11\ i ness. This low sampling means that features in individual
iJ}\ 1 orbits may still be seen in the monthly means. There is a

Relative frequency

good spatial correlation between the two, although AATSR
T | retrieves lower AOD (typically 0.02—0.1) than MODIS (typ-
0.00 w === - ically 0.07-0.2). Elevated AOD in open ocean regions in

0 1 2 3 4 5 both correspond to higher aerosol loadings from windier con-

Cost P ; ; ; ;
ditions; although various relationships between wind speed

: . N . and marine AOD have been proposed (for example, recently
Fig. 16. Relative frequency distribution of retrieval cost, Total Smirnov et al, 2003 Glantz et al, 2009 Huang et al,2009

cost is shown in black, while distributions for measurement and a - - .
priori contributions are shown separately in red and green, respecl-‘ehahn et al.2010), all suggest higher winds lead to higher

tively. The scale indicates the proportion of all observations falling AOD. ) ) .
in that bin. The dashed black line indicates the theorefiéadisri- Aerosol data from cruises in the Maritime Aerosol Net-

bution for total cost. work are available for the study region. The low spatial and
temporal coverage of these limits the ability to directly com-
pare with satellite data, although they may be used to provide

the forward model error for this view and channel should some information about typical AOD for different regions

be larger to represent accurately the precision with whichand its variability. The cruises used are as follows:

this measurement can be fit. More generally, the measure- .

ment residual distributions have a larger negative tail for the — NOAA Ronald H. Brown Cruise, December 2007

nadir view and positive for the forward view. The reasons Feburary 2008. Latitudinal transect through the eastern

for this are uncertain and may be due to either a poorer rep- ~ Pacific.

resentation of aerosol or surface properties at nadir-viewing _ NOAA Ronald H. Brown Cruise. October—November
geometries, or alternatively issues with the data put into the 2008. Measurements from the vi(':inity of Arica. Bolivia

surface reflectance model. An additional possibility is cal- 45 the west, then north towards the Ecuadoran coast.
ibration issues over dark targets; existing vicarious calibra-

tion of the ATSR instruments has focussed on bright targets — RV Meteor Cruise, October 2008-February 2009.

(Smith et al, 2002 2008. A small calibration offset may be Across the Pacific coast of South America.
hidden in the signal from a bright target, but count more for . )
an otherwise dark signal. — RV Hesperides Cruise, February—March 2009. Across

the Pacific coast of the southern part of South America.

8.2 Intercomparison of aerosol optical depth — RV Melville Cruise, November 2009—February 2010.

i . ) Transect from Brisbane, Australia to Valparaiso, Chile.
Retrieved AOD from ORAC-AATSR is compared with that

obtained from the MODIS sensor aboard the satellite Terra. Measurements during these cruises were made using Mi-
ENVISAT's daytime overpass is approximately 10:00 a.m. crotops sun photometerSihirnov et al. 2009; although
local solar time; the Terra platform shares a similar overpasAOD at 550 nm is not retrieved from these measurements, it
time of 10:30a.m., as opposed to Aqua’s 01:30 p.m. Fromis estimated from the AODs recorded at 440 nm and 870 nm
this point, MODIS will be taken to refer to MODIS-Terra. and the&ngstrbm exponent between these two wavelengths.
The QA-weighted mean ocean AOD and standard deviationlevel 2.0 data (cloud-cleared and quality-assured) were used
from the Collection 5 level 3 daily MODIS atmosphere prod- for all cruises except RV Melville 2009-2010, where level
uct (MODO08D3), are used. This is provided on adrid; 2.0 was not yet available so level 1.5 (cloud-cleared and cor-
before the comparison, the AATSR retrievals are aggregatedected for pointing errors) were used. The daily average AOD
onto the same grid. AATSR retrievals are weighted by theat 550 nm reported from these cruises is shown in E@.
relative uncertainty on retrieved AOD, as provided by OE. At The standard deviation about these daily values was gener-
least 6 retrievals must be present in each bin. To migitate thally small (<0.01). Highest optical depths, on occasion ex-
effects of sampling (MODIS’s swath is over 2000 km as com- ceeding 0.4, were found in coastal regions. Typical AOD for
pared to the approximately 550 km AATSR swath, and theythe open ocean is in the region 0.05-0.09, interim between
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Fig. 17. Error-normalised residuals on nadir (left) and forward-view (right) measurements for aerosol retrievals in the southern Pacific during
September 2004. In both plots, black indicates 550 nm, red 660 nm, green 870 nm and blue 1.6 um. The vertical lines ihdieat&«B,
respectively. The scale indicates the proportion of all observations falling in that bin.

