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2 SCIENTIFIC REQUIREMENTS BASELINE
Document objectives and organization
2.1.1 Study objective
The main objective of SEA-FLECT is to define, calibrate and validate an ocean surface
wind speed retrieval method to be applied to surface returns from the ALADIN Doppler
Wind Lidar on-board ESA’s Aeolus satellite. These retrievals are then used to develop a
demonstrational Aeolus surface wind product.
It is expected that a successful wind speed retrieval may be hampered or even impossible
under specific observation conditions. An accurate characterization of the conditions allowing
for a successful application of the proposed retrieval method therefore constitutes another
major outcome of the project.

2.1.2 Document objective
This Science Requirements Baseline (SRB) aims at providing the scientific basis for the
development of the proposed lidar-based surface wind retrieval. It elaborates the aspects and
requirements for a possible surface wind retrieval product, based on the ocean surface
returns from this new type of space-borne lidars (see section 2.3 for further details).
In particular, it investigates the conditions and feasibility of a surface wind retrieval product
from observations of the ALADIN instrument. It identifies areas of special interest for the
development and validation of the proposed new retrieval (see section 2.8). It also aims at
identifying key points of attention and risks that could negatively affect the success of the
study.

2.1.3 Document organization
This SRB shall be updated during the project to integrate new findings or developments and
to consider lessons learnt. Ultimately, it will form Chapter 2 of the project’s final report (FR),
hence the current section numbering. It is organized in five further subsections:
− Subsection 2.2 provides a starting point to ocean surface wind products in general, by
reference to recent assessments. Furthermore, it specifies the envisaged user
requirements for the Aeolus product in development.
− Subsection 2.3 provides a general background of lidar observations both for wind and
other parameters and presents the Aeolus approach.
− Subsection 2.4 presents the retrieval method to be developed in this project. It starts
with short descriptions of the ALADIN observation geometry, the lidar equation and
aspects of the surface reflectance (surface return) dependence on wind speed. On this
basis, the actual specification of the retrieval approach is subsequently elaborated.
− Subsection 2.7 describes the approach to the calibration and validation of model,
method, and product.
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− Subsection 2.8 describes specifically selected demonstration areas to validate the
approach and products in terms of physical and methodological conditions. In addition,
it discusses filtering and pre-processing aspects.

Ocean surface wind observations and requirements
2.2.1 Applications and existing products
The Ocean surface (vector) wind is an important parameter for the meteorological,
oceanographic, surface wave and climate assessment communities. These surface winds have
applications in the description of the ocean surface processes and various air-sea interactions,
as well as direct applications for end users. Perhaps the condition of the sea state is the most
known and compelling one of the latter.
There are several approaches to the observation of ocean surface (vector) winds including
networks of moored buoys, coastal radars, or voluntary observing ships. Space-borne
approaches include Synthetic Aperture Radars (SAR) such as C-SAR flown onboard Sentinel-1,
Aperture Synthesis imaging microwave radiometers such as MIRAS (Microwave Imaging
Radiometer with Aperture Synthesis) on SMOS (Soil Moisture and Ocean Salinity satellite), as
well as, not least, Radar scatterometers such as ASCAT on MetOp-A/B/C. Among others,
Radarscatterometers have the advantage of providing a wide and dense spatial and temporal
coverage of vector winds over the global ocean while showing limitations for wind speeds
beyond ca. 30 m/s [Chou et al., 2013]. Wind direction. beside the wind speed is a key variable
in the meteorological applications.
It is beyond the scope of this document to elaborate an overview of all the major ocean surface
wind speed products and (related) data sets. The state of the art and expectations for the
future have been re-assessed by the science community involving users and producers in the
decadal Ocean Observation symposia of which the last was held in 2019 in Honolulu, Hawaii.
In particular, Bourassa et al. [2019] and Villas Bôas et al. [2019] provided concerted and
comprehensive assessments from both the producers and users perspectives. The future
observational needs identified in Bourassa et al. [ibid.] underpin the usefulness of the
method/product in development in this study:
− “Coincident observations of surface vector winds and currents, to better understand the
coupling of winds and currents and to improve surface flux parameterizations”.
− “Instrument intercalibration (e.g., cone metrics) for all conditions”.
− “Improved calibration for extreme winds (strong and weak)”.

