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ABSTRACT

The analysis of the sea surface reflectance for different incidence angles based on observations of an air-

borne Doppler lidar at an ultraviolet wavelength of 355 nm is described. The results were compared to sea

surface reflectance models, including the contribution from whitecaps, specular reflection, and the subsurface

volume backscattering. The observations show the expected effect of the wind stress on the sea surface re-

flectance and allow new insights into the significant contribution from subsurface reflectance for large in-

cidence angles. While most of the observations and model results were obtained for isotropic reflectance, first

results on anisotropic reflectance are also provided. The results from this study are relevant to future

spaceborne wind lidar instruments, for example, the Atmospheric Dynamics Mission (ADM)-Aeolus, which

could use the sea surface reflectance for the calibration of intensity and wind.

1. Introduction

The wind-driven sea surface waves with the combi-

nation of capillary and capillary–gravity waves, the in-

fluence of wind on the whitecaps coverage of sea surface,

and the uncertainty of subsurface water volume back-

scattering, motivated a study on sea surface reflectance.

For Fresnel optical reflection on the sea surface, the

relation between the sea wave slope variance and sea

surface wind speed (SSW) was studied over several de-

cades, such as by Cox and Munk (1954), Wu (1972,

1990), and Hu et al. (2008). They developed different

models for sea wave slope variance for the simulation

of the optical reflection at sea surface. Optical remote

sensing with lidar (light detection and ranging) was ap-

plied for analysis of laser backscattering from the sea

surface. Bufton et al. (1983) reported airborne mea-

surement of laser backscatter from sea surface using

laser wavelengths at 337 nm, 532 nm, and 9.5 mm, and

comparisons were made with model predictions up to

158 off-nadir angle. Menzies et al. (1998) described the

sea surface reflectance and the link to surface wind

speed with observations from the space-based Lidar In-

Space Technology Experiment (LITE), and provided

expressions for a sea surface reflectance model. The

measurements at wavelengths of 1064, 532, and 355 nm

were used for the analysis of sea surface reflectance: the

1064-nm data could be fitted well with the model curves;

the 532- and 355-nm channels showed a large difference

for large off-nadir angles due to the neglected subsurface

backscattering in the models and the limited signal dy-

namic range of 102 for the lidar detection. Tratt et al.

(2002) performed the first airborne Doppler lidar in-

vestigation of the wind-modulated sea surface angular

retroreflectance signature; the anisotropic retroreflect-

ance behavior of sea surface was studied at an infrared

(IR) wavelength of 10.6 mm.

The sea surface reflectance models can be studied and

validated by the use of spaceborne and airborne lidar

instrument. The spaceborne lidar backscatter mea-

surements on the Cloud-Aerosol Lidar and Infrared
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Pathfinder Satellite Observations (CALIPSO) were used

to derive the SSW from the relation between SSW

and sea wave slope variance (Hu et al. 2008). The

Atmosphere Dynamics Mission (ADM)-Aeolus of the

European Space Agency (ESA 2008) will be the first

Doppler wind lidar mission in space. This study will

contribute to the consolidation of the sea surface re-

flectance model for ultraviolet (UV) wavelengths for

different incidence angles and SSW. The sea surface

reflectance signal is used for calibration of the satellite

instrument when nadir-pointing. The sea surface return

might be used for obtaining a zero-wind reference in

addition to land surface returns in wind-measurement

mode with incidence angles of 37.68, in order to compen-

sate for errors in the knowledge of the satellite platform

attitude and speed (zero-wind calibration).

The subsurface backscattering should be taken into

account at visible and UV wavelengths, because of its

more significant contribution relatively to IR wave-

lengths. In the past, only a few experiments have been

done for the validation of sea surface reflectance, espe-

cially for visible and UV wavelengths under different

incidence angles. The Atmospheric Laser Doppler In-

strument (ALADIN) Airborne Demonstrator (A2D),

operating at a UV wavelength of 355 nm, was developed

by the Deutsches Zentrum für Luft- und Raumfahrt

(DLR), and the first test flights were performed in Oc-

tober 2005. The A2D is the airborne prototype for the

instrument ALADIN on ADM-Aeolus. The observa-

tions of sea surface reflectance for different off-nadir

angles used for this study were obtained during the air-

borne campaigns in 2007 and 2008.

