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Abstract. Infrared (IR) retrievals of aerosol optical thick- The presented method has been validated against ground-
ness (AOT) are challenging because of the low reflectance dbased Aerosol Robotic Network (AERONET) data for 4 high
aerosol layer at longer wavelengths. In this paper we presenArctic stations and shows good agreement.

a closer analysis of this problem, performed with radiative A case study has been performed at W-Greenland on
transfer (RT) simulations for coarse and accumulation modes July 2008. The day before was characterized by a notice-
of four main aerosol components. It shows the strong angulaable dust event. The retrieved AOT maps of the region show
dependence of aerosol IR reflectance at low solar elevationa clear increase of AOT in the Kangerlussuag area. The area
resulting from the significant asymmetry of aerosol phaseof increased AOT was detected on 5 July on the ice sheet
function at these wavelengths. This results in detectable valeast of Kangelussuag, opposite to the observed north east-
ues of aerosol IR reflectance at certain non-nadir observatioerly wind at ground level. This position can be explained by
angles providing the advantage of multiangle remote sensa small scale atmospheric circulation transporting the mobi-
ing instruments for a retrieval of AOT at longer wavelengths. lized mineral dust upslope, after its intrusion into the upper
Such retrievals can be of importance e.g. in case of a venpranch of the circulation.

strong effect of the surface on the top of atmosphere (TOA) The performed study of atmospheric reflectance at 3.7 um
reflectance in the visible spectral range. In the current workalso shows possibilities for the detection and retrievals of
anew method to retrieve AOT of the coarse and accumulatiortloud properties over snow surfaces.

mode particles over snow has been developed using the mea-
surements of Advanced Along Track Scanning Radiometer

(AATSR) on board the ENVISAT satellite. The algorithm ]
uses AATSR channel at 3.7 pm and utilizes its dual-viewing® Introduction

observation technique, implying the forward view with an

observation zenith angle of around 55 degrees and the nadithe large surface _spectral reflectance poses significant chal-
view. It includes cloud/snow discrimination, extraction of |€nges for the retrieval of AOT above snow from observa-
the atmospheric reflectance out of measured brightness tenfions of the upwelling back scattered radiation at the top of
perature (BT) at 3.7 um, and interpolation of look-up tablesth® atmosphere in the visible spectral range. At the same
(LUTs) for a given aerosol reflectance. The algorithm usedime, satellite retrievals of AOT over snow are necessary to

LUTs, separately simulated with RT forward calculations. 25S€SS and understand the role of aerosol at high latitudes.
The resulting AOT at 500 nm is estimated from the value at/€"0S0lIs affect energy balance of the Polar Regions in many
3.7 um using a fixed Angsim parameter. ways, both on local and global scale (Tomasi et al., 2007).

The impact of aerosol particles on climate is considered to
be one of the largest uncertainties in climate modeling. One
of the main reasons for this uncertainty is the lack of data on

Correspondence td:. G. Istomina global scale, especially in the Polar Regions. Ground based
BY (lora@iup.physik.uni-bremen.de) measurements with significant temporal coverage are only
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available at a few locations either at the North or the Southa variation of snow emissivity of less than 5% (Rees, 2006).
Poles. In order to resolve the uncertainty of aerosol amountTherefore in the current work we neglect possible temporal
transport and influence on climate, significant temporal andand spatial variability of snow emissivity. In further sections,
spatial coverage is needed. This can only be achieved udiowever, we show how to account for possible inaccuracies
ing active or passive measurements made from orbiting platef this approach, by using AATSR nadir view reflectance at
forms. 3.7um (see e.g. Sect. 4.2).

The fraction of the radiation being reflected from a snow
surface in the observed TOA reflectance at visible wave-
lengths is large due to the large spectral reflectance of sn0v§
surfaces and the relatively low atmospheric reflectance. In

?dd|t|?n a wide vart|_ety of snow t.y;.:_es a?d temg_c:jr.al et\./OIU'IIn order to study the behavior of aerosol scattering charac-
Ion of SNow properties cause variation ot Snow bidirectionalye iqjcg depending on size distribution and wavelength we

ref:(ectlon funfctlon (fE’RDfF )- At:]em_lP(t)sAto ;Iemove thkl)s Iarge have calculated aerosol phase functions and single scattering
unknown surface effect from the reflectance Dy UsINg ;e q for spherical polydisperse particles with the refractive

an assumed snow model, lead to strong surface contamingg jjc.o corresponding to four main aerosol components (wa-

tion of resulting AT (Istomina et al., 2009), because the aSier soluble, oceanic, soot, mineral dust) for two wavelengths

sumed surface model cannot account for the existing BRDF_geq 10 and 3.7 um. We used the Lorenz-Mie theory (De

variability.f Bet;[efr relsulti can b.e achileved'by usinlg t;gl‘;")d'Rooij and Van Der Stap, 1984; Mishchenko et al., 1999) and
vantage of multiangle observations (Istomina et al., @)ognormal size distribution (Eq. 1).

in order to reduce at least the effect of snow surface spectral

Infrared scattering characteristics of atmospheric
aerosols depending on the particle size

reflectance on the TOA reflectance. However, the variable 1 (Inr —Inrg)?
BRDF shape of snow still causes offsets in AOT retrieved on (") = CONst<r—~exp| — 2Inog @)
global scale.

