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Abstract. Theoretical analysis is conducted to reveal the information content of aerosol vertical profile
in space-borne measurements of the backscattered radiance and degree of linear polarization (DOLP) in
the O, A and B bands. Assuming a quasi-Gaussian shape for aerosol vertical profile characterized by
peak height H and half width y (at half maximum), the Unified Linearized Vector Radiative Transfer
Model (UNL-VRTM) is used to simulate the Stokes 4-vector elements of upwelling radiation at the top
of atmosphere (TOA) and their Jacobians with respect to H and y. Calculations for different aerosol types
and different combinations of H and y values show that the wide range of gas absorption optical depth in
O, A and B band enables the sensitivity of backscattered DOLP and radiance at TOA to the aerosol layer
at different altitudes. Quantitatively, DOLP in O, A and B bands is found to be more sensitive to H and
y than radiance, especially over the bright surfaces (with large visible reflectance). In many O, absorption
wavelengths, Degree of Freedom for Signal (DFS) for retrieving H (or y) generally increases with A (and
y) and can be close to unity in many cases, assuming that the composite uncertainty from surface and
aerosol scattering properties as well as measurements is less than 5%. Further analysis demonstrates that
DFS needed for simultaneous retrieval of H and y for high-lofted aerosol profiles (H > 2 km) can be
obtained from a combined use of DOLP measurements at ~10 O, A and B absorption wavelengths.

However, challenges still remain for resolving aerosol profiles with H less than 2 km. Future
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hyperspectral measurements of DOPL in O, A and B bands are needed to continue studying their potential
and their combination with radiance and DOPL in atmospheric window channels for retrieving the vertical

profiles of aerosols, especially highly scattering aerosols, over land.

Key words: remote sensing, aerosol, degree of linear polarization, O, A and B band, Degree of Freedom

for Signal
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1. Introduction

Aerosols are ubiquitous in the atmosphere and play an important role in the climate system through
their direct effects on the transfer of radiative energy (Forster et al., 2007) and indirect effects on cloud
microphysical properties by serving as cloud condensation nuclei (Twomey, 1977), which is one of the
largest uncertainty sources to estimate and interpret the Earth’s changing energy budget (IPCC, 2014).
These climate effects of aerosols are highly sensitive to the variation of aerosol optical and physical
properties, not only in the horizontal but also in the vertical dimension. Information on aerosol vertical
distribution is essential for providing a clear description of aerosol transport processes (Colarco et al.,
2004), as well as for understanding how radiative energy and clouds in the atmosphere are affected by
aerosols (Wang et al., 2004; 2009). Consequently, the vertical distribution of aerosols affects the sign and
magnitude of regional temperature change due to global warming (Haywood and Shine, 1997; Meloni et
al., 2005; Zarzycki and Bond, 2010; Samset and Myhre, 2011; Samset et al., 2013), the precipitation

patterns (Huang et al., 2009), and air quality and visibility (Liu, et al., 2011; Kessner et al., 2013).

Because aerosols are highly variable in space and time, the only way to obtain the information of
aerosol vertical distribution on a global scale is by means of satellite remote sensing. Using lidar, such as
the Cloud-Aerosol Lidar Infrared Pathfinder Satellite Observations (CALIPSO) (Vaughan et al., 2004;
Hunt et al., 2009), is a direct method to probe the vertical structure of aerosols in cloud-free conditions.
However, the active remote sensing of aerosols with lidar is expensive and its narrow swath limits the
spatial coverage. For example, CALIPSO flies over a given site only once every 16 days (Winker, 2003).
Most passive satellite-based measurements in ultraviolet and/or visible bands, such as those from the

Multi-angle Imaging SpectroRadiometer (MISR), the Ozone Monitoring Instrument (OMI) (Levelt et al.,
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2006), and the Polarization and Directionality of the Earth's Reflectance (POLDER) (Deschamps et al.,
1994; Tanré et al., 2011), contain limited vertical information of aerosols beyond the aerosol optical depth
(AOD), a columnar quantity. Only with additional constraints (such as aerosol single scattering albedo
and AOD) from independent sources, can OMI measurements be used to derive the centroid height of a
highly elevated absorbing aerosol layer (Satheesh et al., 2009). It is also noted that multi-angle instrument
such as MISR can be used to derive the stereo height of an aerosol layer, although such derivation is not

based on the particle scattering and radiative transfer calculations (Kahn et al., 2007).