The A2D system and the airborne campaigns are de-

scribed briefly in section 2. Section 3 contains a discus-

sion of all the contributions to the sea surface reflectance

models. Section 4 describes the observations of the sea

surface return from the A2D airborne campaigns and

the comparison with the sea surface reflectance models.

Finally, conclusions and an outlook are presented in

section 5.

2. Lidar description and airborne campaign

The lidar instrument ALADIN on ADM-Aeolus is

developed to measure vertical profiles of one wind com-

ponent within the troposphere and lower stratosphere

with high accuracy (ESA 2008). A new technique, com-

bining an aerosol Mie and a molecular Rayleigh receiver

to benefit from their complementarities in vertical cov-

erage, is used by ALADIN. The main system parameters

of the airborne prototype of ALADIN—the A2D—are

listed in Table 1.

The objective of the airborne and ground campaigns

with the A2D is to validate the predicted instrument and

wind measurement performance and to establish a data-

set of atmospheric observations for the validation and

improvement of retrieval algorithms (Durand et al. 2006;

Reitebuch et al. 2008, 2009; Paffrath et al. 2009). The

ground return, including land and sea surface, was ob-

tained during airborne campaigns in 2007 and 2008. Due

to the similarity in signal spectrum for aerosol backscat-

tering and ground return, the ground return signal can

be extracted from the Mie receiver with a Fizeau in-

terferometer by summing all detectors pixels containing

ground return signal. Normally, when the aircraft follows

a straight flight track, the instrument is pointing at an

angle of 208 off-nadir downward to measure the line-of-

sight (LOS) velocity (LOSV). Thus, by rolling the aircraft

about 208, an off-nadir angle of around 38 for the LOS can

be achieved (the residual 38 off-nadir angle results from

the pitch angle of the aircraft); by rolling the aircraft

about 217.58, an off-nadir angle of around 37.58 for the

LOS can be achieved, which is close to the off-nadir angle

of the satellite instrument LOS (Fig. 1). In this way, the

relation of relative sea surface backscattering intensity

and the angle of incidence can be analyzed. The beam

footprint at sea surface depends on the beam diver-

gence, flight altitude, and off-nadir angle, and values are

TABLE 1. Instrument parameters of the A2D.

Laser transmitter

Laser type Diode-pumped,

frequency-tripled,

injection-seeded Nd:YAG

Laser pulse energy 55–65 mJ

Laser pulse repetition rate 50 Hz

Laser wavelength 354.9 nm

Laser line width 45 MHz FWHM

Laser beam divergence 80–90 mrad (63s; 99.7%)

Laser beam diameter 16 mm (99.7%)

Telescope and receiver

Telescope 0.2-m-diameter Cassegrain

telescope

Receiver FOV 100 mrad

Receiver Fizeau interferometer

for Mie receiver

Fabry–Perot interferometer

for Rayleigh receiver

ACCD 0.85 quantum efficiency

16 3 16 pixels in image zone

25 range bins

Platform

Aircraft DLR Falcon 20

Flight altitude 8–12 km

Slant angle 208 off-nadir

LOS range resolution 315 m
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between 0.7 and 0.9 m for off-nadir angles of 38–37.58.

Table 2 summarizes the A2D observations used for this

study from an airborne campaign in November 2007 and

in December 2008 on the DLR Falcon aircraft.

Accumulation charge coupled devices (ACCDs) are

used as detectors with a high quantum efficiency of

85% and low noise, which improves signal-to-noise ratio

(SNR) for the sea surface return, especially for the weak

signals at a large off-nadir angle. The dynamic range of

the ACCD is 6 3 105, which is sufficient for the expected

several-orders-of-magnitude dynamic range of the sea

surface return for nadir and off-nadir angles up to 37.58.

Observations with sea surface return for different off-

nadir angles from four flights were analyzed, and the

corresponding nearby locations and flight altitudes are

provided in Table 2. An example of a track with circle

flights resulting in different off-nadir angles is shown in

Fig. 1. Each circle track has a duration of ;4 min and

a radius of ;10 km.

