Polarization effects on oceanographic lidar
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Abstract: A simplified radiative transfer equation yields a simple analytic
expression for the co- and cross-polarized return in a linearly polarized
oceanographic lidar. This equation agrees well with the lidar data over a
wide range of oceanographic conditions. The relationship between
depolarization and lidar attenuation shows three distinct relationships
corresponding to water within the Columbia River plume, near-shore water
outside of the plume, and off-shore water.
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1. Introduction

There are few options available to those who would probe the ocean from above the surface.
Of these, only lidar operating in the blue-green region of the spectrum is capable of producing
vertical profiles to a few tens of meters with sub-meter resolution. Despite this, there are only
a few lidars that have been used to profile the ocean, at least in part because of the difficulties
in interpreting the lidar return signal.

Scattering layers in the ocean are detectable by an unpolarized lidar [1,2]. Through the
use of a cross-polarized lidar, the contrast between scattering layers and the background
scattering level can be increased for a scattering layer comprising large, depolarizing particles
[3]. This type of lidar has been used effectively to detect plankton layers [4,5]. A fully
polarized lidar is expected to provide even better discrimination of scattering layers [6,7].

Of course, a fish school is a special case of a scattering layer with different polarization
characteristics from those of the surrounding water. Lidar detection of a fish school was first
reported in 1981 [8]. More recent work has shown good agreement between lidar and more
traditional acoustic techniques of detecting and quantifying fish schools [9-11].

There have also been several efforts to infer the optical properties of the water from lidar
signals. Gordon [12] showed how an unpolarized lidar could be used to measure either the
beam attenuation coefficient with a narrow beam or the diffuse attenuation coefficient with a
broad beam. Phillips, et al. [13] and Billard, et al. [1] measured various parameters related to
turbidity. Vasilkov and co-workers [7,14,15] used a polarized lidar to infer the scattering
coefficient profile.

A slightly different type of oceanographic lidar uses a laser to stimulate fluorescence of
organic molecules in the water. This was first used to detect chlorophyll a [16].
Phycoerythrin and chromophoric dissolved organic matter (CDOM) have also been measured
[17,18]. Fluorescence is unpolarized for any polarization of the stimulating light, so the
results presented here do not apply to fluorescence lidar measurements.
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Much of the previous work has focused on the detection of scattering layers in the ocean.
We will focus on regions where the scattering properties are constant with depth over the
depth range accessible to the lidar. Also, much of the previous work has considered a narrow
lidar beam [7]. We will consider the case of a broader beam, so that multiple scattering plays
a greater role [12]. Here, we show that the depolarization induced by multiple forward
scattering can be distinguished from that induced by backscattering, so the depolarization
characteristics of the lidar target can be accurately estimated.

2. Theory

The theoretical treatment is based on a simplified version of the radiative transfer equation for
the Stoke’s vector [19]. The main simplification arises because we are only interested in the
direct backscattered light, and not in the full radiance distribution treated by others [20, 21].
Also, we will not treat temporal effects explicitly as in [22], but relate the time of the return
signal to depth through the speed of light in water. We assume a linearly polarized
transmitter, and consider only light that is co-polarized with the transmitted light or cross-
polarized with respect to it. The primary justification for this simplification is that the off-
diagonal elements of the Mueller matrix for scattering by sea water are negligible, except for
M, and My, which relate the two orthogonal linear polarizations [23].

As the initially polarized laser beam propagates through sea water, the change in the
power of the beam can be expressed as

ddi = —aP. +yP

- e
—X = —aP, +yP.,

dz ary +y

where Pc is the power at depth z in the initial linear polarization, Py is the power in the
orthogonal polarization, « is the attenuation of a polarized beam, and y is the depolarization
coefficient. The depolarization coefficient represents the rate at which light from one
polarization is scattered into the other.

For a linearly polarized lidar transmitter, the boundary conditions at z= 0 are Px = 0 and
Pc = Pco, Where P is the initial power. This leads to the solution

P. = P exp(-az)cosh(yz) ?
P, = P exp(-a2)sinh(yz).
For yz << 1, this reduces to
P. = Pexp(-a2) 3)
P, = Przexp(-a2z).
For the opposite case of yz>> 1, Eq. (2) reduces to
P. = P, = 05PR,exp(-az+72). 4)

The last Eq. (4) also holds if the initial light is unpolarized, so the attenuation coefficient of
an unpolarized lidar is o — ».