In the last decade, various studies have proposed methods for the passive remote sensing of aerosol
vertical profile from space using measurements in the O, A band, such as those from the Global Ozone
Monitoring Experiment (GOME) (Koppers and Murtagh, 1997) and the SCanning Imaging Absorption
spectroMeter for Atmospheric CHartographY (SCIAMACHY) (Corradini and Cervino, 2006; Sanghavi
etal., 2012). The underlying fundament physical principle is that O, is a well-mixed gas in the atmosphere
with well-defined vertical structure, and hence, assuming other factors being equal, the change in the
amount of upwelling radiation in the O, 4 band contains information about how aerosol particles affect
O, A4 absorption through multiple scattering in different altitudes. Indeed, this idea dates back to Hanel
(1961) and Yamamoto and Wark (1961) who are among the first to study the retrieval of cloud top
pressure from reflection spectra in the O, A band, although cloud particles are larger and more efficient
in scattering, and therefore, have bigger impact on radiative transfer in the O, A band than aerosol
particles. Following their pioneer work, a wealth of literatures have developed and evaluated the
techniques to retrieve cloud top height from O, A band in the last four decades (Grechko et al., 1973;

Mitchell and O’Brien, 1987; Fischer and Grassl, 1991; Fischer et al., 1991; O’Brien and Mitchell, 1992;
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Harrison and Min, 1997; Pfeilsticker et al., 1998). In contrast, studies on the feasibility of retrieving
aerosol vertical profile form O, A band were conducted primarily in the last decade (Heidinger and
Stephens, 2000; Min et al., 2004; van Diedenhoven et al., 2007; Kokhanovsky and Rozanov, 2004; Daniel
et al., 2003, Sanghavi et al., 2012; Corradini and Cervino, 2006; Koppers and Murtagh, 1997; Dubuisson
et al., 2009). These studies showed that the radiance at the top-of-atmosphere in the O, A band contain
information on the vertical structure of aerosol scattering, and this information can only be retrieved in
clear skies over sufficiently dark surfaces such as ocean away from glint. Hence, retrieving aerosol
profiles over land still remains a challenge because land surface reflectance is often much higher in the

O, A band than in the ultraviolet and blue wavelengths.

The objective of this study is to systematically study the information content of aerosol vertical profile
from a combined use of polarization and radiance measurements in the O, A and B bands. The underlying
motivation is that the surface polarized reflectance is generally low (Maignan et al., 2009) and hence,
using polarization in O, A and B bands may provide a unique opportunity to retrieve aerosol vertical
profile over not only dark but also bright surfaces (such as desert and urban regions). Stam et al. (1999)
investigated the linear degree of polarization (DOLP) of reflected and transmitted light in the O, A band
for a few typical atmospheric profiles and identified different regimes of DOLP based on the gas
absorption optical depth. Aben et al. (1999) presented that the polarization measurements in the O, A
band in clear sky contain rich spectral fine-structure. This fine structure is shown to contain information
of vertical distribution of aerosols by various modeling studies (Preusker et al., 1995; Boesche et al., 2006,
2009; and Zeng et al. 2008). Most recently, Wang et al. (2014) showed that the DOLP in the O, A band

has higher sensitivity to the vertical profile of aerosols than that of intensity, especially over the high
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reflective surface. In this study, we carry out further sensitivity studies to assess the potential for retrieving
aerosol vertical profile by considering the polarization in both O, A and B bands. With the recent
deployment of such wide-swath satellite sensors as Earth Polychromatic Imaging Camera (EPIC) on Deep
Space Climate Observatory (DSCOVR) that has a channel to measure radiance in O, A band,

http://epic.gsfc.nasa.gov/epic.html), as well as the development of future science missions such as Pre-

Aerosol, Clouds, and ocean Ecosystem (PACE) that may have the opportunity to have a polarimeter,

http://decadal.gsfc.nasa.gov/pace-resources.html), it is essential to evaluate the use of O, A and O, B

bands for retrieving aerosol vertical profile.

Our study here differs from the past studies in twofold. First, to investigate the effects of various
aerosols on DOLP at hyperspectral resolution under different surface conditions, we not only focus on
the analysis in the O, A, but also extend the analysis to include the O, B band. We note that Sanghavi et
al. (2012) and Vasilkov et al. (2013) have demonstrated the potential of radiance in O, A and B for
retrieving aerosol profile over dark surfaces, but the potential of using both radiance and DOPL in O, A
and O B remains uninvestigated. Second, our analysis of information content is conducted to recommend
the most informative channels for the design of future sensors that will measure the polarization in O, A
and B bands. This recommendation is needed because: (a) few satellite sensors measure the state of
polarization in O, A and B bands at hyperspectral resolution with an aim for retrieving aerosols, although
a Fouries Transform Spectrometer (TANSO-FTS) carried on Japanese Greenhouse Gases Observing
Satellite (GOSAT) is capable to measure highspectral resolution two-orthogonal polarizations in O, A
band (Kuze et al., 2009); (b) existing routine measurements of polarization spectra in O, A band taken by

polarimetric instruments (such as those aboard on GOME-2 and SCIAMACHY) are primarily used to
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improve radiometric calibration. We note that satellite spectrometers such as GOME-2, SCIAMACHY,
and GOSAT have a large number of spectral samplings, but not all of them are necessary for operational
retrievals. Hence, under cost constraints, if we want to measure polarization in both O, A and B bands
with a wide spatial coverage and resolution (unlike GOSAT with narrow swath or GOME-2 with big
footprint), it is important to answer the question: at which spectra should these measurements be taken to

maximize the information content for aerosol vertical distribution?