3. Sea surface reflectance models

The total sea surface reflectance can be divided into

three contributions: the backscattering of whitecaps on

the sea surface (Koepke 1984), the specular reflectance

of the sea surface (Barrick 1968), and the light back-

scattered by the subsurface (Morel and Prieur 1977;

Morel 1980; Gordon and Morel 1983). The total re-

flectance can be written as (Menzies et al. 1998)

R 5 R
wc

1 (1�W)R
s
1 (1� R

wc
)R

U
, (1)

where R is the total sea surface reflectance; the first

component Rwc is the reflectance of the whitecaps; the

second component (1 2 W)Rs is the specular reflectance

from areas that are not covered by whitecaps, where

Rs is the Fresnel specular reflectance, and W is the rel-

ative area covered by whitecaps; the third component

(1 2 Rwc)RU is the contribution from the volume back-

scattering of the water molecules and suspended mate-

rials in the water, where RU is the equivalent subsurface

reflectance. The third component is based on the as-

sumption that the reflectance of whitecaps is the same

for incident light coming from above or under the sur-

face, thus reducing the underwater reflectance by the

factor (1 2 Rwc). The details for the three contributions

are described below.

a. Whitecaps contribution

The effective reflectance of the whitecaps Rwc,eff on

the sea surface and the fraction of the surface coverage

W describe the optical reflectance of whitecaps Rwc. The

effective reflectance is found to be 22% in the visible

spectral range by Koepke (1984), and we assume that

there is no significant difference for a wavelength of

355 nm. The reflectance of the whitecaps is proportional

to coverage of whitecaps W.

Several statistical studies describe W as a function of

wind speed U measured at 10 m above the sea surface

(Monahan and O’Muircheartaigh 1980, 1986). Esti-

mates of the fractional coverage of whitecaps have been

carried out previously by photographic methods, either

from space or from a stationary platform above the

ocean surface. Monahan and O’Muircheartaigh (1980)

summarized the relationship between W and U, which

has been validated for wind velocities between 4 and

25 m s21:

W 5 2.95 3 10�6U3.52. (2)

The fact that the coverage of whitecaps is related to the

atmospheric stability was shown by Monahan and

O’Muircheartaigh (1986), and a reanalysis of data in-

cluding the atmospheric stability yielded

W 5 1.95 3 10�5U2.55 exp(�0.0861DT), (3)

FIG. 1. Example of flight track over the Adriatic Sea on 28 Nov

2007, the first curve with ;38 off-nadir angle, the following curves

with ;37.58 off-nadir angle, and the straight flight with ;218 off-

nadir angle.

TABLE 2. Airborne sea surface observations.

Location

Lat, lon

(nearby circle)

Time

(UTC) Date

Flight

altitude

(km)

Balearic Sea 42.258N, 5.108E ;1530 17 Nov 2007 9.03

Baltic Sea 54.358N, 12.258E ;1415 19 Nov 2007 7.96

Adriatic Sea 42.508N, 15.408E ;1500 8 Nov 2007 8.92

North Sea 54.508N, 3.508E ;1430 17 Dec 2008 7.40
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where DT 5 Ta 2 Tw represents the temperature dif-

ference between the air Ta and the water Tw; DT is a

measure of the atmospheric stability, where DT 5 0 K

indicates a stable atmosphere.

The backscattering of whitecaps can be treated as

a Lambertian reflector, which appears equally bright in

all directions when illuminated. When the geometry is

off-nadir, the reflectance is depending on the off-nadir

angle u and can be written as

R
wc

5
WR

wc,eff
cos(u)

p
. (4)

The atmospheric stability could not be derived from the

airborne observations. Thus, for all comparisons be-

tween simulations and observation, Eq. (3) is used with

DT 5 0 K (stable atmosphere). Figure 2 illustrates the

difference in whitecaps reflectance for an unstable con-

dition with DT 5 22 K, which results in a factor of 1.19

higher reflectance. For unstable atmospheric conditions

the whitecap contribution will rise exponentially, which

is significant for high wind speed conditions. An effec-

tive reflectance of 22% and the fractional coverage de-

pending on wind speed for stable situation (Eq. 3) are

used for the analysis in this paper.