Spangenberg et al. (2001) discussed the influence of inwhere const is chosen in such a way tfidtn (r)dr = 1.

frared atmospheric reflectance onto AATSR brightness tem- According to Twomey (1997), the scattering behavior of
perature (BT) at 3.7 um with respect to the problem of cloudan aerosol load in the IR spectral region is dominated by the
detection over snow. This idea has been successfully aplarger particles, even if they are a few, as smaller particles are
plied for cloud screening over snow using AATSR channel atnot effective scatterers at these wavelengths, therefore in cur-
3.7 um in combination with other AATSR channels (Istom- rent study only accumulation and coarse mode particles are
ina et al., 2010b). We use this cloud screening approach ifiaken into account. Though accumulation mode is generally
this work, too (see Sect. 4.1). Good infrared calibration of thereferred to as fine mode, e.g. Hobbs (1993) states that accu-
AATSR instrument (Smith et al., 2001) provides the possibil- mulation mode particles of polar aerosol are larger than accu-
ity of applying the same approach also to aerosol layers. Thignulation mode particles of other aerosol types (mean parti-
paper describes a new retrieval approach to determine AOTIe radius of around 0.4 um as compared to around 0.1 um or
over snow. The following sections of this work address theless for background, maritime, rural, urban, desert dust and
analysis of snow and aerosol infrared properties (Sects. 2 angontinental aerosol types). This made it possible to include
3), a description of the recently developed aerosol retrievaRlso accumulation mode into the study along with the coarse
algorithm at 3.7 um (Sect. 4) and its validation by compari- mode. Smaller particles (nucleation and Aitken modes) were
son with AERONET measurements (Sect. 5). not taken into account in this study due to their low scattering

efficiency at the wavelength of the retrieval.

To represent coarse and accumulation mode particles, we

2 Infrared scattering characteristics of snow surface took the geometric standard deviationvhich has been mea-

sured during an Arctic smoke event (Treffeisen et al., 2007),
Thermal properties of snow have been measured (Hori et aI.Inzcrg =0.22, and average size parametersqef 1.7 um for
2006; English et al., 1995) and show that due to its densitythe coarse mode, amg= 0.5 um for the accumulation mode,
show is very close to a black body which emits according itswith the effective radius equal to 2.9 um for the coarse mode
physical temperature. Wald (1994) showed that the reflecand 0.64 um for the accumulation mode.
tion of snow is very low in the whole IR range of AATSR The result of the phase function calculation is shown in
(at 3.7,10.8 and 12 um). This is also confirmed by e.g. snowFig. 1 for the coarse mode and in Fig. 2 for the accumula-
emissivity measurements in MODIS USCB Emissivity Li- tion mode. The refractive indices (Kokhanovsky, 2004) and
brary. Measured emissivity is quite stable throughout thecalculated single scattering albedo are shown in Table 1 for
thermal region of the spectrum (variation around 2 %). Hori 550 nm and in Table 2 for 3.7 um.
et al. (2006) show that emissivity of snow for a given temper- It is readily visible that phase functions of water soluble,
ature depends on its physical parameters such as grain sizeeanic and dust aerosol components of both sizes show sig-
and liquid water content. However, these dependencies causgficant back- and forward scattering details at 550 nm, but
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wEase ——— Table 1. SSA, realn and imaginaryy part of the refractive index
:gzesta\f;:;v's for coarse and accumulation mode of water soluble, oceanic, dust
g’°°° —sootVis and soot aerosol components at 550 nm.
T
& 100 ==-dust IR
19} -=+500 T i
_rcwu HIR Aerosol Refractive index SSA
g 10 component Coarse Accumulation
£ n X mode mode
£
g 1 Water soluble 1.530 6.00E-03 0.75 0.92
Oceanic 1.381 4.26E-09 1.00 1.00
e — Dust 1.530 8.00E-03 0.71 0.89
Soot 1.750 4.40E-01 0.55 0.50

0.01

Phase angle, deg

Table 2. SSA, realn and imaginaryy part of the refractive index

Fig. 1. Phase functions for coarse mode of oceanic, water soluble . ;
. . for coarse and accumulation mode of water soluble, oceanic, dust
dust and soot aerosol components calculated for spherical polydis-

perse particle at 550 nm (VIS, continuous line in the figure) andanOI soot aerosol components at 3.7 um.
3.7um (IR, dashed line in the figure). The phase functions are nor-

malized to unity, see SSA in text. ive i
Y, Aerosol Refractive index SSA
component Coarse  Accumulation
100 =—water soluble VIS " X mOde mOde
—aavs Water soluble 1452 4.00E-03 0.97 0.96
s aterlubi R Oceanic 1.398 2.90E-03 0.97 0.96
s" dus v Dust 1.270 1.10E-02 0.91 0.74
g Soot 1.900 5.7E-01 0.49 0.38
s
i
N
© . . .
Em To study the influence of these phase function details on
z

the angular reflectance with respect to wavelength change,
we performed RT simulations. For this purpose we used the
001 forward RT model SCIATRAN developed at the University
R M of Bremen (Rozanov et al., 2005). The TOA reflectance (the
height of the TOA is equal to 60 km) over black Lambertian
Fig. 2. Phase functions for accumulation mode of oceanic, wa-Surface for accumulation and coarse modes of dust aerosol
ter soluble, dust and soot aerosol components calculated sphericgPmponent at 550 nm and 3.7 um for aerosol optical thick-
polydisperse particles at 550 nm (VIS, continuous line in the figure)ness 0.1 at 550 nm was calculated. The aerosol was confined
and 3.7 um (IR, dashed line in the figure). The phase functions ardo the troposphere and represented as a uniform layer in the
normalized to unity, see SSA in text. range of heights from 0 to 3km above the surface. We as-
sume no stratospheric aerosols, no Rayleigh scattering, no
gas absorption, the pressure and temperature profiles were
the forward scattering peak of accumulation mode is weakekaken for July at the 73N, with the temperature at the sur-
than that of coarse mode by approximately one order of magface being 280 K and standard pressure. The number of dis-
nitude. The magnitude of backscattering details is very sim-cretized zenith angles (streams) was taken 16, the number of
ilar for bOth particle SiZeS. For the coarse mode, the OVera"Legendre moments used to expand the Scattering phase func-
asymmetry of the phase functions at 3.7 pm and 550 nm igjons into the Legendre series was equal to 35 and truncated
very similar, with the exception of soot component, which for delta-M approximation to 34.