To this end, we first will use a rigorous radiative transfer model, the Unified Linearized Vector
Radiative Transfer Model (UNL-VRTM) (Wang et al., 2014) to simulate the Stokes elements and their
Jacobians with respect to the aerosol optical and physical parameters, in both O, A and B bands at
hyperspectral resolution. Subsequently, the analysis of information content is conducted at hyperspectral
resolution based on the optimal estimation theory (Rodgers, 2000), which allows us to identify the most
useful channels for retrieving the aerosol vertical profile. We use the Degree of Freedom for Signal (DFS)
to describe the sensitivities of individual wavelengths in both O, A and B bands to the aerosol vertical
profile and select the combination of most sensitive wavelengths. DFS is a variable that can quantify the
number of useful independent pieces of information in the measurement for retrieving corresponding

parameter(s) of our interest (Rodgers, 2000).

In Section 2, we outline the theoretical basis of this study including the introduction of UNL-VRTM
and the optimization strategy used for the information content analysis. In Section 3, we discuss the
sensitivities of DOLP and intensity in both O, A and B bands to the aerosol profiles in terms of DFS, and

present the results about the potential of retrieving the aerosol vertical profile (aerosol peak height and
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half width, simultaneously) with multiple channels in O, A and B bands. The summaries and conclusions

follow in Section 4.

2. Description of Methods and Computations

2.1 Definition of DOLP
The degree of polarization (DOP) is a quantity that describes partially polarized light
(Chandrasekhar, 1950). It is defined as the ratio between the intensity of the totally polarized component

to the total intensity of the light:

DOP = —VQ“fZ“’Z (1)

where the Stokes parameter / describes the total intensity, Q and U the linear polarization and V" the
circular polarization of the light beam. Since the reflection of sunlight by natural surfaces and atmospheric
scattering generate very weak elliptic polarization (Coulson, 1988), V' is negligibly small compared to the

other three parameters. The degree of linear polarization (DOLP) of light can be given as:

DOLP = Y& )

For skylight measurements within the principal plane, U = 0. To preserve the sign of O, the DOLP in

principal plane can be written as (Hoverier et al, 2004):
__Q
DOLP = - 3)

2.2 Forward Radiative Transfer Model
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A numerical testbed, the Unified Linearized Vector Radiative Transfer Model (UNL-VRTM) (Wang
etal., 2014), is used in the present study. The UNL-VRTM comprises the following several modules: (1)
a linearized vector radiative transfer model (VLIDORT, Spurr, 2006), which computes simultaneously
the Stokes 4-vector elements and their Jacobians with respect to various atmospheric and surface
properties (Spurr et al., 2008), including aerosol single scattering properties at different layers and as a
column, as well as the aerosol height (Wang et al., 2014); (2) a linearized Mie scattering code (Spurr et
al., 2012), which computes the optical properties of spherical aerosol particles and their Jacobians with
respect to aerosol physical parameters such as refractive index and particle size distribution; (3) a
linearized T-matrix electromagnetic scattering code (Spurr et al., 2012), which is same as (2), but for
nonspherical aerosols; (4) a surface bi-directional reflectance (BRDF) and polarization function (BPDF)
module (Spurr, 2004), which provides surface BRDF and the Jacobians with respect to kernel parameters.
(5) a module that computes Rayleigh scattering and gas absorption with HITRAN database (Rothman et
al., 2013), which calculate the optical thickness of atmospheric molecule scattering and absorption,
respectively. Wang et al. (2014) has validated the calculations of Jacobians of [/, O, U] with respect to
the aerosol physical parameters such as refractive index, particle size distribution, and aerosol height.
With UNL-VRMT, Xu and Wang (2015) and Xu et al. (2015) studied the information content of the
ground-based photopolarimetric measurements of sky light and developed an algorithm for the retrieval

of fine-mode and coarse-mode aerosol microphysical parameters.

2.3 Aerosol Vertical Profile
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Various shapes of aerosol vertical profile can be defined in UNL-VRTM including uniform,
exponentially-decreasing, and quasi-Gaussian shapes. Since our main purpose is to study the sensitivity
of the degree of polarization and intensity to aerosol vertical distribution, we select the quasi-Gaussian

profile (Spurr and Christi, 2014). The optical depth profile is given by

_ exp (—h|z—Hpeax|)
Ta(2)=C [1+exp (—h|z—Hpeak|)]? @

where C is a constant related to the total optical depth, 4 is related to the half width (y) at the half

In (3+\/§)' H,
h

maximum (of AOD), which is defined as y = eak 18 the peak height or the altitude at which

AOD is the largest.