It should be mentioned that the laser beam footprint

of ;1 m is rather small, and the whitecaps could be not

adequately sampled. The error should be limited be-

cause of the low contribution from whitecaps explicitly

for the low SSW, which results in a contribution of below

1023 sr21.

b. Specular reflectance

The wave facet of capillary and capillary–gravity waves

at surface directly affects light reflectance by the sea sur-

face, which is described by the wave slope variance. Cox

and Munk (1954) expressed a linear relationship between

wind speed U at 12.5 m above sea surface and the vari-

ance s2 of the slope distribution, which was calculated

from measurements of the bidirectional sea surface

reflectance pattern of reflected sunlight. It is assumed

that the slope distribution is a Gaussian function with

a variance s2:

s2 5 0.003 1 0.005 12U
12.5m

. (5)

This relation is based on the assumption of an isotropic

contribution (i.e., azimuthally averaged). Cox and Munk

(1954) also described different slope variances for upwind–

downwind su
2 and crosswind sc

2 situations:

s2
u 5 0.003 16U

12.5m
,

s2
c 5 0.003 1 0.001 92U

12.5m
. (6)

In the following, we use the wind speed U at 10 m above

the sea surface instead of 12.5 m. Wu (1990) reanalyzed

the data of Cox and Munk (1954) by using a two-branch

logarithmic fit; the equations are expressed as

s2 5 0.0276 log
10

U 1 0.009 (U , 7 m s�1),

s2 5 0.138 log
10

U � 0.084 (U $ 7 m s�1). (7)

When the wind speed is less than 7 m s21, capillary

waves are the predominant component of wind-driven

waves. When wind speed exceeds 7 m s21, the surface

becomes rougher and gravity waves become more im-

portant (Wu 1990).

The relation between SSW and wave slope variance

was assessed by Hu et al. (2008) on a global scale us-

ing the collocated wind speed measurements from the

Advanced Microwave Scanning Radiometer–Earth

FIG. 2. Comparison of whitecaps reflectance under different fractional coverage conditions

(DT 5 0 K and DT 5 22 K are considered for the stable and unstable situations, respectively):

(a) whitecaps reflectance for 6 m s21 SSW for different off-nadir angles; (b) whitecaps re-

flectance for 208 off-nadir angle and different SSW.
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Observing System (AMSR-E) and the wave slope vari-

ance derived from the sea surface integrated backscatter

of the CALIPSO lidar:

s2 5 0.0146
ffiffiffiffiffi
U
p

(U , 7 m s�1),

s2 5 0.003 1 0.005 12U (13.3 m s�1 . U $ 7 m s�1),

s2 5 0.138 log
10

U � 0.084 (U $ 13.3 m s�1).

(8)

Although the recent analysis by Hu et al. (2008) is based

on a more comprehensive global sampling with the use

of a spaceborne lidar, we adopt the linear relationship

of the model of Cox and Munk (1954) in this paper to

describe the wave slope variance of the sea surface be-

cause of the anisotropic situation present. Also, the

three different types of relation between SSW and wave

slope variance show good consistency for SSW up to

20 m s21, which is illustrated in Fig. 3.

The specular reflectance Rs of the sea surface is ex-

pressed as (Menzies et al. 1998)

R
s
5

r

2ps2 cos4(u)
exp �tan2(u)

s2

� �
, (9)

where r is the Fresnel reflectance. It is derived from the

refractive index of seawater, and r 5 0.0219 is used for

the wavelength at 355 nm. Figure 4 shows the simulation

results of the sea surface specular reflectance depending

on the off-nadir angles and the SSW with a very low

contribution for large off-nadir angles.

The anisotropic reflectance behavior is described in

the following form (Tratt et al. 2002):

R9
s

5
r

4ps
u
s

c
cos4(u)

exp � tan2(u)

2s92(f)

� �
, (10)

where s92 is the azimuth-dependent wave slope variance

estimated according to

s92(f) 5
s2

us2
c

s2
c cos2(f) 1 s2

u sin2(f)
, (11)

where f is the angle subtended by the direction of wind

flow and the lidar viewing azimuth.

c. Subsurface contribution

Backscattered radiation from the water volume should

be considered to predict the sea surface reflectance for

UV and visible laser wavelengths, but it is negligible for

longer wavelengths because of the strong absorption in

water. However, it is difficult to describe this contribu-

tion, because of the uncertainty of the seawater optical

properties. Normally, the water column backscatter is

handled as Lambertian backscatter (Gordon and Morel

1983) in general cases, and a parameter R0, which is

called the equivalent subsurface reflectance, is defined

to describe the subsurface backscattering as subsurface

irradiance at zero depth (located just below the surface).

The subsurface RU reflectance can be written as

R
U

5
R

0
cos(u)

p
. (12)

A popular expression of R0 is shown in Eq. (13), which

was derived by both Morel and Prieur (1977) and

Whitlock et al. (1982):

FIG. 3. Relations between SSW and sea surface wave slope

variance s2 from previous studies: the Cox and Munk (1954) model

has a linear relation; the Wu (1990) model is logarithmic with two

branches; and the Hu et al. (2008) model is a combined curve with

three branches.