Figure 1 shows the theoretical profiles of power in the water for the case of y = 0.1a. The
maximum value of the cross-polarized power is at a depth of . The mostly-polarized
approximation [Eq. (3)] is seen to better explain the cross-polarized component than the co-
polarized component. For example, the approximation is good to within about 10% to a
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depth of about 5« (yz = 0.5) for the co-polarized component, but to a depth of about 8« (yz
= 0.8) for the cross-polarized component. The unpolarized approximation [Eq. (4)] is within
20% for both components by the time we reach a depth z= 104 (yz = 1).
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Fig. 1. Laser power P normalized to incident power Pco for co-polarized (red) and cross-
polarized (blue) components for the case of y = 0.1a. Solid lines are the exact calculation,
dashed lines are the mostly-polarized approximation, black line is the unpolarized
approximation.

In Eqg. (2), we have neglected depolarization because of Fresnel transmission differences
at the surface. To get an estimate of the magnitude of depolarization by the rough surface, we
assumed a Gaussian probability density of surface slopes. The slope variance in the along-
wind and cross-wind directions were obtained from [24, 25],

0.00316 W
0.00192 W +0.003,

2
Oy

()

oy

where W is the wind speed. These formulae neglect the effects of surfactants [24, 25] and
atmospheric stability [26]. The resulting depolarization (Fig. 2) is small, even when the lidar
is pointed slightly off nadir to reduce specular reflections from the surface.

In the quasi-single-scattering approximation [14,27], we assume that the light propagates
through the water with a series of scattering events at small scattering angles, undergoes a
backscattering event, and then propagates back to the surface with only small-angle scattering
events. If the depolarization is small, the co-polarized signal (&) from the lidar can be
approximated by neglecting the depolarized light, so

S = AR (m)exp(-a2) (6)

where A’ includes system parameters like receiver sensitivity, Sc(x) is the polarization-
preserving component of the volume scattering coefficient at a scattering angle of =, and
exp(-a 2) is the attenuation of the backscattered light as it propagates up to the surface. The
time t is the time at which the lidar signal would have been backscattered from depth z based
on the speed of light in water; this allows a vertical profile to be inferred from a temporal
measurement at the receiver.
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Fig. 2. Depolarization of a linearly polarized laser beam propagating through the sea surface as
a function of wind speed W. The two curves are for a nadir-pointing beam and for one pointed
15° off nadir.

The cross-polarized signal (Sy) is the sum of three components; in one, the depolarization
is caused by the backscattering event and, in the other two, the depolarization is caused by the
multiple forward scattering before and after the backscattering event, respectively. Thus,

Sc(t) = ARSx(r)exp(-az) + AR S (m)exp(-a2) + AR fc(r)yzexp(-az), (7)

where fx () is the cross-polarizing component of the volume scattering. The use of the same
system parameter A’ in Egs. (6) and (7) implies that this parameter is the same for the co- and
cross-polarized channels of the lidar receiver. In the description of the measurements, we will
define the lidar signals S and S¢ so that this is the case.

Using Eqg. (3) in Egs. (6) and (7), and replacing A'Pc, by A yields the result

Sct) = Apc(r)exp(-2a2) @®)
S, (t) = AB,(m)exp(-2cz) + 2AB(7)yzexp(—20:z).
The depolarization ratio of the lidar return is then given by
D - X _ —ﬂx(”)+2yz. ©)

S B (7)

3. Measurements

The measurements were made with the NOAA Fish Lidar flying at an altitude of about 300 m
off the west coast of Oregon and Washington. We will use the results from a flight made
between about 22:00 local time on June 10 and 1:00 on June 11, 2006, along the line shown
in Fig. 3. The constant-latitude transects are about 350 km long. The lidar has been
described in previous publications [3-5], except that a second polarization channel has been
added. It uses a tristatic configuration, with separated transmitter, co-polarized receiver, and
cross-polarized receiver.

The transmitter uses a frequency-doubled, Q-switched Nd:YAG laser. It produces 120 mJ
of green (532 nm) light in a 12 ns pulse at a rate of 30 pulses per second. A polarizing
beamsplitter in front of the laser increases the polarization purity of the transmitted light to
greater than 0.999, and also provides a small signal to a detector for a timing reference. A
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Fig. 3. Position of measurements showing the near-shore (green) and off-shore (blue)
segments, with a vertical mark at the boundary. The solid black line is the 200 m isobath. The
mouth of the Columbia River is just to the east of the northern transect.

pair of steering mirrors in front of the beamsplitter is used for alignment. The final optical
element is a negative lens that spreads the beam to about 17 mrad. This produces a 5 m
diameter spot on the sea surface, which is safe for people or marine mammals [28] at the
surface.