2.4 Information Content and Degree of Freedom for Signal (DFS)
The relationship between the measurement vector y (such as DOLP and intensity in O, A band) and

the state vector X (such as aerosol parameters and aerosol vertical profile) to be retrieved can be given by
y=Fx) + ¢ )
where F(x) is a forward model and & is the measurement error.

For the purpose of examining the information content of a measurement, it is convenient to consider
a linear problem, or divide a non-linear process into linear sub-processes. A linearization of the forward
model at a reference state X, will be adequate for this purpose, provide that F(x) is linear within the error

bounds of the retrieval:
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y—F(xo) = 2 (x —x) + £ = K(x —Xp) + (6)

where X, defines a linearization point or the a priori information. With the Bayesian approach assuming
Gaussian distribution for measurement and a priori errors, Rodgers (2000) showed that the retrieval

uncertainty (the a posteriori covariance matrix S) is relevant to the Jacobian K:
S™1 =KTS;'K + S; 1, (7)

where S, is the measurement error covariance matrix and S, is the a priori error covariance matrix. To
obtain the link between the retrieval and the true state, the averaging kernel matrix A is introduced, which

1s defined as:
A= (KTS;K + s;1)"1K's? (8)

The trace of A is called the degree of freedom for signal (DFS), which describes the number of useful
independent pieces of information in the measurement for the retrieval, and hence is a measure of
information content to infer a posteriori state vector. For each single retrieval variable, the value of DFS
is between 0 and 1. If DFS for one aerosol parameter is close to 0, it indicates that the measurements have
no information for the retrieval of that parameter. In our following sensitivity study, the measurement
error is assumed to be 0.05 by following Xu and Wang (2015) and the a priori error is assumed to be

100% for both aerosol peak height and half width.

2.5 Design of Sensitivity Experiments
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Three types of experiment are conducted: (a) the sensitivity of DOLP and radiance of scattered sunlight
at the top of atmosphere to the aerosol peak height H over various surface types, assuming y (the half
width at half maximum) is well known; (b) the sensitivity of DOLP and radiance y over various surface
conditions, assuming that the aerosol peak height is well known, and (c) the sensitivity of DOLP and
radiance to both A and y. We conducted these experiments for several types of aerosols listed in Table 1,
i.e., strong absorbing (such as soot), moderate absorbing (such as dust), and strong scattering aerosols
(such as sulfate). For the purpose of simplicity, we present results for moderate absorbing (dust) aerosols
in detail. Results for other types of aerosols are highlighted as sensitivity analysis in the last part of the
result section. In this paper, dust aerosols are assumed as spherical with lognormal size distribution having
effective radius 7. = 1 um and effective variance vegr = 0.45, and with refractive index 1.53-0.008i in the
O, A and B bands. While ambient dust particles are often nonspherical, spherical dust particles or coarse-
mode spherical particles were also observed in the atmosphere (Wang et al., 2003). Our treatment of dust
particles as spherical is not ideal, and this non-ideality is primarily due to the difficulties of linearized T-
matrix technique for computing scattering properties of large particles (Wang et al., 2014; Xu and Wang,
2015). While other techniques for computing scattering properties of non-spherical particles are

promising, their corresponding numerical codes have not been linearized so far.

The information content of measurements in each experiment is characterized in terms of DFS for O,
A, O, B and combined O; A and O, B bands. Each experiment is also carried out for a set of different
aerosol profiles in which the aerosol peak heights are assumed to range from 1 to 16 km with increment
of 1 km and the aerosol half width is assumed to be 0.25 to 4 km with increment of 0.25 km. All the

simulations are conducted at the spectral resolution of 0.01 nm.
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3. Results

3.1 Gas Absorption Optical Depth in O, A and B Bands

O, has two strong absorption bands in the 755—775 nm and 685-695 nm, which are called O, A
and B bands, respectively. Figures 1 a—b show the spectral absorption optical depth in these two bands
for a typical mid-latitude summer atmosphere (McClatchey et al., 1972). The maximum absorption optical
depth can reach 100 and 7 in the O, A and B bands, respectively. Therefore, the sunlight can be fully
attenuated before it reaches the surface at wavelengths of strong O, absorption. The large variability of
absorption optical depth in the O, A and B bands enables sunlight from the top-of-atmosphere (TOA) to
penetrate the atmosphere at different depths (before it completely attenuated in the atmosphere, Figure 1
c-d). For instance, the penetration altitude is about 30 km above the surface in the center of O2 A band,
and decreases to 20 km, 10 km, and near the surface as the wavelength moves from the center to the edge
of O, 4 band (Figure 1c). Similarly, for wavelengths at the O, B band, the penetration altitude can vary
from 15 km to the surface depending on the wavelength (Figure 1d). Hence, the spectral contrast of
reflected sunlight in terms of their intensity and polarization contains information of atmospheric

scattering (including aerosol scattering) at different altitudes of the atmosphere (Figure 1 e-f).