FIG. 4. Sea surface specular reflectance for different off-nadir

angles and SSW at 355 nm.
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R
0

5 f 0 b
b
(l)

a(l) 1 b
b
(l)

, (13)

where f 0 is the proportionality factor for irradiance re-

flectance based on the geometry of the incoming light

and the volume scattering in water. The inherent optical

properties of the water are described by the volume

absorption coefficient a(l) and the backscattering co-

efficient bb(l). The expression is valid for infinitely deep

water, where the only contributor to the reflected signal

is the water body rather than the ocean floor. For open

ocean with clean water a constant proportionality factor

f 0 5 0.33 is commonly used and is sufficient for many

applications (Tyler et al. 1972; Albert 2003). A value of

R0 5 0.0088 is used for UV wavelengths for clean ocean

water according to Bufton et al. (1983), where also

values for a 5 0.32 m21 and bb 5 0.017 m21 are pro-

vided, which result in a factor-of-2 higher value for R0

when using Eq. (13) and f 0 5 0.33. The variation of the

ocean turbidity will determine the value of R0, within

a range from 0.008 to 0.02 (Morel and Prieur 1977). The

turbidity of the water was not determined from the

airborne observations, and thus a value for clean ocean

water of R0 5 0.0088 was chosen for the model simula-

tions. The SSW shows very weak influence on this term,

and the error is below 1% when the SSW influence is

neglected, which was calculated using an analytical

model by Albert (2003).

Thus, the full description of the sea surface reflectance

model, including the off-nadir angle u, and the terms W

and s2 depending on the SSW according to Eqs. (3) and

(5), is expressed as

R(u) 5
WR

wc,eff
cos(u)

p
1

(1�W)r

2ps2 cos4(u)
exp �tan2(u)

s2

� �

1 (1� R
wc

)
R

0
cos(u)

p
. (14)

Figure 5 shows the sea surface reflectance resulting from

the model of Eq. (14) for different SSW and different

incidence angles. Two situations, with and without

subsurface contribution, are considered. The difference

is very small for off-nadir angles below 108, but it be-

comes noticeable when the off-nadir angle is larger than

158. For off-nadir angles larger than 308, the contribution

of specular reflectance is very low, but the contribution

from the subsurface plays a dominant role and results in

a contribution that does not depend on SSW. The sea

surface reflectance for low SSW and off-nadir angles

larger than 308 is nearly two orders higher when the

subsurface contribution is taken into account.

For large off-nadir angles, the contribution from sub-

surface reflectance will dominate when the SSW is low,

and the error mainly arises from the uncertainty in R0.

The contribution from whitecaps reflectance will play an

important role, when the SSW increases and the tem-

perature difference between water and atmosphere in-

creases, leading to unstable conditions. The errors in the

simulations of the whitecaps reflectance arise mainly

from the unknown atmospheric stability and the error in

the effective reflectance provided by Koepke (1984)

with (22 6 11)%. The error from the specular reflect-

ance is low due to its small contribution to the overall

reflectance for large off-nadir angles. For an SSW of

10 m s21, the contribution of specular reflectance is

lower than 1023 sr21 for off-nadir angles larger than 308.

Thus, the error from the specular reflectance is lower

than 15%. The sea surface reflectance model is analyzed

for UV wavelengths using airborne lidar observations

for difference incidence angles in the following.

4. Field experiments data analysis

a. Data analysis

Airborne observations with the A2D from different

flights were used for this study according to Table 2. The

raw data from the ACCD detector contains the signal of

a number of P 5 20 accumulated laser pulses. The sea

surface return can be regarded as the combination of

Lambertian reflection and mirror specular reflection. It

shows a similar small-frequency bandwidth as the out-

going laser pulse or aerosol signal and can be well de-

tected by the Fizeau interferometer of the Mie receiver.

Figure 6 shows an example of the measured signal in-

tensity from one range gate of the Mie ACCD for P 5 20,

in which the sea surface return for three different off-

nadir angles is clearly separated. The sea surface return

FIG. 5. Simulation of total sea surface reflectance for 5, 10, and

15 m s21 SSW with considering subsurface contribution (subs.,

black lines) and without considering subsurface contribution (gray

lines).
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at large off-nadir angles of 37.58 is much weaker com-

pared to lower off-nadir angles and is close to the at-

mospheric signal above the sea surface.