2.2.2 User requirements
Scientific users and end users express requirements on ocean surface wind products in
relation to the nature, purpose and the state-of-the-art of their application. For the different
applications, the requirements on (observational) ocean surface wind products are expressed
in terms of, e.g., resolution, accuracy, coverage, timeliness. While the requirements on some
characteristics can be relaxed for a particular application, they have to be stringent for others
for the product to be of use.
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Over the years, the World Meteorological Organization (WMO) among others, has compiled
many of the expressed user requirements for the main clusters of applications. The WMO
requirements can, e.g., be found in the OSCAR database (https://www.wmosat.info/oscar/observingrequirements). It should be noted that the WMO requirements are
compiled for a generic system, and hence need further tailoring to the specific technology and
mission characteristics applied.
In the context of this project, the knowledge on the user requirements hence influences the
definition of the analyses and experiments as the project aims at developing a useful ocean
wind product, taking the limitations of the mission (Aeolus), the main instrument (ALADIN),
and the method (retrieval from ocean returns) into account. In how far the interests of a
particular user segment are being met will be assessed in the demonstration phase (WP4000).
Note that impact experiments are not part of this activity and would need to be performed as a
follow-on study provided that suitable ocean surface winds can be retrieved from Aeolus.
In short, there are two key main question regarding user requirements in this project:
− Q1: Which user requirements are applicable to our intended product and at which level
(goal, breakthrough, threshold)?
− Q2: What are the key science requirements to be fulfilled ensuring that the user
requirements of Q1 are being met?
2.2.2.1 An analogy
To answer Q1, we start with an analogy. The Aeolus mission and instrument in combination
with our proposed method provide in essence a 1-D swath of wind speed (not a vector wind)
at the ocean surface. Furthermore, the derivation of a surface wind speed based on the lidar
backscatter returns is not a key objective of the Aeolus mission targeting the retrieval of
atmospheric wind profiles and using surface returns primarily for (zero-wind) calibration.
These conditions are similar to those of the derivation of the surface wind speed of the many
nadir looking altimeter missions (e.g., Topex/Poseidon, Jason-1, 2, 3, ERS-1, 2, ENVISAT/RA2)
which are dedicated to the observation of sea surface height.
The altimeter wind speed user requirements have been presented to and reviewed by the user
community, especially the Numerical Weather Prediction (NWP) community. Therefore, the
wind speed user requirements as expressed by the NWP community and fulfilled by altimeter
missions can serve as starting point to identifying the target user requirements of this project
in addition to the above mentioned WMO satellite-based surface wind requirements from
OSCAR.
2.2.2.2 A priori user requirement specification
In the WMO/OSCAR database, for NWP, the near surface wind speed requirements over the
global ocean are expressed as requirement #319, see Table 1. Note, that these requirements
are of the same order of magnitude than the atmospheric wind profile requirements expressed
for the wind profiles in the Aeolus Mission Requirements Document [MRD].
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From here, knowing the design and specifications of Aeolus (see below), we can make first
assessments and set initial user requirements for the proposed product (green marked
column in Table 1):
− The timeliness of the Aeolus mission data is limited by design and therefore can remain
only at #319 threshold level for the SeaFlect user requirements.
− The horizontal resolution is determined by the observational sampling of the mission
which is averaged at 87 km (see section 2.4.4) and therefore at #319 breakthrough
level.
− The breakthrough uncertainty of 1.5 m/s is equivalent to user requirement set for e.g.,
the Sentinel-6 mission [S3-UREQ]. This is a reasonable starting point for the surface
wind speed derived from the Lidar backscatter.
− The #319 observing cycle requirements is targeting ground-based networks such as
buoys which should observe 24, 4, or 2 times per day.
o Geostationary satellites deliver products every 15 – 30 minutes.
o For polar orbiting satellites (e.g., ASCAT), this requirement cannot be met
unless one has a wide swath instrument leading to multiple samplings per day
at high latitudes.
o This requirement needs not to be fulfilled to allow for positive NWP impact, as
is demonstrated by several polar orbiting satellites including Aeolus L2B winds.
o In the Aeolus MRD, it is stated that the atmospheric sampling around the globe
in 12 hours is relevant to the observing cycle requirement.