shows a slightly lower asymmetry at phase angles larger than The result is shown in Fig. 3 for coarse mode and in Fig. 4
20 degrees in comparison to the other components. The fofg 3ccumulation mode.

ward scattering peaks, however, are similar. For the given AOT=0.1 at 550nm the reflectance pat-
Forthe accumulation mode, the asymmetry of all the phasge s are similar for both sizes and wavelengths, showing de-
functions at 550 nm is clearly larger in comparison to the ¢reased reflectance around nadir and corresponding increase
asymmetry at 3.7 um. in the forward and backscattering directions at 550 nm. The
backscattering peak is absent at 3.7 um, which corresponds
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Fig. 3. Angular behavior of aerosol reflectance for coarse mode ofFig. 4. Angular behavior of aerosol reflectance for accumulation
dust aerosol component 550 nm (upper panel) and at 3.7 um (lowemode of dust aerosol component 550 nm (upper panel) and at 3.7 um
panel). Sun zenith angle is equal to 65 degrees, AOT=0.1. (lower panel). Sun zenith angle is equal to 65 degrees, AOT=0.1.

to the shape of phase functions discussed above. The ext Aerosol optical thickness retrieval scheme
pected extreme spectral decrease of reflectance is visible for
accumulation mode, in contrast to relatively unchanged magAs it can be seen in the previous sections, the task of AOT
nitudes of reflectance of the coarse mode. It is very impor-retrieval over snow at 3.7 um very much resembles the stan-
tant to notice that even for the accumulation mode the magdard task of aerosol retrieval over dark surface in the visible
nitude of IR reflectance in the upper forward quarter-sphergange of spectrum. Some peculiarities, however, still exist.
(azimuth angle less than 90 degrees) is of the same order a&s0me of them simplify the task, as e.g. the negligible effect
that at 550 nm, nadir view. This makes it possible for the of Rayleigh scattering and, correspondingly, the surface ele-
IR retrieval to employ the TOA reflectance values of sameVvation at 3.7 um, while others are more challenging, e.g. the
magnitude as at 550 nm, nadir, by simply using forward viewaccurate extraction of atmospheric reflectance from the mea-
within certain azimuth angles. For the coarse mode the situasured AATSR BT at 3.7 um. The theoretical background and
tion is even better: no change of reflectance magnitude beinghe details of LUT calculations are described in the further
observed at 3.7 um as compared to 550 nm. 3 subsections. Although current work is dedicated to aerosol
The comparison of the SSA values for different aerosolretrieval, the discussed approach can also be used for the de-
modes and components (Tables 1 and 2) along with the simtection and retrieval of cloud properties over snow, provid-
ilarity of the IR phase functions shapes (Figs. 1 and 2) im-ing an advantageous alternative to existing cloud screening
plies that all possible differences in the IR TOA reflectance methods over snow.
appearing with the change of aerosol type would be mainly o
caused by the corresponding SSA change and the shape 8f1 Snow/cloud discrimination
the IR TOA reflectance will not be affected. This makes it
possible to apply the proposed usage of the satellite forwar
view for various aerosol types.

Jhe cloud/snow discrimination was performed as introduced
in Istomina et al. (2010b).
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It uses a combination of relative thresholds in sevenis much lower than that of clouds, however, good calibration
AATSR channels in order to discriminate the spectral behav-of IR channels of AATSR (better than 0.1 Kelvin according
ior of clear snow scene from that of cloud, land, ocean, etcto Smith et al., 2001) makes it possible to use this effect for
These criteria connect nadir top of atmosphere reflectance8OT retrieval.
in visible (Egs. 5 and 6), near-infrared (Eq. 4) and brightness In order to utilize lookup table approach to make the inver-
temperatures in thermal infrared (Egs. 2 and 3) regions okion and retrieve AOT, we need to express the measured top

spectrum. of atmosphere radiances analytically. Let us use reflectances
BT (3.7um) — BT (10.8um) 200 . p rather than radianceds
< 0
BT (3.7um) xl
BT (3.7um —BT(12um mof
BT(3.7 <3% 3
(3.7um where f is the solar flux at the top of the atmosphere, and
R70A (0.87um — R1oa (1.6um) _ 80% @ 0o = arccosuo is the solar zenith angle. _
R7oa (0.87pm Assuming that the atmosphere and aerosol load are hori-

zontally uniform and have a total optical thicknessnd un-

Rtoa (0.87pm) — R1oa (0.66pM derlying surface is Lambertian, one can write the well-known

0,
R1oa(0.87um <10% ®) expression:
Rroa(0.66UM — Rroa (055UM | _, o 6)  PToA(h, 1o, 14, }) = patm(P, 1o, 1. B)
Rron (0.66um psic() - Ta(h, o) T20, 1) @®
While the visible (VIS) and near-infrared (NIR) criteria 1—pstc(A) -s(2)