Considering that the absorption optical depth highly varies with wavelength in both O, A and B
bands, we plot in Figures 1 e—f the DOLP at the top of an aerosol-free atmosphere over various surface
types (with reflectance from 0.05, 0.2 to 0.5) as a function of molecular absorption optical depth. It should

be noted that the O, absorption is much larger than the Rayleigh scattering optical depth in both bands.
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As shown in Figures 1 e—f, the magnitude of O, absorption optical depth can be categorized into three

distinct regions.

The first region has the gaseous absorption optical depth less than 0.1. Because of the strong
interaction between atmospheric scattering and surface reflection, DOLP is less than 20% when
absorption optical depth is very small (for example << 0.1) in Figures 1 e —f. As surface
reflectance increases from 0.05 (red line) to 0.2 (green line), the DOLP decreases because the
stronger multiple scattering occurring between the surface and atmosphere decreases the DOLP.
Indeed, DOLP is nearly zero when surface reflectance is 0.5.

The second region has the gaseous absorption optical depth larger than 20. The DOLP in this
region is mainly determined by scattering in the upper atmospheric layer where molecular
scattering dominates and leads to larger DOLP regardless of the surface reflectance, since the
incident solar light cannot reach lower altitude and light scattered in the lower atmosphere cannot
easily reach the TOA (because of strong O, absorption).

The third region is located between the above defined first and second regions. In this region,
light can penetrate through and be reflected by the lower atmosphere (and surface depending on
absorption optical depth), and thus intensity and polarization of the upwelling radiation at TOA

has the sensitivity to the vertical distribution of scattering in the whole atmospheric column.

3.2 Sensitivity of DOLP to the Aerosol Vertical Distribution
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To investigate the sensitivity of DOLP and intensity to aerosol vertical distribution, we focus
mainly on two parameters, the aerosol peak height () and half width (y) at half maximum, which are

essential to determine the aerosol vertical profile as mentioned in the previous section.

To explain the physics underlying the results, we first present the results for four different aerosol
profiles (Figure 2a) in which the aerosol peak height H varies from 4 to 13 km with an increment of 3 km.
Here, the column aerosol optical depth is assumed to be 0.2 and y is 2 km. Figure 2b shows the differences
of DOLP (ADOLP) from one wavelength (760 nm) within the O, A band to the nearby continuum band
(757 nm) for surface reflectance of 0.0, 0.05 and 0.2. The solar zenith angle and view zenith angle are
66° and 0°, respectively. It can be seen that ADOLP decreases as the surface reflectance increases, which
is caused by strengthened surface depolarization and increased multiple scattering. In addition, it can be
seen that ADOLP also decreases as the aerosol peak height increases for a given surface reflectance
(Figure 2b). While the DOLP of Rayleigh scattering is positive and strong, the DOLP of spherical aerosols
is negative and weaker compared to that of Rayleigh scattering. Consequently, the increase of scattering
by aerosols, as aerosol gets aloft, can partially offset the effects of Rayleigh scattering, resulting in less
positive DOLP (Wang et al., 2014). It is noted that the lower the aerosol layer, the increased absorption
in Oy A band suppresses the aerosol scattering. This explains the increase of DOLP in the O, A band as
the aerosol peak height decreases (closer to the surface). The same patterns can also be seen in the O, B
band (Figure 2c). Also, it can be seen from this figure that the change of DOLP with respect to the aerosol
peak height is sensitive to wavelength. Indeed, in some absorption wavelengths, the O, absorption optical
depths can be sufficiently large (7.79 at 687.19 nm) that aerosols near the surface have much less chance

to interact with the incident light. Thus, the DOLP differences at these wavelengths are more sensitive to
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high-altitude aerosol layers (Figure 1¢). However, at some other wavelengths, the O, absorption optical
depths (such as 0.88 at 759.98 nm) are relatively smaller and the light can reach lower atmosphere. The

DOLP differences at these wavelengths are more sensitive to low-altitude aerosol layers (Figure 1b).

Figure 2d is the profile of aerosol optical depth for different y values, where H is 5 km and the
column aerosol optical depth is assumed to be 0.2. Similar as Figures 2b—c, Figures 2e—f show that the
ADOLP for various y values (with the same H). Consistent with Figures 2b and 2c, ADOLP decreases as
the surface reflectance increases. Also, it can be seen that for given surface reflectance, as y increases,
ADOLP decreases. Because O, absorption coefficient above the aerosol peak height is smaller than that
below the aerosol peak height, the elevated portion of aerosols above the peak height (due to the increase
of profile half width) have a larger effect on DOLP than the counterpart below the aerosol peak height,

counteracting more positive DOLP from Rayleigh scattering.