Each receiver channel uses a refractive telescope with a Polaroid filter on the front. The
primary lens focuses the light onto an aperture that restricts the field of view to about 17
mrad. A secondary lens recollimates the light, and it passes through a 1 nm bandwidth
interference filter and is detected by a photomultiplier tube. Because there is more reflected
light in the co-polarized channel than the cross-polarized channel, the diameters of the two
telescopes are different — roughly 6 cm and 15 cm, respectively.

The photomultiplier outputs are logarithmically amplified and digitized at 1 GHz. The
digitized data are stored in the computer, along with the position and time of each pulse from
the GPS receiver. The gain-control voltages applied to the photomultipliers are also recorded,
since the gains are adjusted to accommodate different signal levels from different areas of the
ocean.

While the obvious definition of the lidar signals S and S would be the voltages out of the
receiver, some manipulation of these voltages produces signals that are more convenient to
compare with the theoretical results. First, the recorded voltages are converted to the
corresponding photocathode current, using the measured response of the log-amplifiers and
the recorded photomultiplier gains. This provides a linear response that is the same at every
location. Then, these values were normalized by the measured sensitivities of the co- and
cross-polarized receivers. This step accounts for the different telescope diameters, optical
losses, and photocathode responsivities, so that the system parameter A is the same for both
channels. Finally, these values were corrected for the change in the geometric, or range
squared, signal loss with depth. This effect is relatively small — a difference of about 15% at
a depth of 30 m with an aircraft altitude of 300 m. The correction was made because the
geometric loss was neglected in the development of Eq. (8). The results of these three steps
define our lidar signals S and Sx.
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During the period of the flight, the average wind at 124.51 W, 46.14 N (NOAA buoy
46029) was 7.2 m s from 350°. For these conditions, we would expect the standard
deviation of surface tilt to be about 8.6° in the N-S direction and about 7.4° in the E-W
direction. Thus, the surface depolarization was less than 0.002, and can be neglected.

In regions where the water properties are constant with depth, we can estimate the model
parameters from the theoretical results. We can estimate « from the measured co-polarized
signal using the first of Eq. (8), with the result

d
o = —i—In . 10
M) (10)
Similarly, we can estimate y from the measured depolarization using Eq. (9) with the result
dD
= 1= 11
% dz ()

4. Results

We will first consider a couple of typical profiles to illustrate the characteristics of the lidar
return. The first (Fig. 4, left panel) was obtained in shallow water near the coast. The return
from aerosols above the surface is visible in the co-polarized return, but below the receiver
noise level in the cross-polarized return; the backscatter from small, nearly spherical marine
aerosols is highly polarized. The co-polarized return has an enhancement at the surface from
laser glints; this specular reflection is also highly polarized. This profile also includes the
return from the bottom at a depth of about 22 m. The return from the rough bottom is
completely depolarized, and the two channels have the same signal level.

5 0 5 10 15 20 25 -5 0 5 10 15 20 25
z (m) z (m)
Fig.4. Typical depth profiles of the co-polarized return & (red), cross-polarized return Sx
(blue), and depolarization D (black). The solid lines are measured values, and the dashed lines
are the theoretical profiles from Eq. (8). The left panel is from the near-shore region. The
large, unpolarized return at 22 m depth is the bottom of the ocean. The right panel is from the
off-shore region.

Between the surface return and the bottom, both channels attenuate at about the same rate,
with a nearly constant depolarization of about 0.0873 (average between 5 and 15 m). The co-
polarized return can be approximated by Eq. (8), with the parameters taken from the values at
5 and 15 m. This gives a = 0.140 m™ and ABc(n) = 0.0287. This provides a good
approximation to the measured profile, except for a layer of enhanced scattering near the

#90418 - $15.00 USD Received 3 Dec 2007; revised 8 Jan 2008; accepted 10 Jan 2008; published 16 Jan 2008
(C) 2008 OSA 21 January 2008/ Vol. 16, No. 2/ OPTICS EXPRESS 1202



bottom. From Eq. (9), it is clear that the nearly constant depolarization ratio means that yis
very close to 0. Thus, the cross-polarized return is given by Eq. (8) with ABx(x) = 2.51x10%,