(Egs. 4, 5 and 6) select scenes with the spectral behavior SimWheree _ arccos. is the observation zenith anale. is
ilar to snow spectrum, the thermal infrared (TIR) thresholdsthe reIatR/e azirsr?uth angle o ) is t?\ee), to-
(Egs. 2 and 3) distinguish cloud free areas over surfaces witt g'€pron " HO. 1 "

O . . tal reflectance of the system “surface + atmosphere”,
emissivity close to unity (snow, open ocean). The combi- o ¢) is the atmospheric reflectance (the re-
nation of both VIS/NIR and TIR criteria makes it possible ©am\*»#0, 1 P

to distinguish various states of the system “surface + atmo_flectance of the aerosol, Rayleigh scattering, ozone ab-

sphere”. For example, cloud free case would correspond tsorpuon), s() is the atmospheric hemispherical albedo,

conditions (Egs. 2 and 3) being true, due to the absence 5{1()"“0) = E(no) +€xp(—t/p0) is the atmospheric trans-

N Y . mittance from the top-of-atmosphere to the surface,
stray” cloud reflectance at 3.7 um. Conversely, if the TIR . .
o . To(x, u) = E(u)+exp(—t/w) is the total atmospheric trans-
criteria (Egs. 2 and 3) are false, there is a non black body ~ :
, . . mittance from the surface to a receiver (e.g., placed on a
present in the scene — either a cloud, or e. g. bare soil are%‘atellite) E(uo) and E(y) are diffuse transmittances from
True VIS (Egs. 5 and 6) and NIR criteria (Eq. 4) mean that » =0 -
. ._top-of-atmosphere to the surface and from the surface to the
the observed spectrum is close to a snow spectrum, Whldr]eceiver respectively, expr/uo) and exg—r/w) are the
could mean snow, ice cloud, or thin water cloud over snow P Y. EXpT/io *

as well. If at least one of VIS/NIR criteria is false, there is a direct transmittances from top-of-atmosphere to the surface

possibility of either a thick water cloud with the NIR (Eq. 4) and from the surface to the receiver respectivplys(2) is
o o . . the Lambertian reflectance of the surface.
criterion failing, or surface which a spectrum different from of Eq. (8) is still valid at 3.7 d b :
that of snow (e.g. ocean, bare soil, vegetation, etc). as: course, Eq. (8) is still valid at 3.7 um and can be written
4.2 Theoretical basis of aerosol optical thickness
retrieval in the infrared PTOA(3.7, 140, i, ) = paed 3.7, 110, i, D) + pstc(3.7) 9)

It is known that AATSR brightness temperature (BT) Whereptoa(3.7, 10, i, ) is the calculated reflectance of the
product measured at 3.7um is contaminated by atmosystem “surface + atmosphere” at 3.7 ger(3.7, 110, 14, P)
spheric reflectance. Spangenberg et al. (2001) suggestedisithe aerosol reflectance at 3.7 um (interpolated from LUT).
way to remove this contamination and extract reflectanceHere we neglect Rayleigh scattering and multiple scattering
patm(3.7, o, ., ¢) from the BT. This approach has been ini- between the surface and the atmosphere, and assume that
tially meant to be used for cloud/snow discrimination, asAOT is very small.

show surface at a given wavelength is an almost perfect black To estimateotoa (3.7, o, i, ¢) from BT (3.7 um), we in-
body and does not reflect, whereas clouds (even thin cirrusyert the Planck function in order to find the temperature cor-
do have reflective properties. Like clouds, aerosol layersesponding to the radiance measurement at 3.7 um and ex-
also cannot be considered to be black bodies, so their retract the reflectance part of it. This method used by Allen
flectance at 3.7 um is not zero. The magnitude of this effectkt al. (1990), Trepte et al. (1999), Spangenberg et al. (2001).
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The radiance measured at 3.7 pm can be expressed as follon ~ ,, ‘ ‘ ‘ ‘ ‘ ‘ ( ‘
|ng o —nadir b
,
L3 7um = &3.7um - B3.7um (Tsurf)
+010A (3.7, 110, i, @) Loko (10)

where e37um is the surface emittance at 3.7pum,
B37um(Tsurf) is the Planck function at 3.7um for the
surface temperature, which is approximated by measurec
BT at 12 um.Lg is the incident solar radiance at 3.7 um.

The first term of right hand side of Eq. (10) is the contri- oL |
bution to the measured radiance from the thermal emission |
of the surface assuming the transmittance of the atmospher: I ‘ ‘ J ‘ ‘ ‘ ‘ ‘ ‘ |
to be equal to 1. The second term on the right hand side is 01 02 03 04 05 06 07 08 09 1
the contribution to the measured radiance due to the solar re- AOT
flection. The amount of the reflected solar radiance reaching
the satellite is determined by the incident solar radiabge Fig. 5. Relative error of TOA reflectance reconstructed from the
weighted by the cosine of the solar zenith angfeand the BT at 12 um and 3.7 um for the forward (red curve) and nadir (blue
bidirectional reflectance of the surface and the atmosphereurve) views. Filled areas show the sensitivity of the TOA re-
PTOA(3.7, 110, 14, ). flectance at 3.7 um to the AATSR calibration erroeed.1 K.