The first step in the analysisis the determination of

the range gate in which the sea surface is located. The

gradient of intensity shows almost no height dependency

for a clear atmosphere without clouds, except close to

the lidar instrument, but shows high values for the sea

surface return. The range gate of sea surface return can

be determined by setting threshold levels on the gradient

signal to extract the upper and lower boundaries. Usually,

the sea surface return is contained in one range gate.

The highest temporal resolution of the ACCD is

2.1 ms, which corresponds to 315-m range gates. Because

of the 315-m range resolution, the contamination of at-

mospheric signal in the range gate of the sea surface

return for the weak signals at large off-nadir angles

cannot be neglected. The range r0 from the aircraft to

the sea surface is determined from the flight altitude and

off-nadir angle. The range r1 is the distance of the air-

craft to the lower boundary of the range gate of the sea

surface return and is calculated by using the commanded

range resolution for the ACCD. The portion of the at-

mospheric signal in the range gate of the sea surface

return with a 315-m range resolution is (r1 2 r0)/315. The

corrected intensity for the sea surface return ISSR is

calculated by subtracting the range-square corrected at-

mospheric signal of the range gate above the sea surface

return from the total intensity of the sea surface return

I9
SSR

:

I
SSR

5 I9
SSR
�

r2
atoI9

ato

r2
SSR

(r
1
� r

0
)

315
, (15)

where I9
ato

is the intensity of the atmospheric signal of

the range gate above sea surface return, and r2
ato and r2

SSR

are the detection ranges of the atmospheric signal and

the sea surface return.

The sea surface return was obtained during weather

conditions of clear sky with no or low cloud cover. Raw

data with a temporal resolution of 0.4 s (P 5 20) are

averaged over 2 min (;½ circle flight for 38 and 37.58

off-nadir angles) in order to improve the SNR of the sea

surface return and are used to derive the sea surface

return intensity. The sea surface return for different off-

nadir angles is detected at different ranges; thus the ratio

of the sea surface return and the atmospheric signal of

the range gate above the sea surface return is used as

a relative intensity for normalization. This method as-

sumes temporal and horizontal spatial homogenous

aerosol distribution above the sea surface in the area of

the circle flights (10–50 km). With this method, the in-

fluence of differences in extinction for different ranges

can be eliminated, but the relative intensity becomes

weighted by the backscatter coefficient of aerosol above

the sea surface. From the airborne measurements with

FIG. 6. (a) The Mie ACCD signal intensity for P 5 20 [in least-significant bit (LSB) units] of

the sea surface return and (b) the atmospheric signal above the sea surface with 20 accumulated

laser pulses and 315-m range resolution for different off-nadir angles from airborne observa-

tions with the A2D on 28 Nov 2007.
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the A2D it is not possible to derive an absolute, cali-

brated value for R in units of sr21, because of the lack of

radiometric calibration on land surface targets as per-

formed by Tratt et al. (2002). The method of the signal

normalization to stratospheric altitudes with no aerosol

as applied for CALIPSO and LITE observations (Hu

et al. 2008; Menzies et al. 1998) does not work properly

because of the low flight altitude of 8–12 km. As the

main purpose was to study the reflectance under dif-

ferent incidence angles, no absolute calibration of the

lidar signal was necessary. For the comparison, the ratio

of observations for different off-nadir angles u1 and u2 is

used to derive the SSW used in the model. The SSW is

derived from minimization of the difference of the ob-

servation compared to the simulated sea surface re-

flectance according to

r
I
(u

1
)

r
I
(u

2
)
�

R(u
1
, SSW)

R(u
2
, SSW)

� �
5 Minimum, (16)

where rI is the observed intensity ratio of the sea surface

return ISSR and the atmospheric signal I9
ato

. The off-nadir

angles of 38 and 218 are normally used in the analysis in

this paper. All airborne observations of the same day are

multiplied by a factor f for normalization according to

Eq. (17):
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, SSW)

5 0, (17)

where ui is the off-nadir angle of observation i. The rel-

ative intensity is related to the aerosol influence above

the sea surface. The factor f is used to normalize the

relative intensity rI(ui) by comparison with reflectance

R(ui, SSW).