The second profile (Fig. 4, right panel) was obtained farther from the coast. Here, the
attenuation of the two channels is different, and the depolarization increases with depth.
From the co-polarized return at 5 m and 15 m, we estimate the parameters of Eq. (8) to be a =
0.127 m™ and ABc(n) = 0.0492, which implies that there is less attenuation and more
backscatter than observed near the coast. A linear regression of the depolarization values
between 6 and 16 m produces an estimate of y= 6.12x10° m™. The cross-polarized return at
12 m depth was used to estimate the final parameter in Eq. (8), with the result that Afx(x) =
5.73x10°. The depolarization induced by scattering for this case is 0.116, which is greater
than that near the coast. The results in the right panel also show a good agreement between
the theoretical and observed returns. The fit is actually better than that near the coast; the
most likely explanation is that the upper water column is more uniform off shore than in the
river plume.

To investigate how the propagation parameters vary with changes in the water column, we
looked at the co- and cross-polarized returns over the depth range between 5 and 10 m, and
averaged over about 5 km along the flight track. Figure 5 is a plot of « as a function of
longitude along the northern and southern east-west transects. The observed values were
generally around 0.1 in the off-shore regions and higher closer to shore. This plot shows that
the higher values extend farther to the west in the southern transect. This is consistent with
the position of the Columbia River plume, which extended to the southwest from the mouth
of the river. In the southern transect, « has a peak at about 124° W, suggesting that the center
of the plume is at about this position. The eastern-most longitude at which « passed through
0.1 m™ in each transect was used to divide the data into the off-shore and near-shore segments
shown in Fig. 3.

0.4 T T T T T T T T T
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- ...-
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Fig. 5. Measured values of attenuation coefficient « as a function of longitude for the northern
(red) and southern (blue) east-west transects.

The cross-polarized returns in Fig. 4 appear to be nearly exponential. Thus, it makes
sense to compare the measured attenuation of the cross-polarized signal with the derivative of
the logarithm of Eq. (8). The result was that 99% of the values were within 3% of the value
inferred from Eq. (8), and 89% were within 1%. This agreement suggests that our simple
model is a useful one.
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Fig. 6. Total attenuation « (left panel) and depolarization D (right panel) as functions of
backscatter. The blue circles and line are the off-shore data and linear regression. The green
circles and lines are the near-shore data and a piecewise linear regression.

We found an interesting relationship between « and the total backscatter, f(n) = fc(x) +
Px(n) (Fig. 6, left panel). For the off-shore region, the attenuation is very nearly linear with
respect to backscatter; the regression (R? = 0.92) is

a = 1.11AB(r)+0.0612. (11)

For the near-shore region, there is not a single linear relationship, but the data can be
described by two different regression curves with a break where « = 0.3 m™. For the lower
values, the regression (R? = 0.80) is

a = 1.23AB(r)+0.115. (12)
For the higher values, the regression (R* = 0.81) is
a = 0.249AB(r)+0.267 . (13)

Equation (13) generally describes water that we associate with the Columbia River plume.
The large y-intercept suggests high levels of dissolved absorbing materials. Equation (12)
generally describes coastal water outside of the plume, which has a y-intercept between the
open-ocean value in Eq. (11) and the river plume value in Eq. (13).

If we plot the depolarization, averaged over the depth range between 5 and 10 m, as a
function of the total backscatter (Fig. 6, right panel), we find a high correlation for both near-
shore (R? = 0.81) and off-shore (R* = 0.78) data. At the lower values, the near-shore and off-
shore data are very nearly the same. A similar plot of depolarization as a function of
attenuation coefficient (Fig. 7, left panel) shows a different pattern. Here, the correlation is
very high (R? = 0.95) in the near-shore region, but not as high (R? = 0.66) off shore.

For the near-shore region, we found that yvaried randomly about zero. The average value
was -1.43x10® m™, and the standard deviation of the 42 observations was 3.92x10° m™.
There was no significant correlation (R* = 0.11) between « and yin this region. For the off-
shore region, the situation is different; yis significantly different from 0 and increases with
increasing backscatter (R? = 0.73) (Fig. 7, right panel).
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Fig. 7. Depolarization D as a function of attenuation coefficient a (left panel) and
depolarization coefficient y as a function of backscatter (right panel). Green is near-shore
region and blue is off-shore region. Points are data and lines are linear regression.

The average values for each region are presented in Table 1, and the theoretical profiles

Table 1. Average parameter values.