Using Eq. (10), we can write:

10 - 8

Relative accuracy, %

Ba.7pum (T3.7pum) — £3.70m - Ba.7m (T12m) (11)  use pseudospherical model of the atmosphere. The pseudo-
1o $3.7um spherical mode of SCIATRAN is calculating the light paths

whereTs 7ym is the measured 3.7 um brightness temperaturefor the direct solar beam in a spherical atmosphere, and then

Tiopm is the measured 12 um brightness temperatugeis solves the plane_-_parallel RT equati_on. _To corre_ct AATSR
the cosine of solar zenith anglés 7m is the solar constant measured quantities, we use approximation described in Kas-

at 3.7 um (3.47 Wm? pn-1), £37m IS the clear snow emit- ten, Young (1989). To perform the comparison of the re-

tance,Bs 7um (BT) is the Planck function at 3.7 pm for some tr;le;/ﬁd AAS_IS t? ;hs grottmc:_)ggsed m?asuri_megtz, W;] bring
temperature BT. all the S ats./umto nm using a fixed Angstr

It is important to note that in case of surface being a per_parameter equal to 1.0.
fect black body, the termpsic(3.7) in Eq. (9) is equal to In order to check the performance of Egs. (10) and (11),
zero. However, Snow emissivitys 7um may be not con- we performed RT simulations with the forward model SCI-

stant throughout the scene, therefore surface contaminatiofi! RAN- For this we simulated 3.7 um and 11 pm brightness
can be still possible and is included in Eq. (9). As can petemperatures for both nadir and forward views for a surface

seen from Figs. 3 and 4, aerosol reflectance in the nadiVith the temperature 263K and atmosphere with the AOT

direction is negligibly small. Within this assumption, rel- 1om 0 to 1 at 550nm. The illumination angle is equal to

atively high nadir values of calculategroa (3.7, 10,0, ®) 65°, obs_ervation ang!es aré and 5% respectively, the rel-
would mean that emissivitys 7um used in the calcula- 2tive azimuth angle is equal td.0We also calculated the
tion is different from the real emissivity of the scene, and TOA reflectance at 3.7 um for the same conditions. The dif-

p1oa(3.7, 110,0,¢) is nothing but the surface contamina- ference between the simulated TOA reflectance at 3.7 um and

tion which needs to be subtracted from the forward TOA the one reconstructed from the BT using Eq. (10) is shown in

reflectancentoa (3.7, 10, 55, ¢)in order to get the forward Fig. 5 for the both viewing geometries. The color filled areas
aerosol reflectancey., (3.7, 1o, 55, 6). represent the error in the reconstructed TOA reflectance at

Within the assumption of no angular variability of snow 37 MM, which occurs due to calibration error of AATSR BT
emissivity, we can get the surface-free aerosol reflectance: product of+0.1K. The relative error of such a reconstruction
is around 1 % for the forward view and around 12 % for the
Paer3.7, 110, 55,¢) = p1oa(3.7, 110,55, ¢) nadir view, which appears to be reasonable as the nadir view
— p1oa(3.7,110,0,4) (12) reflectance has much smaller order of magnitude in compar-
ison to the forward view reflectance.
This paed3.7, o, 55,¢) is used for the LUT interpolation Then, these reconstructed TOA reflectances at 3.7 um were
(Sect. 4.3). used for the AOT retrieval according to Eq. (10). The rela-
Our particular case of low sun angles requires careful active error of the retrieved AOT depending on the input AOTs
counting for airmasses, different from that usual to plane-is shown in Fig. 6. Again, the color filled areas represent the
parallel atmosphere model. For RT calculations of LUTs, weerror in the retrieved AOT which occurs due to the calibration

pTOA3.7, 10, 11, D) =

Atmos. Meas. Tech., 4, 1133345 2011 www.atmos-meas-tech.net/4/1133/2011/
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Fig. 7. The phase function of Arctic haze measured on
Fig. 6. The relative error of the retrieved AOT for a given input 23 March 2000 during one of the regular haze events at Spitsbergen,
AOT (blue line). The color filled area shows the sensitivity of the Ny Alesund, Svalbard, 78.923 11.923 E, by the Alfred Wegener
retrieved AOT to the AATSR BT calibration error f0.1 K. Institute for Polar and Marine Research at 867 nm.

error in AATSR BT product of£0.1K. As our simulations  0° to 180 with the step of 12). The AOT range was from

did not include any surface, the simulated retrieval was per0 to 1 (at 500 nm). The LUT has been calculated with the
formed without the surface correction introduced in Eq. (12).single scattering albedo equal to 0.90 at 500nm and 0.71 at
The simulation shows that the sensitivity of retrieved AOT to 3.7 um, which corresponds to the accumulation mode of the
the AATSR BT calibration error of£0.1 K is around several dust-like aerosol (see Tables 1 and 2). It is important to note

percent. that the current phase function corresponds to a certain par-
ticle size distribution (Angstim alpha value of 1.46). While
4.3 Calculation of LUTs for Arctic conditions this spectral slope of aerosol is quite common (as seen from

. _ . _ . AERONET data for Arctic stations), larger or smaller par-
pnhke e.g. Rayleigh scattering, the phase functhn of Whlchticles can cause large scatter of the reflectance data, which
is well known, aerosol reflectanq@ed, 1o, 14, ¢) IS vari-  would cause similar scatter in the retrieved AOTs. This scat-
able due to different particle size distribution, particle shapeer can be reduced only with aerosol-type sensitive retrieval,

and chemical composition, which affects single scatteringyhich requires multispectral observations. Over snow this
albedo and extinction of aerosol layer. All this makes aerosokagsk is quite challenging and will be solved in the next ver-

reflectance highly dependent on illumination-observation ge-sjons of the retrieval.

