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Abstract

Solar radiation scattered within the atmosphereatoyospheric particles and aerosol
particles has been investigated with regard tor teite of polarization. Therefore
measurements are performed with the COmpact RAdiatheasurement System
CORAS to analyze the individual components of thek&s vector describing the
measured radiation. For this purpose new optidatanincluding a polarization filter

have been developed. In parallel, radiative transfmulations are conducted to
interpret the measurements. For this purpose, tiferent radiative transfer solvers
(SCIATRAN and polRadtran) were used. The simulaibave been compared with
the measurements to characterize the aerosol bghickness and the predominant
aerosol type.

Introduction

The electromagnetic radiation emitted by the Soeta(sadiation) is unpolarized. That
means the oscillation of the electromagnetic wdngsno preferred orientation. In the
atmosphere scattering of solar radiation by airemales and atmospheric particles
(aerosol and/or clouds) may change the state drigation. The intensity of the
polarized radiation depends on several paramekerstattering angle, wavelength of
radiation, particle size and shape. Thus, measursnaé the polarization state of the
scattered solar radiation enable a variety of amsalky retrieve detailed information on
the scattering particles. (Emde et al, 2009)

Aerosol particles are one key element in the cardmibate on the Earth’s climate
change. The effect of aerosols on the radiatiorgbudnd cloud formation is still not
sufficient understood (IPCC, 2007). Therefore, nemeasurement methods to
characterize aerosol by polarized radiation havenbdeveloped. While active
methods obtain information on the polarizationest@tready exist (i.e. using lidar for
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example, (Weitkamp, 2005)), there is also an istete apply passive techniques
utilizing solar radiation as it is more applicalite retrieve information without the
need of a simulated input. In this work ground-lblasgdiance measurements were
performed to characterize the state of polarizatiosky light for clear sky conditions.

The state of polarization of an electromagneticeviawdescribed by the Stokes-vector
which is defined by

I
s_|@Q
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The components$, Q, U andV of the Stokes vector are defined as time averafes
linear combinations of the electromagnetic fieldtoe,

I = (E,E; + E,E}) (1)
Q =(E\E — E.E;) (2)
U = (E,E; + E.E}) (3)
V =(EE; — E.E) (4)

where E; andE, and the corresponding complex conjugated valugsa(t the

components of the electromagnetic field vedoE, describes the fraction parallel to
the reference plane, aid the fraction perpendicular to the reference pldinere are
three different kinds of polarization, all descddasy the direction and the value of the
field vector in fixed coordinates. The linear, cil@ and elliptic polarization.

Due to the use of linear polarization filters orthe measurements did not cover
circular and elliptic polarization (Stokes parame®. Therefore investigations on
circular and elliptic polarization are excludedfis work.

With knowledge of the Stokes parameters the degfréeear polarization is given by:

/Q2+U2
Py =—— (5)
I
A value of P,=0 corresponds to unpolarized radiatidh=1 indicates total linear
polarized radiation. Here, P describes the poldrigart measured within the total

radiance.
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Polarization measurement and simulations

The measurements were done with the Compact Rawdliatieasurement System

(CORAS).

CORAS was configured to measure spectral radiamtethe wavelengths range
between 300nm and 700nm, where aerosol affectsxgected to be high. To retrieve
the influence of aerosols only, “clear-sky” measueats were made. In this way the

influence of water-droplets and/or ice-crystalsliddae excluded.

It receives radiances using a multi channel spewter (grating spectrometer,
manufactured by Zeiss) with spectral resolutionl fluean of half width) between 2-
3nm wavelength. The optical inlet includes a pakaion filter with an effective
spectral range of 400-700nm. Radiances are measuredith direction.

To measure the full Stokes vector radiances havebden measured using a

Band 47(2010)

polarization filter. Four different orientations af polarization filter Ly, I4se, Igge,
l;35:) have to be realized during one measurement astrédited inFig. 1. The
parameters, Q, U and (andV) are then calculated by:

I - IO° + 1900

Q = lpo = Igpe

U= lyso — Iy350

(V =1Igze — I z)
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Fig. 1: Principle of measurement: The axis of the polarization filter is illustrated by a thick gray line. The
parameters lo°, 190°, 145° and 1135° are obtained by turning the polarization filter in intervals of 45°.
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To analyze the ground-based measurements it isssg@geto compare the measured
data with radiances simulated by radiative transfedels (in the following RTM). To
simulate polarized radiation the applied RTMs hawesider all components of the
Stokes vector. As a basic element, the RTMs incliee interaction of the solar
radiation with atmospheric molecules (Rayleigh teratg). Aerosol is implemented
using the scattering properties of aerosol padidalculated from Mie-Theory. For
investigations presented here two different RTMavapplied; the polradtran solver
(Evans et al. 1991,1995) as part of the ,library fadiative transfer calculations*
(libRadtran, Mayer 2005) ) and a new vector radeatransfer model included in the
SCIATRAN 3.0 package (Rozanov et al. 2006). Thesaroptical properties accord
to the standard WMO-model (Kokhanovsky, 1986) fa1/ASTRAN and to the OPAC
database (Hess et al., 1998) for the polRadtravesoln line with the presented
radiation measurements, validation and tests oASRAN will be discussed.

Results

Polarization measurements have been obtained W@RAS on August, ¥ and
August, 28' 2009 during clear sky conditions. The total radem for the two
measurements in zenith direction are displaydeign2a.

At first, the radiances of two measurements arplaygd on the left, done on August,
7" and August, 202009(Fig.2). The corresponding degrees of linear polarizatioh (
are shown irFig.2b
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Fig.2: Measured radiances obtainedon August, 20" (solid line, O = 41,68°) and August, 7" h (dashed line 6 = 56,75°) are
shown in panel a. The corresponding degree of polarization is displayed in panel b.
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The direct comparison of both cases shows thatati@nce was higher for August,
20" than for August, 7. The difference results mainly from the differeptar zenith
angle 8 (42° for August, 28 and. 57° for August ™), which alters the available
amount of solar radiation. Potential effects caussd different aerosol optical
thicknesses (AOT) are weaker than change® a&nd thus not observable in the
radiances shown here. Nevertheless, the differangsal optical thickness has beside
of the solar zenith angle a significant impact be tlegree of the linear polarization.
As shown inFig.2b, for lower case of low AOT (0.2) measured on Auga§", P,
increases with increasing wavelengths. The chahdleeospectral characterization of
the polarization goes with the different AOT of Ibaheasurements. Regarding to
theory, the lower SZA on August, 2@ompared to August,"7 supports the increase
of P with wavelength (Coulson, 1960: Tables reladadiation emerging from a
planetary atmosphere with Rayleigh scattering)

To analyze and evaluate the impact of each faataulations of spectral radiance and
degree of polarization by RTMs are employed. Nexthe point, that as cause of
restrictions of the polarization filter, data acgjtion is limited to the visible spectral
range between 350nm-700nm the RTM'’s force this tsplewindow as well. They
only calculate the aerosol optical properties witiese wavelengths.
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Fig. 3: SCIATRAN simulations for Rayleigh atmosphere and different aerosol situations.
For all simulations with aerosol AOT was set to 0.2. The Rayleigh case is convoluted.
As comparison, the measured radiance from August, 20" (Fig. 2) is added.
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Fig.3 displays a comparison of simulated and measuredmegs for August, 20.
Four calculated radiances simulated for differestosol properties are shown. The
ocher-colored line refers to the radiance simuldteda pure Rayleigh-atmosphere
(AOT=0). With no aerosol particles included thistiee reference case. The three
colored lines show radiances simulated with aerpadicles included. The data bases
use pre-defined mixtures of different aerosol typeésr the simulations an urban
(green line in Figure 4), continental (red line)Jdamaritime aerosol composite (blue
line) was used. The continental and maritime a¢itype contains 90% water-soluble
aerosol, while the maritime one adds sea salt-agtated aerosol. The urban
composite contains 50% soot. While the simulatimnghe Rayleigh atmosphere have
been convoluted with the according spectral regoiubf the measurements, the
simulations including aerosol are displayed in sgéctral resolution of one nm.

In comparison to the measurements of August! #& modeled radiances show
similar results. However, higher AOT's are necegdar obtain equal results. The
simulations were performed with an AOT of 0.2 whA®T measurements from
August, 20" showed an average of AOT=0.11 which was given e AErosol
RObotic NETwork (AERONET) station of the Instituter Tropospheric Research
(IfT), Leipzig.

One possible reason for this difference may reBoln the data-averaging due to
AERONET. An uncertainty resulting from the RTM iset impact of the surface
albedo, which was set to 0.15 for the simulatiohshigher albedo may result in
increasing upwelling and consequently downwelliadiances and reduce the degree
of linear polarization. Further simulations areesliled to analyze the explicit impact
and weight of the albedo.