Residuals on a priori BHR time series of daily mean 550 nm AOD is shown in 24,
0.05¢ ‘ ‘ , ‘ ‘ ‘ ‘ — with the standard deviation about the daily average given as
g 1 S 1 1 1 an uncertainty estimate. Also shown are the MODIS and
0.04- l Lo l E AATSR mean and standard deviation AOD for thegtid
i | | 1 | box in which Tahiti falls. The 550 nm AOD measured at the
2 g l I l l ] AERONET site is typically between 0.03-0.07. Although
¢ 0.03- | | | | E the number of cloud-free satellite overpasses of the region
?-J— i i ‘ i i : is low, the figure suggests a tendency for MODIS to over-
T 0.02- | i | | = estimate the AOD as compared to AERONET (although the
2 1 : 1 : 1 E variability of the MODIS data are high), and AATSR to un-
0.01" 3 i 3 3 E derestimate. Disagreement would also arise if the Tahiti
g ! ! ! ! AERONET site were not representative of the larger area,
0.000__. ! : ! ! \\\‘ although in this case the impact would be the same for both

5 -4 -3 2 1 0 1 2 3 4 5 satellite datasets.

Normalised surface BHR residual Histograms of the monthly mean satellite AOD, as well
_ _ ) o as the ground-based measurements, are presented RPFig.
Fig. 18. Error-normalised residuals on a priori BHR for aerosol ag the majority of the satellite observations are open ocean
retrievals in the southern Pacific during September 2004. Black in- Fig. 19), the MAN cruises are restricted to those two which
dicates 550 nm, red 660 nm, green 870 nm and blue 1.6 ym. Thé e . .

o L . .~ went through this region, Ronald H. Brown (2007-2008) and
vertical lines indicate O:t1 and+3, respectively. The scale indi- RV Melville (2009-2010). Additi Ilv. the AOD ob d
cates the proportion of all observations falling in that bin. elville ( bt ,)' : _' lonally, the observe

at the AERONET Tahiti site is shown. All ground-based
measurements, as opposed to daily averages, were used to

MODIS and AATSR. Where both are available, in most Cases\qenerate t_he histograms. T_ogether, t_hese give some _indica-
the difference in daily mean AOD between the level 1.5 andton O_f typical AODs found in the region, although neither
level 2.0 data is negligible. For the few cases in which thes""te”Ite dataset would be expected to match as these may

level 1.5 and 2.0 data are significantly different, level 1.5 not represent the V\_’hOIe region well. Also shown is a his-
data generally have AOB0.2, and the corresponding level togram corresponding to the AATSR data reprocessed as-
2.0 AODs are lower by 0.01-0.04 suming a fixed wind speed of 6 m’ and the overall surface

The AERONET site at Tahiti (17.57, 149.06 W, 90 m reflectance fixed a_t the value_ predicted by the model, as in
i ) . ; the MODIS Collection 5 algorithmRemer et al.2005.
elevation) did provide aerosol measurements during Septem-
ber 2004; these are available at level 1.5, and here 550 nm The ORAC-AATSR AOD histogram is both narrower and
AOD is estimated from that retrieved at 500 nm, 870 nm takes smaller values than the MODIS histogram. When the

and the/f\ngstrt'jm exponent between these wavelengths. Awind speed is fixed at 6 mé and the AATSR data repro-
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AATSR monthly mean 550 nm AOD MODIS Terra monthly mean 550 nm A
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Fig. 19. Monthly mean 550 nm AOD from AATSR (left) and MODIS-Terra (right) on‘agtid, constructed from only those grid cells where
AATSR and MODIS-Terra reported observations on the same day.
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Fig. 20. Daily mean 550 nm AOD from MAN measurements in the Fig. 21. Daily mean 550 nm AOD observed at the Tahiti AERONET
southern Pacific. site (17.577 S, 149.08 W). Green symbols indicate AERONET
measurements, and uncertainties the standard deviation of AOD
throughout the day. Black triangles indicate AATSR and green dia-
cessed, the overall distribution of AOD is observed to slightly monds MODIS-Terra, with error bars corresponding to the standard
broaden and the peak shifted to higher AOD by around 0.019deviation of the 1grid cell in which Tahiti falls.
This indicates that some of the broadness and positive offset
of MODIS as compared to AATSR may be explained by
the assumption about a fixed surface reflectance and wintgad to a false enhancement in AOD of the order of 0.02 at
speed. In this respect, the assumptions about wind spee®b0nm. An analagous analysis has not been carried out for
made in the MODIS aerosol retrieval are likely to lead to AATSR, although the cost function has been generally found
an overestimate of AOD in windyu(> 6 ms™1) conditions. ~ to be successful at identifying cloud-contaminated scenes.
A higher MODIS AOD could also arise if MODIS underesti- Together these explain some of the discrepancy between
mated the underlight reflectance, although this is small oveMODIS and AATSR AODs.
large parts of the region considered due to low chloropéyll Kokhanovsky et al(2009 present an intercomparison
concentrations, and so unlikely to be importaitaufman  study of aerosol retrievals over a black surface performed
et al. (2005 examined the effect of residual cloud contami- from synthetic data. Both the ORAC-AATSR and MODIS
nation on MODIS AODs over ocean and concluded that atocean aerosol retrieval algorithms participated in this study.
550 nm contamination, principally from thin cirrus, could In Kokhanovsky et al(2009, the MODIS ocean algorithm
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9 Conclusions