ometry and variable from one aerosol type to another. This

makes it impossible to create one atmospheric LUT, which

would represent aerosol properties well on global scale. A Validation of the aerosol optical thickness retrieval
current work is dedicated to AOT retrieval in Arctic region,

we took the advantage of ground based aerosol measuré&he algorithm has been validated against AERONET mea-
ments and created a LUT using phase function and singlesurements for the four high Arctic stations. The stations
scattering albedo values measured in situ during one of théave been chosen to feature frequent AATSR overflights
regular pollution events in Arctic (Treffeisen et al., 2007; and therefore provide statistically significant amount of data.
Stohl et al., 2007). It has been measured on 23 March 2000 afhese stations are OPAL (78924’ N, 85°56'20" W, al-
Spitsbergen, Nyilesund, Svalbard, 78.9281 11.923 E, by  titude Om), PEARL (800314’ N, 86°2501” W, altitude

the Alfred Wegener Institute for Polar and Marine Research615 m), Thule (763057’ N, 68°4608" W, altitude 225 m),

at 867 nm. The AOT at 500 nm was around 0.15, single scatKangerlussuaq (66945 N, 50°37'15” W, altitude 320 m).
tering albedo 0.74 with the average Angsiralpha equalto  All these stations provide relatively continuous and long
1.46. This phase function is shown in Fig. 7. One can sealatasets of ground based data, however they are located in
the clear resemblance of this phase function to the IR phasthe areas of complicated terrain. The first three stations are
functions in Fig. 1, despite of the much shorter wavelength.standing at the fjords of Queen Elisabeth Islands and Knud
The LUT has been calculated for a variety of illumination ge- Rasmussen Land, and the last one is located at W-Greenland
ometries (solar zenith angle from 3t 85 with the step of  about 200 km from the coast. None of these stations are lo-
10°), observation geometries (viewing zenith angle from 0 cated on a permanently snow covered terrain, and depend-
to 90 with the step of 10) and relative azimuth angles (from ing on season they feature different surface types, from clear
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Fig. 8. Analysis of the validation dataset for station OPAL which AERONET AOT at 500nm

contains nearly 200 points spring and summer of years 2007—-2009.

Only cloud free snow flagged data were taken into account. Therig. 9. Comparison of the retrieved AOTs derived from AATSR
dependence of TOA reflectance at 550 nm on BT at 12 pm showsyroduct as 3.7um and AERONET AOTS for station OPAL.
the evolution of surface type with the time of the year. Most of the The dashed line represents the linear regression of the data.
dataset represents melting sea ice surface type (summer monthsMsp =0.0283,R2=0.53.

whereas data from April and May represent ice covered with snow.

All the data has been cloud screened and snow flagged.
show in spring to bare soil and rocks in late summer and aUAERONET data with extreme values of Angtn coefficient
tumn. To avoid losing vast majority of the validation data, for 440-870 nm (less than 0.5 and more than 2.0) were not
for each of the station we have chosen a position within 1 detaken into account. The maximum allowed time difference
gree of longitude and 0.5 degree of latitude located on permapetween the AATSR overflight and the AERONET measure-
nent snow cover (for Greenland) or on the sea ice (for Queemnent was equal to 15min. We applied spatial averaging of
Elisabeth Islands). This allows us to shift from snow/barethe AATSR data within 0.1 degree of latitude and 1 degree of
soillrocks mixture (which is screened out due to very lit- |ongitude. The range of sun zenith angles of the entire vali-
tle snow part) to melting sea ice (which is generally darkerdation dataset is from approximately’3 75, with the vast
than snow but still keeps most of snow properties and is noinajority of the values around 60Average relative azimuth
screened out). On this basis the performance of the retrievadngle is approximately 30 As AERONET gives the best
for various surface types, both snow and sea ice was testegémpora| coverage at 500 nm, the comparison has to be per-
under different conditions. This is illustrated by an analysisformed at this wavelength. To estimate the AOT at 500 nm
of the validation dataset for e.g. station OPAL (see Fig. 8).with the retrieval which utilizes AATSR channel at 3.7 pm,
It shows that most of the dataset points come from summe{ye use a fixed Angsbm parameter equal to 1.0. The cor-
months and feature quite low TOA reflectance at 550 nm to-re|ation plot for each station is showed in Fig. 9 (OPAL),
gether with quite high surface temperatures (yetbel6®)0  Fig. 10 (PEARL), Fig. 11 (Thule), Fig. 12 (Kangerlussuaq).
As these data have been cloud cleared and snow flagged, thehe dashed line represents the linear regression of the data.
low TOA reflectance suggests the surface type “melting sea |tjs visible that each of the correlation plots shows a larger
ice without snow cover”. Spring data, however, shows I0w scatter in the retrieved AOTS, the larger the AERONET AOT
temperatures and high TOA reflectances at 550 nm, whichs, This is explained by a greater effect of the aerosol type
is an evidence of “snow covered sea ice”. AQT retrieval is and its spectral slope for larger AOT values. As the values of
possible over both of these surface types. AERONET Angstdm coefficient for 440-870 nm are rang-

Our validation dataset for stations PEARL contain approx-ing from 0.5 to 2.0, and our LUT has been created for 1.0
imately 200 points and for station OPAL 130 points from only, this large scatter is expected and will be corrected in
spring and summer of years 2007, 2008, 2009. Stationghe next version of the algorithm. At AOTs less than 0.1
Thule and Kangerlussuaq gave less cloud free observationge retrieval works satisfactory with no significant over- or
overlapping with AATSR overflights — around 40 points from ynderestimation. As the vast majority of AOT values in the
years 2007 and 2008 for Thule, and 20 points from yearsarctic are below 0.1, the retrieved AOT maps can give a good
2008 and 2009 for Kangerlussuag. estimate of the AOT distribution over snow.
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Fig. 10. Comparison of the retrieved AOTs derived from AATSR
product as 3.7um and AERONET AOTS for station PEARL.
The dashed line represents the linear regression of the dat
RMSD =0.0329R?=0.42.