Goal

Breakthrough

Threshold

SeaFlect

Uncertainty

0.5 m/s

1.5 m/s

2 m/s

1.5 m/s

Horizontal resolution

15 km

100 km

250 km

87 km

Vertical resolution

n/a

n/a

n/a

n/a

Observing cycle

60 min

6h

12 h

??

Timeliness

6 min

30 min

6h

3h

Table 1: WMO Requirement #319. Wind speed near the ocean surface (https://www.wmosat.info/oscar/requirements/view/319), validated on 2 October 2009 (grey columns). In addition
(green column) initial SeaFlect user requirements.

In addition to the requirements listed in Table 1, goal requirements on gross error, error
correlations, and a separation of systematic and random errors (the uncertainty is a
combination of both, as explained in the Aeolus MRD) should be developed. As a first step into
this direction, a sensible quality flagging should be devised, provided a meaningful surface
wind speed retrieval can be established.
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Further requirements e.g., number of observations per hour, minimum horizontal track data
availability, horizontal observation size, dynamic range, would also be useful. However, that
would require dedicated impact studies and is hence out-of-scope of this activity.

Lidar-based wind retrieval
2.3.1

Towards space-borne Lidar-based wind observations

Ground-based and airborne lidar have been applied since the sixties and seventies of the 20th
century for measurements of atmospheric aerosols, clouds, humidity, temperature, wind,
atmospheric composition, and ranging. With the advent of precise positioning technology
(differential GPS) in the eighties of the 20th century, airborne laser scanning (ALS) has become
an indispensable tool for high resolution topography mapping.
The Lidar In-space Technology Experiment (LITE) was flown in 1994 for 11 days on the Space
Shuttle Discovery. LITE produced observation of cloud coverage and atmospheric aerosol
profiles.1 The Geoscience Laser Altimeter System (GLAS) onboard the Ice, Cloud and Land
Elevation Satellite (ICESat) was the first lidar onboard a low Earth orbit (LEO) satellite,
launched in January 2003. GLAS was designed to measure ice-sheet topography and
associated temporal changes, cloud and atmospheric properties.2 ALADIN on Aeolus is the
first spaceborne Doppler wind lidar, launched in 2018 (Figure 1).

Figure 1: Past, present, and future space-borne lidar missions [Fouladinejad et al., 2019].
https://doi.org/10.5194/isprs-archives-XLII-4-W18-407-2019.

1

A Beam of LITE: 25 Years of Earth-observing Lidar in Space | NASA

2

The Geoscience Laser Altimeter System (GLAS) Homepage (nasa.gov)
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Sun [2018] provides a good summary on the different types of spaceborne lidars (even though
not fully up to date).
The most relevant sensor for the present investigation is CALIOP (Cloud-Aerosol Lidar with
Orthogonal Polarization) onboard CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation), which has e.g., been experimentally used to derive sea surface winds
from lidar ocean surface returns [Hu et al., 2008] or oceanic particulate backscatter (see e.g.,
the comprehensive review of Jamet et al. [2019] of the potential of lidar observations for ocean
colour applications).