A further aspect that is presenthkig. 3 is the difference between the three simulated
aerosol calculations. Using urban aerosol thearawi has lower values than for the
other composites. This is caused by the soot pestincluded in the urban composite.
The soot absorbs radiation, which results in a tgreattenuation of the incoming
radiation and in lower sky radiances.

Furthermore, a difference between the spectralactanmstic of the radiances for the
different aerosol cases can be observed. Simutateiin maritime aerosol-case show
a weaker decrease of the radiance with wavelengtimpared to the other
compositions. This is caused by spectral differerafethe according scattering phase
function of sea salt in the marine composition. ldeer, these differences are small
and difficult to observe in measurements. To demae assured information on the
aerosol properties, the degrees of linear polaozatas calculated from the results of
the simulations.
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Fig.4: Degree of polarization for an AOT of 0.02 simulated with SCIATRAN based on the measurement from August, 20" is
presented in panel a, while the degree of polarization for panel b was calculated for an AOT of 0.2

Fig.4 display simulations of SCIATRAN using the diffetearerosol composites and
the Rayleigh-case as introduced above. The simuktishown inFig.4a are
performed with an AOT of 0.02 while the resultspiisyed inFig.4b are obtained for
an AOT of 0.2. In general, the degree of lineaiapnition decreases with increasing
AOT, while the maximum values are given by the Reyl case. Without aerosB|
increases slightly with the wavelength. In comparisthe spectral pattern df
obtained for AOT=0.02 shows a slight increase’,0tip to 500 nm. For wavelengths
above there is a decrease. For AOT=).8ecreases over the entire wavelength range.
In comparison to the measurement from Augusf" Be spectral pattern of the
measuredP; is not fully reproduced yet. Further investigaioto determine the
reasons are scheduled.

The comparison of these simulations has shown Rhag highly sensitive to even
smallest aerosol optical thicknesses. For AOT=@02leviates from the Rayleigh-
case up to 25% at a wavelength of 700 nm. Congrathle simulated radiances for
AOT=0.02 (not shown here) differ only up to 3%. $hhe measurements Bf are
more suited to detect low aerosol concentratioowedOT<0.05 than measurements
of spectral radiances.

However, P, is also strongly affected by the relative positaf optical inlet and the
Sun. To analyze the effect of the changing solaitizeangle in comparison to AOT
changes simulations with differefitare shown irFig.6.
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Fig.5: Impact of 0 on linear polarization simulated with SCIATRAN. A maritime
aerosol setting is used (AOT=0.1). The viewing direction is zenithal.

Presented are simulations for a continental aeesttihg with AOT=0.1. In general,
for the chosen zenithal viewing direction the siatioins reveal that an increase6of
increases the degree of polarization. While for Iss@attering anglegf = 20°) P,
almost diminishes, simulation with= 80° result in the highes?, of up to 70%. This
Is due to the fact that the Rayleigh-scatteredatamh has a maximum of polarization
for 90° scattering angle. Compared to the simutatising a fixed but different AOT
shown inFig. 5 the impact off exceeds the impact of aerosol. Thus the geomktrica
configuration of the measurement setup (inlet wigwangle andd) have to be
considered correctly to retrieve precise informatm aerosol properties. In relation to
the measurements shown kig.2b where both AOT and have changed, these
simulations have shown that both attributes explaéndifferent spectral characteristic
of P, obtained for August, 20 and August, 7.

Conclusions

The influence of aerosol on the linear polarizediagon has been analyzed by
radiation measurements and simulation by the RTNASRAN. The measurements
and the simulated radiances were obtained for réifits9 and AOT. The impact of
both parameters on the spectral radianceRamwdas analyzed. It has been shown that
both measured quantities | aRdare influenced by changing AOT aAd However,

P, was found to be affected much stronger than ttienae.
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Furthermore, differences in the impact of AOT #&hdn the measured and simulated
radiation were analyzed. While the absolute effactshigher for a changirgy AOT
was found to have a higher impact on the spectralacteristics of;. In contrary the
spectral characteristic of the radiance is onlghdly affected by differen® and AOT.
This reveals thaP; is suited better then measurements of the radiemaetrieve
information about aerosol properties from solar skgiation measurements. The
higher absolute and spectral sensitivityRpfwith respect to changes in the aerosol
properties enables to identify even small amourdeybsol AOT<0.01 which are not
detectable by measurements of the radiance. Addily, P, is a relative measure and
therefore independent on the accuracy of the ragliocncalibration of the instrument.
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