b. Discussion of results

Sea surface returns over the Balearic Sea were ob-

tained during a flight on 17 November 2007 with off-

nadir angles of 38 and 218. While the aircraft was rolling,

12 observations with 0.4-s temporal resolution can be

used for analysis. Figure 7 shows the comparison be-

tween the sea surface reflectance from the calculated rel-

ative intensity for different off-nadir angles and model

curves for SSW from 12 to 15 m s21. The lidar obser-

vations are averaged over 2 min for 38 and 218 off-nadir

angles, and they match the model curve for an SSW of

12 m s21. The lidar observations with ;0.4 s follow the

model curves with a large variation due to their low

SNR. A wind speed of about 10 m s21 was obtained

by the scatterometer on QuikSCAT (Fig. 12; Callahan

2006), but with a difference of about 3 h between the

lidar observation and QuikSCAT.

The flights on 19 and 28 November were performed

over the Baltic and Adriatic Seas, and Figs. 8 and 9 show

the lidar observations of the sea surface reflectance and

the simulated model curves. The three observations for

different off-nadir angles follow the model curves for

5–6 and 6–7 m s21 SSW on 19 and 28 November, re-

spectively. The dispersion of observations with low SNR

obtained with a temporal resolution of ;0.4 s in Fig. 7

and Fig. 9 also indicates the azimuthal dependency of

sea surface reflectance model. A small difference at

37.58 off-nadir angle is observed for both days due to the

uncertainty of subsurface reflectance contribution in

the model and the error from the aerosol correction in

FIG. 7. Sea surface reflectance at 355 nm from observations on

17 Nov 2007 over the Balearic Sea (black dots); model curves are

shown for SSW from 12 to 15 m s21.

FIG. 8. Sea surface reflectance at 355 nm from observations on

19 Nov 2007 over the Baltic Sea (black dots); model curves are

shown for SSW from 4 to 7 m s21.
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the range gate of sea surface return in Eq. (15). The

measured SSW by QuikSCAT indicates a SSW of about

5 m s21 with a 2-h time difference for both days.

The mean isotropic wave slope variance of Cox and

Munk (1954) model is used for simulations; however, sea

surface angular reflectance is modulated by the wind as

confirmed by Tratt et al. (2002). So the wind direction

and anisotropic reflectance behavior should be considered.

Figure 10 shows the dependence of the sea surface re-

flectance from azimuth angle with a SSW of 6 m s21 and

off-nadir angles of 108, 208, and 358 according to Eq. (10)

and Eq. (11). The sea surface reflectance varies by

a factor of 1.75 for differences in azimuth angle of 908 for

off-nadir angles of 208, while it is almost constant for

large off-nadir angles of 358.

The slope distribution for observations at 38 and 37.58

off-nadir angles is closer to a mean slope variance than

for the 218 off-nadir angle. The 38 off-nadir observations

are obtained within a circle flight as the average value of

upwind and crosswind wave slope variance, while the

218 off-nadir observations are obtained from a straight

flight. Figure 11 shows the model and observation results

for 17 December 2008, with three types of slope vari-

ance: upwind–downwind, isotropic, and crosswind. Five

observations at different off-nadir angles are analyzed,

and the derived SSW is around 15 m s21. This is higher

than the SSW of around 10 m s21 from the National

Aeronautics and Space Administration (NASA) Quick

Scatterometer (QuikSCAT), which was obtained with

a time difference of 4 h (Fig. 12). The observation at

208 deviates from the isotropic model because of wind-

modulated sea surface angular reflectance, as the cross-

wind situation is obtained from the LOS direction of

the lidar and the wind direction from QuikSCAT. The

error bars with 625% atmospheric signal correction

are included for the observations at 318 and 368 off-

nadir angles, because of the uncertainty of the portion

of the atmospheric signal in the range gate of sea sur-

face return.

For the observations at a large off-nadir angle of 37.58,

the sea surface reflectance is about 2.1 3 1023 sr21 for

an SSW of around 5 m s21 for both days (Figs. 8, 9). The

contribution from the whitecaps is approximately 1 3

1024 sr21, and the contribution from the specular re-

flectance can be neglected at these large off-nadir angles

(Fig. 4). Thus, the total reflectance is almost dominated

by the subsurface backscattering. The estimated value

of R0 is obtained by comparing the observation with

the model for a large off-nadir angle of 37.58. The cal-

culated subsurface backscatter R0 is about 0.83% for

both days, compared to a value of 0.88% provided by

FIG. 9. Sea surface reflectance at 355 nm from observations on

28 Nov 2007 over the Adriatic Sea (black dots); model curves are

shown for SSW from 5 to 8 m s21.