2.3.2 Aeolus observation principle and system
The Atmospheric Laser Doppler Instrument (ALADIN) is a High Spectral Resolution
backscatter LIDAR (LIght Detecting And Ranging) instrument operating at a wavelength of
355 nm. It is the Aeolus mission payload as part of the ESA Earth Explorer Programme, see
Figure 2. The launch date was 22 August 2018. The primary objective is to demonstrate, from
space, the measurement of wind profiles from the surface or from the top of optically thick
clouds up to the lower stratosphere, in order to improve atmospheric weather model analyses
and forecasts of the 3D vector winds. Details on the mission and the systems can be found in
the Mission Requirements Document [MRD] and System Requirements Document [SRD],
respectively.
In this document, we highlight and repeat only key characteristics of the observation principle
and system.
2.3.2.1 Ocean surface wind retrieval
The standard Aeolus wind product (L2B) is derived from examining the Doppler shift of the
backscattered laser light from particles (Mie) or molecules (Rayleigh). The backscattered light
is measured by two sequentially placed spectrometers, one Fizeau interferometer for the Mie
scattering and one Double-Edge Fabry Perot for the Rayleigh scattering. The Doppler shift
depends on the motion of molecules or particles (aerosol and hydrometeors), whereas the
proposed ocean surface wind product will be derived as a function of the reflectivity of the
ocean surface. Aeolus also uses the surface returns for zero-wind and receiver response
calibration.
At sea, a larger part the lidar pulse is refracted through the sea surface into the water body
where it then interacts with water itself and the various particulate and dissolved water
constituents. A smaller part of the lidar pulse is reflected back from the sea surface into the
upper hemisphere (direct backscatter at 180 degrees).
The Lidar surface bin thus includes the contribution from the ocean surface, from the
atmosphere just above and from the water body below the surface. In shallow and transparent
waters, the surface bin may also include contributions from the ocean floor. Herein, it is
assumed that the ocean is optically deep enough to keep reflection from the ocean floor at a
negligible level. This is a reasonable assumption for almost all offshore observations but may
not hold in clear and shallow waters.
In order to extract the signal of interest from the Lidar surface bin, it has to be corrected for
the atmospheric and oceanic contributions it contains:
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− Atmospheric path radiance emanating from the atmospheric fraction of the surface bin,
− Ocean subsurface path radiance emanating from the oceanic fraction of the surface bin.
While the impact of the former is typically small due to the mostly limited optical depth of the
atmospheric fraction of the surface bin, the impact of the latter may be significant, especially
in turbid waters characterised by the presence of suspended particles showing a strong
backscattering efficiency or in very clear waters characterised by limited absorption at the
target wavelength of 355 nm.
Li et al. [2010] provide a benchmark framework for the components of retrieval of ocean
surface wind speed from airborne Doppler LIDAR. The approach of Li et al. [ibid.] will be the
starting point for investigating the feasibility of retrieving ocean surface winds from a
spaceborne LIDAR. Aeolus is the first spaceborne LIDAR mission to attempt the retrieval of
tropospheric wind speed (i.e., horizontal line of sight winds speed, HLOS).
Differences in (a) measurement geometry between airborne and spaceborne LIDAR, and (b)
the ground speed of aircraft and LEO satellites result in different effective footprint sizes on
the ocean surface. The footprint size of airborne LIDAR varies according to altitude, airspeed,
and incidence angle, whereas the footprint size for Aeolus on the ocean surface is rather
constant (around 10 m diameter), according to its fixed viewing angle of 35° from nadir, and
its nearly constant orbit altitude. It should be noted that the range to the lowest sampling bins
slightly varies along the orbit due to the application of an on-board terrain model, and that the
lowest horizontal measurement resolution downlinked is ~3 km.
2.3.2.2 Observation geometry
Aeolus is in a sun-synchronous orbit at a flight altitude of 320 km. The Lidar instrument
ALADIN emits pulses orthogonally to the satellite ground-track, pointing 35° off-nadir, away
from the sun (see Figure 2), resulting in an incidence angle of approx. 37.6° at the sea surface
due to the curvature of the earth. The ALADIN receiver then measures the radiation which has
been back-scattered into the Lidar’s line-of-sight (LOS), see Figure 3.

Figure
2:
Basic
observation
geometry. Measurement size: ~3 km
(small purple boxes). Observation
size (one basic repeat cycle) is 87
km.
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Figure 3: Sketch of the Lidar principle.