Distribution of retrieved AOD

o
w

1 A sea surface BRDF model, drawing on the heritage of
1 Koepke(1984), has been formulated for the visible and near-
IR channels of the ATSR instruments (ranging from 550 nm
to 1.6 um). The model accounts for contributions to the
observed reflectance from whitecaps, sun-glint and under-
light. The model is discussed in the context of application
to aerosol retrievals, although it is also suitable for use in
cases of optically-thin clouds. It can be integrated over solar
and viewing geometries to provide the DHR and BHR addi-
tionally required for the ORAC aerosol forward model. Fur-

i thermore, as ORAC is an optimal estimation algorithm, un-
0.0t =5 ] certainties in the parametrisations used in the BRDF model
0.0 0.1 0.2 0.= are propagated through into the forward model and retrieved

550 nm AOD state. As the brightness of the surface is permitted to vary
in ORAC, unlike most other oceanic aerosol retrieval algo-
Fig. 22. Histogram of 550 nm AOD from each dataset. Black in- fithms, some additional flexibility is available in the case
dicates AATSR and red MODIS-Terra. Both are calculated from where the assumed surface reflectance is incorrect. The new
a monthly mean on a°Jgrid, for only those cells where both in- BRDF model offers improved coverage over previous meth-
struments observe on the same day. Solid black indicates the stamds, as retrievals are possible into the sun-glint region.
dard AATSR retrieval, and dashed black when the wind speed is The new BRDF model has been implemented in the
fixed at 6m§1_ and overall su_rface reflectance fixed. Green ir_1di- ORAC aerosol retrieval scheme and used to process one
catgs the Tahiti AERONET site, calculated frc_)m 'aII observatlonsmonth of AATSR data in the south-eastern Pacific. Exam-
during the month of September 2004. Blue indicates data from. .. . L
the open-Pacific MAN cruises Ronald H. Brown (2007-2008) an qination of retrieval statistics shows the assumed error budget
RV Melville (2009-2010), calculated from all observations taken to be_ general_lly appropriate, meaning the reF”?VEd states are
within the study region. The scale indicates the proportion of all cONSistent with the measurements and a priori assumptions.
The resulting field of AOD is intercompared with MODIS-
Terra measurements in the whole region, AERONET obser-
vations at the Tahiti site, and MAN cruises over the same
was observed to have a positive bias and ORAC-AATSR ageneral area but different times. MODIS and AATSR show
slight negative bias in AOD. At low optical depths, as ob- similar spatial distributions of AOD, although MODIS re-
served in this work, these biases were small (of the ordeports values which are larger and more variable. It is sug-
0.01 at 550 nm). Additionally, it is not clear whether the re- gested that assumptions in the MODIS aerosol retrieval algo-
trievals using idealised synthetic data reflect accurately theithm may lead to a positive bias in MODIS AOD over ocean
performance of the retrieval using real measurements. regions where the wind speed is significantly higher than
Calibration differences between the two instruments overs ms 1. Other differences may arise due to residual cloud
these dark targets, and assumptions made about aerosol mazbntamination, calibration differences, and aerosol model as-
els, may also lead to disagreement. MODIS observes largesumptions.
AODs on average than either the Tahiti AERONET site, or
the MAN cruises, although this may reflect the conditions at
these sampled locations, or biases in the sun-photometer régcxnowledgementsThis work was supported by the UK Natural
trieval algorithms. The same factors may explain the lowergnyironment Research Council (grant number NE/F001452/1).
AODs as seen by AATSR as compared to the ground-basedCMWF are thanked for the wind data required as input for the
measurements. It is also possible that AATSR is overesti-ORAC retrieval, and NASA, ESA and the GlobColour team for the
mating the surface reflectance, and thereby underestimatingcean colour data used. The NEODC is thanked for storing and
the AOD. However, as shown in the previous section, the resupplying the Level 1 AATSR data ingested by the retrieval. NASA
trieval costs indicate that the retrieved states are consisterft'® acknowledged for the MODIS aerosol products used. B. Hol-
with the measurement and a priori uncertainty, with residu-ben' A. Smirnov _and the Maritime Aerosol Network Pls (D. Siegel,
als reasonably unbiased (except in the nadir view at 1.6 Hm)N' Nelson, P. Quinn, P. L. Croot, and C. M. Duarte) are thanked for

o e . . L . their efforts in creating and maintaining the sun-photometer data as
so itis difficult to diagnose a possible bias in retrieved AOD used in this investigation through the framework of the AERONET

by examining fit statistics. programme. Data collected on board NOAA Ronald H. Brown
(2007-2008) and R/V Melville (2009-2010) were supplied by N.
Nelson. Data collected on board NOAA Ronald H. Brown (2008)
were supplied by P. Quinn. Data collected on board R/V
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observations falling in that bin.
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Chilean coast were supplied by P. L. Croot. The authors thank 101, 14361-14371, doi:10.1029/96JC00629, 1996.
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