Region A Bc(m) A px(r) a y D
N transect 0.0420 0.00276 0.121 1.75x10° 0.0658
S transect 0.0591 0.00862 0.143 5.81x10* 0.146
Near shore 0.0964 0.0170 0.224 -1.43x10°° 0.177
Off shore 0.0331 0.00228 0.100 1.64x10° 0.0690

using these values (with y= 0 for the near-shore profiles) are plotted in Fig. 8. These clearly
show the different regimes. In the near-shore region the signal level is higher at the surface
(more backscattering) but decreases more rapidly (more attenuation).

z (m)

Fig. 8. Depth profiles using the average parameters of Table 1 (with y= 0 for the near shore)
for the near-shore (green) and off-shore (blue) regions. In each case, the upper curve is the co-
polarized return and the lower curve is the cross-polarized return.
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6. Discussion

It is tempting to assume that, at least within each of our regions, the optical properties of the
scatterers within the water are constant, and changes in the lidar signals are due to variations
in number density. Vasilkov, et al., [7] use a similar assumption to infer the vertical profiles
of scattering coefficient, b. Phillips, et al., [13] make a similar assumption to infer absorption
coefficient, a, and b from airborne lidar. If this assumption were valid, we would expect a
linear relationship between attenuation and total backscatter, since both would depend
linearly on the number density of scatterers. That is, o = a,, + Nor, where a,, is the absorption
coefficient for water and dissolved substances (not including particulate absorption), N is the
number density of particles and o7 is the average value of the total cross section (absorption
and absorption) of a single particle; and S(x) = No,, where o, is the average cross section for
backscatter into a unit solid angle of a single particle; so

a = a,+2B(n). (14)
(o)

s

This assumes that the absorption by the water does not depend on N within each of our
regions. If, instead, there is a component to the absorption by water that is correlated with
particle number density, we would include this in o7, rather than in a,, and misinterpret it as a
property of the particles.

If we look at the dependence of attenuation on backscatter (Fig. 6), we do see a linear
relationship in each of the water masses we have identified. The slopes for the waters with
the lowest backscatter values are very similar for the near-shore (1.225 + 0.106) and off-shore
(1.115 + 0.031) regions. The difference (0.11 + 0.11) is within the combined error of the
regressions. This suggests that the scattering particles are similar in the regions, and the main
difference is a difference in the absorption of the water, which we can estimate by comparing
Eq. (14) with Egs. (11) and (12) to get a,, = 0.061 m™ off shore and a,, = 0.115 m™ near shore.
For reference, the measured absorption of very clear natural seawater at our wavelength is
0.052 m™ [29], so the seawater component dominates in the off-shore region. However, the
water that we associate with the Columbia River plume has very different characteristics.
The absorption suggested by Eq. (13), a, = 0.267 m™, is much higher, and the attenuation
increases less rapidly with increasing backscatter. This suggests that the characteristics of the
scattering particles are different in the plume from those outside of it, although there is
another possibility that should be mentioned; there could be variations in water absorption
that are correlated with particle density, with different relationships between water absorption
and particle density in the plume from those outside. We note that Billard, et a.| [1] have
also identified different water masses with different relationships between attenuation and
backscatter, and differences in particle characteristics are the more likely explanation.

If the optical properties of the scatterers within the water are constant, we would further
expect that the depolarization, after correcting for the effects of multiple scattering, would be
constant. However, our depolarization data do not support the assumption that the properties
of the scatterers are constant. Instead, we see a linear relationship between depolarization and
backscatter (Fig. 6). Equation (9) shows that multiple scattering does not explain this
relationship. We conclude that higher backscatter levels must be associated with particles
that are more depolarizing. This would suggest more irregularly shaped scatterers that are
larger and/or have a greater refractive index. This applies, of course, to the collection of
particles within the scattering volume; we cannot associate the depolarization of the return
with that from a single particle, because the co-polarized return might be dominated by small,
spherical particles and the cross-polarized return from large, irregular particles.

Vasilkov, et al., [30] found that the depolarization caused by multiple scattering should
depend on the single-scattering albedo; if the single-scattering albedo is low, there is not as
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much multiple scattering. Our data support this — v is essentially zero in the near-shore
region where the absorption is high.

The conclusion is that the simplified radiative transfer equations accurately describe the
return from polarized lidar in the ocean. These results justify the exponential approximation
to the decay of the co-polarized return with depth. They suggest how the depolarization
caused by multiple forward scattering might be distinguished from the depolarization caused
by backscattering. These results also help understand the different optical properties of
different water masses.
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