To further evaluate if the findings revealed in Figure 2 can be generalized, we compute the DOLP at
759.98 nm at TOA as a function of H and y for different surface reflectance values (Figure 3). Top panels
of Figure 3 show the DOLP at TOA for wavelength 759.98 nm as functions of / and y for three different
surface reflectance values of 0.0, 0.2 and 0.5 at the scattering angle ®=120° (a nadir view with solar
zenith angle of 60°). Bottom panels correspond to scattering angle ®=150°. These results confirm that:
(a) an increase of surface albedo leads to decrease the DOLP at TOA, and (b) DOLP decreases as the
peak height H increases for the same y value. Moreover, these results also suggest that DOLP at TOA
has a strong angular dependence. It can be seen that the DOLP at ®=120° is positive for all chosen H and

y. The maximum of DOLP at TOA occurs when aerosols appear in the near surface. In contrast, DOLP
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at ®=150° is found to be negative for all combinations of aerosol peak height and half width (bottom
three panels in Figure 3). This contrast can be explained by the different angular dependence of DOLP
between Rayleigh scattering and aerosol scattering. As discussed in Wang et al. (2014), the DOLP of
Rayleigh scattering (Fig. 8 in Wang et al., 2014) is positive at all scattering angles (with peak value at
©=90° and zero at ®=180°); aerosol particles often yield negative DOLP at all backscattering angles,
with the largest negative DOLP at around ®=150°. Regardless of angle, however, it is expected that the
increase of aloft aerosol scattering, either through increase of peak height or through increase of half

width or both, can lead to a decrease of DOLP for the same surface reflectance (Figure 3).

3.4 Calculation of the DFSs

The actual observations inevitably contain instrumental error and measurement noise. It is critical
to properly treat these experimental errors in the design of retrieval methods. In the following analysis
we assume that aerosol properties including optical depth are known with some uncertainties, and the
only parameters to be retrieved are related to aerosol vertical profile. Hence, the measurement errors

defined here also include the model errors.

To compare the information content of the DOLP and intensity at TOA for retrieving aerosol
vertical distribution, we calculate the DFSs for aerosol peak height / at each individual wavelength using:
(a) only radiances in O, A band, (b) only DOLP in O, A band, and (c) only DOLPs in the O, B band. It
can be seen that in Figure 4(a), the maximum DFS for using radiance only is about 0.35 at the wavelength
near 759.7 nm in the O, A band. However, the DFSs for using DOLPs are often larger than 0.4, with

maxima values close to unity, in both O, A (Figure 4b) and O, B bands (Figure 4c). Figure 4 hence
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suggests that the polarization of light contains more information on the aerosol peak height than that of

intensity.

The DFS values in Figures 4 d—f are sorted in descending order for three cases in Figures 4 (a),
(b), and (c), respectively. The x-axis in Figures 4 d—f indicates the number of spectral wavelengths (or
channels). The left-side y-axis indicates DFSs and the right-side y-axis represents the corresponding
gaseous absorption optical depth for an individual wavelength. As shown in Figure 4 d, the gaseous
absorption optical depths corresponding to the first ten maximum DFSs of radiance in the O, A band are
above 5.0. In contrast, the counterparts for the DFSs of DOLP in O, A and B bands are above 1.0 and
0.35, respectively (see Figures 4 e and f). Furthermore, there are no less than 10 wavelengths (simulated
at 0.01-nm interval) having DFS values close to 1 in DOLP measurements in both O, A and B bands; but
the DFS values of radiance measurements are always below 0.4. These findings from Figure 4 further

suggest that DOLP can have more information content for inferring aerosol peak height A than intensity.

Figure 5 shows the DFS in DOLP measurements for inferring aerosol peak height / as a function
of aerosol peak height /' and half width at half maximum y for three wavelengths in both O, A and B
bands for different surface reflectance values, 0.0, 0.2 and 0.5. We can find that, at some wavelengths
where the O, absorption optical depths are smaller relatively (such as 759.98 nm with optical depth of
0.88), the DFS values are more influenced by the change of surface reflectance than at other wavelengths
where the O, absorption optical depths are larger (such as 762.68 nm with optical depth of 2.7). Indeed,

DFS approaches zero at 762.68 nm for aerosol peak height less than 2 km. For the same wavelength (e.g.,
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each row in Figure 6), DFS values decrease as the surface reflectance increases; for surface reflectance

of 0.5, the DFS is less than 0.5 for aerosol peak height H below 2 km, regardless of y.

Similarly, we calculate the DFS in DOLP measurements for y (Figure 6). It can be seen that
although the DFS values are not as sensitive to the change of surface reflectance as that shown in Figure
5 for inferring aerosol peak height, they have remarkable spectral dependence. At some wavelengths such
as 759.98 and 689.78 nm, the DFS values for y are larger (than 0.5) for low-level aerosol layer H below
2 km except for y less than 1 km; however, at other wavelengths such as 762.68 nm, the DFS values y

for are more sensitive to higher aerosol layer.