FIG. 10. Dependence of the sea surface reflectance from azimuth

angle with an SSW of 6 m s21 and off-nadir angles of 108, 208, and 358.

FIG. 11. Sea surface reflectance at 355 nm from observations on

17 Dec 2008 over the North Sea (black dots); isotropic and aniso-

tropic model curves are shown for SSW of 15 m s21.
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Bufton et al. (1983). Without considering the subsurface

reflectance, the total reflectance at 37.58 would be a fac-

tor of 50 lower for an SSW of 5 m s21. Menzies et al.

(1998) estimated a value of 1%–1.5% as the equivalent

Lambertian reflectance from the subsurface scattering

at a wavelength of 532 nm from observations in the Gulf

of California. The calculated value in this paper is lower

because of the slightly higher water absorption at the

wavelength of 355 nm.

The SSW only slightly influences the subsurface re-

flectance, which can be treated as constant for identical

off-nadir angles and seawater conditions. The whitecaps

contribution will change to the predominant part when

the SSW increases, which can be seen when comparing

FIG. 12. Wind vector and speed (color coded) derived from QuikSCAT on (top) 17 Nov 2007, (middle) 28 Nov 2007, and (bottom)

17 Dec 2008; the red circles indicate the location of the airborne lidar observation. The QuikSCAT figures are provided online at http://

www.remss.com/qscat/qscat_browse.html.
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Figs. 7 and 11 (high wind speed) to Figs. 8 and 9 (low

wind speed) for large off-nadir angles.

5. Summary and conclusions

The observations of an airborne Doppler lidar at a

wavelength of 355 nm under different off-nadir angles

are used for this study of the sea surface reflectance for

the first time. The sea surface reflectance models, includ-

ing contribution from whitecaps and specular reflections,

are described in detail. The contribution from sub-

surface backscatter plays a significant role for incidence

angles higher than 158. Without considering the contri-

bution from the volume backscattering of the water

column, the simulated reflectance would be a factor

of 50 for incidence angles of 358–408 and an SSW of

5 m s21. Previous measurements at UV wavelengths

with the space-based lidar LITE were limited by the

dynamic range of the receiver and the signal noise level

to sea surface backscatter of 1022 sr and off-nadir angles

of about 158 (Menzies et al. 1998). Within this study,

airborne lidar measurements in the UV up to almost

408 off-nadir angles with sufficient signal levels were

presented for low to medium SSW (5–15 m s21). Thus,

it could be validated that the subsurface backscatter

plays a significant role for incidence angles higher than

158 for UV wavelengths of 355 nm. This complements

the results obtained by Menzies et al. (1998) for sub-

surface volume backscattering at the visible wavelength

of 532 nm.

The subsurface equivalent reflectance R0 in the models

is difficult to estimate because of the uncertainty of the

inherent optical properties of water. The derived value

of R0 from observations at a wavelength of 355 nm over

the Baltic and Adriatic Seas is about 0.83%, which is

close to the value of 0.88% provided by Bufton et al.

(1983). Because of the large off-nadir angles of 37.58 of

the observations, the contributions from specular re-

flectance and whitecaps can be neglected for low SSW.

The isotropic reflectance could be derived from ob-

servations during circle flights of the aircraft while the

anisotropic reflectance was observed during straight

flights with a constant off-nadir-pointing angle of the

lidar. Both the isotropic and anisotropic reflectance

show good consistency between observations and sim-

ulations. Further observations of the anisotropic re-

flectance characteristics are needed to consolidate these

first results.

The results from this study are relevant to future

spaceborne wind lidar missions, such as the Atmospheric

Dynamics Mission (ADM)-Aeolus. The sea surface re-

flectance could be used for calibration of intensity

and zero-wind with the instruments pointing at large

off-nadir angles in the wind measurement mode (e.g.,

37.68 for ADM-Aeolus) and during nadir pointing in

response calibration modes. For spaceborne wind lidar

missions, which will use high off-nadir angles and UV

wavelengths, the subsurface reflectance becomes im-

portant compared to the whitecaps and specular re-

flectance. Further studies have to analyze the influence

of the effect of the sea surface movement on the re-

trieved wind speed of the Doppler lidar instrument for

different off-nadir angles.
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