2.3.2.3 Lidar equation
The received energy of the backscatter signal (see Figure 3) can be determined by the Lidar
equation [ATBD-L1B]. This equation takes both instrumental parameters and atmospheric
variables into account. The backscatter laser energy E at a distance r from the lidar is given
by:

E(λ,r) = EL ⋅∆R/ r 2 ⋅A0 ⋅C(λ)⋅β(λ,r)⋅T 2(λ,r),
Equation 1: Lidar equation.

where:
Symbol

Description

λ

Laser wavelength (355 nm)

r

Distance from Lidar

E(λ,r)

Backscattered energy

EL

Transmitted pulse energy
Range resolution

∆R
A0/r

2

Accepting solid angle. A0 is the optical aperture.

β(λ,r)

Atmospheric backscatter coefficient

C(λ)

Instrumental constant

T 2(λ,r)

Transmission coefficient
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2.3.2.4 Lidar surface returns
Above the water surface, the Lidar surface return is composed of the following contributions
which may be expressed in terms of (bi-directional) reflectances:
1. Atmospheric backscattering (𝑅𝐴𝑇𝑀 ) emanating from the portion of the surface bin
located above the sea surface,
2. Reflection at the sea surface, both from specular reflection (𝑅𝑆 ) and reflection on
white caps (𝑅𝑊𝐶 ),
3. Oceanic backscattering (𝑅𝑈 ) emanating from the portion of the surface bin located
below the sea surface and potentially the ocean bottom.
All individual reflectance contributions depend to varying extent on wavelength as well as on
observation geometry, this latter characterised by incidence zenith 𝜃𝑖 , observation zenith 𝜃𝑜 ,
and azimuth difference between the incidence and observation directions. These
contributions are discussed and modelled in e.g., [de Kloe and Stoffelen, 2008] and Li et al.
[2010]. The direct dependence of 𝑅𝑆 and 𝑅𝑊𝐶 on the wind speed forms the basis of the
proposed surface wind speed retrieval method. Obviously, such retrieval requires knowledge
of the reflectance contributions from atmosphere and the water body depending not or only
to a minor degree on wind speed. In the following, we focus on the reflection from water
surface and water body, assuming that the atmospheric contribution is considered in a preprocessing step:
𝑅𝑊𝐴𝑇 = 𝑓(𝑅𝑆 , 𝑅𝑊𝐶 , 𝑅𝑈 ),
Equation 2: Components contributing to the reflectance just above the water surface.

The observation characteristics of the Aeolus mission (very narrow spectral range around
=355 nm, fixed observation geometry with incident and observation zenith angles of both
37.6° at the sea surface at 180° azimuth difference) allow for a number of simplifying
assumptions. This is described in section 2.4.

Specification of the surface wind retrieval method
The retrieval of the observed wind speed consists of three main components:
1. Geophysical modelling: The mathematical description of the components
contributing to the total modelled reflection R, see Eq. 3 below). This mathematical
description is further on referred to as geophysical model function (GMF).
2. Observed surface reflectivity: The extraction and assessment of the observed
ocean surface reflectivity Robs from the Aeolus observational products.
3. Wind inversion: Wind speed is retrieved by minimizing the difference between Robs
and the modelled reflectance.
We discuss these components in this order.
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2.4.1 Geophysical Model Function (GMF)
Li et al. [2010] discussed a framework to analyse the ultraviolet (355 nm) sea surface
reflectance from an airborne Doppler Lidar. It has been indicated that the near surface returns
are dominated by the reflectance of the surface and subsurface. In fact, Li et al. [2010]
compared modelled return contributions and experimental data from an airborne field
campaign in November 2007. The models used were based on earlier theoretical work of, e.g.,
Menzies et al. [1998], Flamant et al. [1998], Monahan and O’Muircheartaigh [1986], as well as
Koepke [1984], who expressed the total ocean reflectance just above the sea surface as:
𝑅𝑊𝐴𝑇 ∶= 𝑅 = 𝑅𝑤𝑐 + (1 − 𝑊)𝑅𝑠 + (1 − 𝑅𝑤𝑐 )𝑅𝑈 ,
Equation 3: Total ocean reflectance just above the sea surface.

where:
Symbol

Description
Water reflectance

𝑅

Specular (surface) contribution

𝑅𝑠
𝑅𝑤𝑐 = 𝑊 𝑅𝑤𝑐,𝑒𝑓𝑓
𝑅𝑤𝑐,𝑒𝑓𝑓
𝑅𝑈

Remark
Just above the sea surface (0+)