The question arises: can the two pieces of information for aerosol vertical profile (e.g., peak height
and half width) be retrieved from combined use of several different wavelengths in both O, A and B
bands? To address this question, we select the most informative channels sequentially following Rodgers
(1996). We first sorted DFS values in DOLP measurements at each wavelength in a descending order in
both O, A and B bands for a baseline aerosol vertical distribution with peak height / of 8 km, half width
at half maximum of 2 km, and surface reflectance of 0.2. The first channel is selected with the maximum
DFS for H. Subsequently, DFSs are examined for a combination of the first channel to any of the rest
channels, and the second channel is identified when the largest DFS value is achieved. More channels are
further selected with the same process applied and thereby, each additional channel leads to the increase

of DFS values at the possibly largest increasing rate.

Figure 7a shows the DFSs of the first channel DOLP in the O, A band for the retrieval of aerosol

peak height H (e.g., 764.76 nm, the channel that maximizes DFS for the baseline vertical profile) as a
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function of various combinations of H and y values. It reveals that aerosol peak height A can be easily
retrieved by using the first channel (regardless of y values), given other aerosol parameters well
characterized, for those aerosol layers higher than 5.5 km. However, DFS decreases rapidly and is nearly
zero when most aerosols start to concentrate near the surface (e.g., as H and y values approaches from 4
km to zero, or approach to the bottom corner of the panel of Figure 7a). As expected, DFS value for H
increases as more channels are used (from 2, 4, 8, 16, to 32 shown in Figure 7 b—f), especially when
aerosol layer is close the surface. For example, the white zone with zero DFS in the bottom left corner in
Figure 8a is slowly filled up with colors of DFS > 0.1 from Figure 7b— f. Even with 32 channels, however,
DFS is still smaller than 0.4 when H is smaller than 2 km (Figure 7f). Therefore, a greater number of
channels or better DOLP accuracy are required to gain a sufficient signal for retrieving aerosol

distribution below the boundary layer.

Similar to Figure 7, we calculated the DFS values for y for a different number of channels in O,
A and B bands and the results are presented in Figure 8. The pattern of DFS in Figure 8 is different from
that in Figure 7; Figure 8 has the maxima of DFS in the bottom right corner of each panel while the latter
has the maxima of DFS on the top. In other words, for larger /, DOLP has less sensitivity to large y.
Regardless, the physics remains the same; DFS increases when there are more aerosols in the upper layer
(e.g., either lager H or larger y width or both). As shown in Figure 8, we can find that using 32 channels
can well retrieve y for most possible vertical distributions of aerosols, except when aerosols present

within a low-altitude thin layer or highly aloft.
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After we calculated the DFS values for single parameter of aerosol vertical distribution (either H
or y, respectively) for various number of selected channels, we calculated the DFS values in DOLP
measurements from various selected channels in the O, A band for retrieving A and y simultaneously.
Figure 9 shows these DFS values as a function of H and y. As we can see from Figure 9, the retrievable
regions are very limited if only a few number of channels (< 8) are used. However, with more channels
used, DFS values can approach to 2 when aerosol peaks in middle troposphere with large y values. As
shown in Figure 9f, when 64 wavelengths are used to retrieve H and y values simultaneously, the
retrievable regions cover most possible vertical distributions of aerosols, except for aerosols near the

surface or aerosols within a very thin layer (e.g., y less than 1 km).

Figure 10 shows the DFS values for simultaneously retrieving H and y with the DOLP in (a) O, A
band, (b) O, B band, and (c) the combination of A and B bands. It is evident that the combined use of O,
A and B bands (Figure 10c) can significantly enhances the information content compared to the use of
only the A (Figure 10a) or B band (Figure 10b) and can decrease the number of required channels for a
sufficiently accurate retrieval. Figure 10c shows that 10 channels from O, A and B bands, as listed in
Table 2, are sufficient to resolve H and y for the cases studied (where H and y are assumed to be 5.0 and

2.0 km, respectively).

The results presented above are based on the calculations that assume spherical dust particles. As a
comparison, we also investigate other types of aerosols listed in Table 1, including soot (absorbing) and
sulfate (non-absorbing) aerosols. Figure 11 shows the comparison of the DOLP at TOA and their

corresponding DFS values for three types of aerosols, dust, sulfate and soot, as a functions of aerosol
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peak height and half width at the scattering angle 120°. The wavelength is 760 nm. The figure shows that
more absorbing aerosols (such as soot, Figure 11¢) can lead to a smaller decrease of DOLP (or larger
DOLP) as compared to the counterparts by less absorbing (such as dust, Figure 11a) and pure scattering
aerosols (such as sulfate, Figure 11b); this can be understood because absorbing aerosols suppress the
multiple scattering at the atmosphere. Correspondingly, the information content in DOLP (in terms of
DFS values) are generally smaller for characterizing vertical profile of absorbing aerosols (as shown by
the contrast between Figure 11f and Figure 11 d-e and the contrast between Figure 11i and Figure 11 g-
h). However, while these difference of DFS exist between various type of aerosols because of their
different physical and optical properties, the patterns of DFS variations generally appear the same
regardless of aerosol type, all revealing that DFS is higher when aerosols are concentrated at high levels
either due to larger H, larger y, or both. Therefore, a combination of DOLP measurements in O, A and B

bands enables the retrieval of aerosol vertical distribution for a wide-range of aerosol types.