Fig. 12. Comparison of the retrieved AOTs derived from AATSR
Ei)roduct as 3.7um and AERONET AOTS for station Kangerlus-
Suag. The solid line represents the linear regression of the data.
RMSD =0.0289,R%=0.45.
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AERONET AOT at 500nm Fig. 13. Adust event has been observed at Greenland on 4 July 2008

. ) ) ) near Kangerlussuag, where strong winds mobilized mineral parti-
Fig. 11. Comparison of the retrieved AOTs derived from AATSR cles from areas of open land. The horizontal visibility as estimated
prOdUCt as 3.7 um and AERONET AOTS for station Thule. by witnesses was around 10 km.

The dashed line represents the linear regression of the data.
RMSD =0.0293R%=0.42.
The maximum occurred in the early afternoon and gradu-
) ally declined with decreasing wind speed in late afternoon.
6 Case study: dust formation and transport on Maximum temperature was 22 on this day. The relative
Greenland during 4-5 July 2008 air humidity during the day ranged below 35%. The dust

) cloud was observed about 15 km west of Kangerlussuaq re-
A noticeable dust event has been observed on the 4 July zooﬁucing horizontal visibility down to about 10km. The dust

in the vicinity of Kangerlussuaq, W-Greenland. The dust layer vertically grew during the day with increasing wind

event was triggered by a northeasterly wind breezing Upspeed, reaching a maximal thickness of estimated 500m
during the morning and mobilising mineral dust from open 5pve ground at early afternoon.

soils along the Sgndre Strgmfjord (see Fig. 13). The dust
cloud developed during the morning of a clear, sunny day.
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Fig. 14. AATSR nadir view reflectances at 550 nm for the area near Kangerlussuaq (left panel) and for the NE-Greenland (right panel).
Neither of them shows signs of aerosol pollution.

The following day, 5 July, was clear again but showed variation of the Koschmieder equation suggested ayrBer
only weak winds. As expected no dust mobilisation was ob-et al. (2008). The equation can be written as follows:
served. However, a katabatic wind of a limited range was —3912:1

) . ) - 7Y =3. T (13)
experienced when approaching the ice sheet, but this win
did not reach highly erodible periglacial landforms downs- whereV is the horizontal visibilityz is the height of the pol-
lope the fjord. Those landforms comprising sandar, terracesution layer, z is the AOT at 550 nm. For above mentioned
moraines, banks of braided streams or dunes act as particul@arameters of the pollution event, AOT takes a value of ap-
source areas of coarse mineral dust proximately 0.4.

The visible particle transport by katabatic winds in the For the satellite retrieval we used the AATSR overflight
Sgndre Strgmfijord can be assumed as part of a circulatio®n 5 July 2008, 14 h 46 min 02 s, and orbit 1 number 33187.
system including a downstream flow at ground level and anThe map of retrieved AOTs is shown in Fig. 14, left panel.
upstream flow at higher elevations. The downstream windArrows show increased AOT east of Kangerlussuaq (left bot-
can be supposed governing the particle transport near the suiom corner), and on the opposite side of Greenland (right
face away from the ice sheet. Still unknown is the questionupper corner), where the same mechanism of dust mobiliza-
to what extent mobilized particles are able to raise up dur-tion is supposed. AATSR reflectances at visible wavelengths
ing transport possibly due to turbulent mixing and therebydo not show any evidence of the increased aerosol load or
reaching the opposite directed flow at higher elevation. Indifferent surface type at these points (see Fig. 14, left panel
this case at least the finer fraction of windblown particles (2—for location near Kangerlussuaq and right panel for the oppo-
3pm) may be transported backwards towards the ice sheesite shore of Greenland). Itis visible that the retrieved AOTs
Near Kangerlussuag, W-Greenland, the existence of such €Fig. 15, left panel) resemble the same pattern as calculated
backflow was confirmed by balloon measurements of Oerle-TOA reflectances at 3.7 um (Fig. 15, right panel).
mans and Vugts (1993) and by investigation flights of Heine-  Figure 16 shows the map of retrieved AOT over Greenland
mann (1999). By these authors, the backflow was foundafter the discussed dust event, on 15 July 2008, 14 h 32 min
ranging between 150 m (Oer|eman5 and Vugts, ]_993) and8s, orbit number 33330. No evidence of pO”UtiOI’I is visible
1000 ma.g.l. (Heinemann, 1999), in the Kangerlussuaq area, which proves that the increase of

The above mentioned dust cloud originating on 4 JulyAOT near Kangerlussuaq on 5 July 2008 visible in the re-
was expected to significantly raise AOT. This enhancedtrieved AOT map is not a surface feature, but an atmospheric
AOT should allow us to detect the dust cloud by using aPpollution.
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Fig. 15. The map of retrieved AOT over Greenland on 5 July 2008, 14 h 46 min 02 s, orbit number 33187 (left panel). Arrows indicate
increased AOT near Kangerlussuaq (left bottom corner), where a dust event has been observed on 4 July 2008 (see Fig. 13), and on th
NE-Greenland (right upper corner), where the same mechanism of dust mobilization is expected. The 3.7 um reflectance map of the same
scene (right panel) shows the same pattern as the AOT.