× cos 𝜃⁄𝜋

Whitecap contribution
Effective whitecap contribution

Assumed ~0.38 (see below)

Subsurface contribution

𝜃

Incidence angle

𝜃 = 35° in the Aeolus orbit equals
𝜃 = 37.6° at the sea surface

𝑊

Whitecap coverage

Surface fraction

The first term in Equation 3 represents the reflection at whitecaps, calculated as the product
of the relative whitecap coverage W and the whitecap reflectance Rwc,eff.
The second term in Equation 3 represents the specular reflection at the sea surface, calculated
as the product of the sea surface area not covered by whitecaps and the glint reflectance, the
latter depending itself on the wavelength-dependent Fresnel reflection and the orientation of
the sea surface facets.
The third term in Equation 3 represents the sub-surface contribution to the total surface
reflectance. It is derived based on the assumption that a fraction of
(1-Rwc,eff) of light impinging from below on foam covered surface areas is transmitted into the
atmosphere (in other words that there is no light absorption inside the whitecaps). In this
case, the contribution from the subsurface to total surface reflectance can written as the sum
W (1-Rwc,eff) × Ru + (1-W) × Ru , which simplifies to (1 − 𝑅𝑤𝑐 )𝑅𝑈 .
The three terms of Equation 3 differ in the spectral and directional variability, as further
detailed below considering the context of the proposed study. Sayer et al. [2010] summarise
this variability as shown in Table 2.
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Contribution from

Spectral variability

Directional variability

Whitecaps

Moderate

None (assumed isotropic)

Glint (specular reflection)

Weak

Strong

Underlight

Strong

Weak

Table 2: Spectral and directional variability of the contributions to the total sea surface reflectance
[Sayer et al., 2010].

Note: The model framework and comparisons of Li et al. [2010] form the starting point of the
wind speed retrieval approach proposed herein. Furthermore, besides the more complex
modelling already indicated in this work, also more recent achievements will be taken into
consideration. For example, Josset et al. [2010] rewrite the total reflectance (Equation 3: Total
ocean reflectance) as a bidirectional reflectance distribution function (BRDF) which is a function
of the incidence angle and reflection angle. This may lead to more accurate description of the
subsurface return contributions.
2.4.1.1 White caps
The whitecap coverage W is modelled to be dependent on a higher power of the windspeed
and, according to Monahan and O’Muircheartaigh [1986], an exponential dependence on the
atmospheric stability:
𝑊 = 1.95 ∙ 10−5 𝑈 2.55 𝑒 −0.0861Δ𝑇 ,
Equation 4: Whitecap fractional coverage as a function of wind speed and atmospheric stability
[Monahan and O’Muircheartaigh, 1986].

where:
Symbol
𝑈
𝛥𝑇 = 𝑇𝑎 − 𝑇𝑤

Description
Surface wind speed (10m)
The surface air-water temperature difference

More recent parameterisations of the fractional foam coverage as a function of wind speed
exist, such as from [Holthuijsen et al., 2012]:
𝑊 = 𝛾 tanh [𝛼 exp(𝜁𝑈)],
Equation 5: Alternative parameterisation of whitecap fractional coverage as a function of wind speed
[Holthuijsen et al., 2012].

where: 𝛼 = 0.00255, 𝛾 = 0.98, 𝜁 = 0.166.
Again, it will be analysed in the course of the study whether using such parameterisations
differing from Equation 4 initially used herein have a potential for retrieval improvement.
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The effective whitecap reflectance 𝑅𝑤𝑐,𝑒𝑓𝑓 depends on the absorption coefficient of water and
the presence of other absorbing dissolved organic material – the higher the absorption, the
lower the reflectance. Herein, whitecaps are assumed as isotropic reflectors i.e., incoming
light is redistributed equally into all directions.
From Dierssen [2019], we estimate the average whitecap reflectance for intense breaking
waves at 355 nm to be on the order of:
𝑅𝑤𝑐,𝑒𝑓𝑓 (𝜆355 ) ∼ 0.38.
Equation 6: Average whitecap reflectance at 355 nm [Dierssen, 2019].