4. Summary

In the present study, we carry out radiative transfer simulation in the O, A and B bands and explain
the physics underlying the results. In order to identify the most sensitive spectral channels to the peak
height and half width of aerosol vertical distribution, degree of freedom for signal (DFS) is used to
examine the information contained in each individual wavelength in both O, bands. Our results show that
the DOLP can have more information content for retrieving aerosols vertical distribution than intensity.
The analysis suggests that, the DOLP at different wavelengths has different sensitivities to the aerosols
at different altitudes. Our results also show that the combined use of DOLP in both the O, A and B bands

can significantly enhance the information content and decrease the number of wavelengths needed for
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simultaneously retrieving aerosol peak height and vertical distribution than using only O, A or B band

alone.

While a combined use of DOLP in O, A and B bands is shown to have great potential for
characterizing the aerosol vertical profile from a passive remote sensing point of view, it is also shown to
have difficulty in resolve aerosol vertical distribution below 2 km. Regardless, since aerosols within 2 km
above the surface are normally well-mixed as a result of planetary boundary layer process, using DOLP
in O, A and B bands to further detect and characterize the conditions where significant aerosol layers
(including scattering aerosols) occur above the boundary layer over the land (including bright surfaces)
can provide valuable supplements to the existing satellite observations for advancing our knowledge of
aerosol 3D distribution in the atmosphere. For future studies, real measurements of DOPL in O, A and B
bands are needed to further evaluate their potential as well as their combination with DOLP in

atmospheric channels for retrieving aerosol profiles over land.
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Figure 1. (a) Spectral absorption optical depth of atmosphere in the O, A band. (b) Same as in (a), but in
O, B band. (¢) penetration altitude for various wavelengths in the O, A band. (d) same as (c) but for the
O, B band. The spectral interval and resolution (full-width at half maximum of a Gaussian spectral
response) are 0.01 nm. The mid-latitude summer atmospheric profile is used in the calculation. (e)
Degree of linear polarization as a function of gas absorption depth in the O, A band. (f) Same as in (e),
but for the O, B band. The penetration altitude is defined as the altitude at which the intensity of the
downward radiance is decreased by a factor of e as compared to its value at the top of the atmosphere.
Note in atmospheric window channels the penetration altitude is set as zero (i.e., at the surface).
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Figure 2: (a) The profile of aerosol optical depth for each layer; (b) Difference of DOLP between
759.98 (absorption channel in O, A band) and 757 nm (continuum channel) as a function the aerosol
peak height for different surface albedos; (c) Same as (b) but for 687.2 (inside O, B band) and 686 nm
(outside O, A band); (d) The profile of aerosol optical depth for different half width; (e—f) Same as (b—
c) but as a function of half width at different absorption wavelengths (of 759.76 and 688.09 nm
respectively). The solar zenith angle and view zenith angle are 66 ° and 0.0°, respectively.
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Figure 3. Contours of the DOLP at TOA as functions of aerosol peak height and half width at two different

scattering angles, @ =120° (upper panels) and ® =150°(lower panels), for three different surface albedo,
0.0, 0.2 and 0.5. The wavelength is 759.98 nm.
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Figure 5. Contours of degree of freedom for signals of DOLP for retrieving aerosol peak height as a
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wavelength 759.98, 762.68 and 689.78 nm, are 0.88, 2.73, and 0.34, respectively.
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surface reflectance is assumed to be 0.2.
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Figure 11. Contours of the DOLP at TOA and DFSs for three types of aerosols, dust, sulfate and soot, as
65 functions of acrosol peak height and half width at the scattering angle 120°. The wavelength is 760 nm.
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Table 1. The microphysical and optical properties of aerosols used in the simulations

Type Verr (WM) Veff Refractive index
Dust 1.0 0.45 1.53-0.008i
Sulfate 0.5 0.45 1.428-2.05¢-8i
soot 0.1 0.1 1.75-0.43i

70
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Table 2. The first ten wavelengths selected for maximum contribution to the total information content
from O, A and B bands.
No. Wavelength (nm) DFS*
H Y

1 762.68 0.9998 0.0002

2 761.04 0.9998 0.0035

3 687.84 1.0000 0.9453

4 692.60 1.0000 0.9720

5 687.34 1.0000 0.9805

6 760.82 1.0000 0.9806

7 692.08 1.0000 0.9841

8 694.94 1.0000 0.9866

9 760.96 1.0000 0.9866

10 686.98 1.0000 0.9882

*DFS values for both peak height and half width corresponding to the channel number n are the result of
75 information content analysis from a combined use of the first channel to channel number n.