Despite of the obvious mineral dust cloud shown in Fig. 13
with an AOT (500nm) of 0.028 and an Ang3tn expo-
nent (440-870) around 0.8, AERONET station Kangerlus-
suaq (665945’ N, 50°37'15” W) shows no evidence of a
dust event neither on 4 July nor on 5 July. This discrepancy
is possibly explainable by a non-uniform dust layer of very
coarse particles. Due to the inhomogeneous structure and lo-
cal flow dynamics, the AERONET instrument was not able
to detect the higher particle concentrations at its specific lo-
cation.

7 Conclusions

In current work we performed a comprehensive analysis of
aerosol scattering characteristics at 3.7 um using RT calcu-
Q lations to simulate TOA reflectance and phase functions for
= coarse and accumulation modes of four main aerosol compo-
m nents. Strong angular dependence of aerosol IR reflectance
a6 a8 Gt ni &% 1% makes it possible fto retrieve AOT of these pe}rtlcles at3.7um
at some non-nadir angles. At the same time, aerosol re-
, i _ flectance is low for the nadir observation geometry, which al-
Fig. 16. The map of retrieved AOT over Greenland after the dis- lows us to use AATSR nadir observations at this wavelength
cussed dust event, on 15 July 2008, 14 h 32min 18, orbit rlumbell!or surface correction. Performed sensitivity study showed
33330. No evidence of pollution is visible in the Kangerlussuaq h i " d aff y h y It
area (shown with the arrow). that AATSR IR calibration error would affect the resulting
AOT within the range of several percent. Therefore the for-
merly known method of inverting the Planck function in or-
der to extract the reflectance part from the BT product can be

310
320°
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used for the AOT retrieval over snow. A simple LUT-based English, S. J., Jones, D. C., Hewison, T. J., Saunders, R. W., and
algorithm similar to traditional AOT retrievals over ocean is  Hallikainen, M.: Observations of the emissivity of snow and ice
used to retrieve AOT over snow using calculated TOA re- surfaces from the SAAMEX and MACSI airborne campaigns,
flectances at 3.7um. It has been validated against 4 high Geoscience and Remote Sensing Symposium, 1995, IGARSS
Arctic AERONET stations and shows good agreement with '95, Quantitative Remote sensing for Science and Applications,

. . . International, vol. 2, 14930-1495, 1995.
no systematic over- or underestimation for small AOT values, | . ’ ’ o . .
belozv 0.1 Heinemann, G.: The KABEG’97 field experiment: an aircraft based

. study of the katabatic wind dynamics over the Greenlandic ice
Therefore the presented retrieval can be used for AOT re- sheet, Bound.-Lay. Meteorol. 93, 75-116, 1999.

trieval over snow in order to study the details of aerosol dis-yopps, p.: Aerosol-Climate-Cloud Interations. Academic Press
tribution and transport in Arctic at least at a qualitative level.  |nc., 240 pp., 1993.

We expect the uncertainty of the retrieval to grow for the Hori, M., Aoki, Te., Tanikawa, T., Motoyoshi, H., Hachikubo, A.,
larger AOTs due to larger effect of aerosol spectral slope on Sugiura, K., Yasunari, T.J., Eide, H., Storvold, R., Nakajima, Y.,
such values. This can be solved with an aerosol type sensitive and Takahashi, F.: In-situ measured spectral directional emissiv-
retrieval, which should make use of several AATSR spectral ity of snow and ice in the 8-14 um atmospheric window, Remote
channels and will be implemented in the next version of the S€ns. Environ., 100, 486-502, 2006.
retrieval. Istomina, L. G., von Hoynlngen-Huene, W., Kokhanovsky, A A.,

A case study was performed for the dust event observed Rozanov, V. V., Schreier, M., Dethloff, K., Stock, M., Treffeisen,

. R., Herber, A., and Burrows, J. P.: Sensitivity study of the dual-
on 4 July 2008 along the Sgndre Str{amfjord '(Kangerlussuaq) view algorithm for aerosol optical thickness retrieval over snow
on W-Greenland. Fresh winds mobilized mineral dust from 54 ice, Proceedings of the 2nd MERIS/(A)ATSR user work-
bare soil areas on that day. On 5 July the retrieved AOT map shop, ESRIN, Frascati, Italy, 22—26 Sept. 2008, ESA SP-666,
still shows an obvious increase of AOT east of Kangerlussaq. 20009.

The upstream position is explained by a small scale circulaistomina, L. G., von Hoyningen-Huene, W., Kokhanovsky, A. A.,
tion transporting the mobilized dust in direction ice sheet by and Burrows, J. P.: Retrieval of aerosol optical thickness in Arc-
its upper branch. The retrieval also shows increased AOT tic region using dual-view AATSR observations. Proceedings of
on NE-Greenland. A similar mechanism of dust transport ESA Atmospheric Science Conference, Barcelona, Spain, 07—
can be assumed to explain this so far unconfirmed dust event 11 _Sept' 2009. ESA Spf676’ 2010a.
also occurring in the vicinity of a bare soil area. However, Istomina, L. G., von _Hoyn'ngen'!"uene‘ W., Kokhanovsky, A. A.,
the assumed particle transport has to be confirmed by verti- and Burrows, J. P.: The detection of cloud-free snow-covered ar-
. . eas using AATSR measurements, Atmos. Meas. Tech., 3, 1005-
cal and horizontal aerosol measurement at the margin of the 1017,doi-10.5194/amt-3-1005-2012010b.

ice sheet in order to confirm the supposed transport of locak asten, F. and Young, A. T.: Revised optical air mass tables and

mineral dust onto the ice sheet. approximation formula, Appl. Optics, 28(22), 4735-4738, 1989.
_ Kokhanovsky, A. A.: Light Scattering Media Optics: Problems and
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