2.4.1.2 Specular reflection
The surface specular reflection 𝑅𝑠 is originating from areas not covered with whitecaps and
depends on the small wave facets (capillary and capillary-gravity waves). These facets are
statistically described in terms of the wave slope variance. Cox and Munk [1954] modelled the
wave slope variance 𝜎 2 to be linearly dependent on the surface wind speed 𝑈. Other effects
potentially affecting specular reflection such as surface films are not considered herein.
Next, Menzies et al. [1998], assuming surface wave isotropy, modelled the surface specular
reflection 𝑅𝑠 as
𝑅𝑠 =

𝜌
2𝜋𝜎2 (𝑈)

tan2 𝜃

𝑒

− 2
𝜎 (𝑈) ,

Equation 7: Specular surface reflectance.

where:
Symbol

Description

Remark

𝜌

Fresnel reflectance

ρ=0.0219 at =355 nm



Mean square slope

𝜎 2 = 0.003 + 0.00512 𝑈

More complex wave slope variance models apply individual parameterisations for different
wind speed ranges [e.g., Hu et al., 2008] or take the surface wave anisotropy (wind direction)
into account [e.g., Tratt et al., 2002]. It will be analysed in the later project stages whether such
more complex models may contribute to increasing the retrieval quality.
Specular reflection at the sea surface is highly anisotropic. Considering the Aeolus observation
geometry with an incidence angle of 37.6° at the sea surface, requiring the presence of surface
facets of the very same slope oriented towards the incoming Lidar beam to allow for retroreflection, the contribution of specular reflection to the Aeolus surface return is small for low
to medium wind speeds. Only for wind speeds above ca. 15 m/s, specular reflection starts to
contribute in a non-negligible way to the surface Lidar return (Figure 4).
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Figure 4: Sea surface glint reflectance as a function of incidence angle as calculated from Equation 7.

The motion of the sea surface due to currents does induce a Doppler frequency shift, albeit
small. Typical sea surface velocities are < 0.5 m/s, with faster moving boundary currents e.g.,
the Gulf Stream, Kuroshio Current or Agulhas Current, moving as swiftly as 1.5 m/s. But such
fast-moving currents only exist in very narrow ribbons (< 50 km wide) and usually along
coastlines, parallel to the coast. But as stated above in section 2.3.2.1, Ocean surface wind
retrieval, the Aeolus ocean surface wind retrieval is based on the reflectivity alone,
independent of the Doppler shift. This is notably different from Aeolus atmospheric HLOS
winds, whose retrieval depends primarily on the magnitude of the Doppler shift.
2.4.1.3 Subsurface reflection
Finally, the subsurface reflectance is again weighted with the off-nadir angle and a nadir term
𝑅𝑈,0 based on water volume scattering modelling, ‘ocean colour’ modelling, see e.g., Morel and
Prieur [1977]:
𝑅𝑈 = 𝑅𝑈,0

cos 𝜃
𝜋

.

Equation 8: Subsurface reflectance.

When crossing the air-sea interface, the unidirectional Lidar light beam is redistributed over
a larger solid angle inside the water body: the rougher the sea surface, the wider the solid
angle. However, since the distribution of the ocean surface facets can be assumed static for the
very short duration of the Lidar pulse, only backscattered radiation can reach the receiver
without undergoing a further scattering process. In other words, all single scattered photons
reaching the receiver from the ocean subsurface have undergone backscattering at almost
exactly 180°. In addition, multiple scattering processes will contribute to the subsurface
returns, especially in low absorbing waters, but they will on average also involve a strong
backscattering component.
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Consequently, the backscattering efficiency of oceanic particles has a major influence on the
intensity of the lidar sub-surface returns: the stronger the backscattering, the higher the
subsurface signal. This means that sub-surface returns strongly increase with increasing
presence of particulate material which makes ocean waters characterised by high and variable
loads of phytoplankton or sediments a difficult choice for the proposed retrieval of the wind
speed as it will be nearly impossible to estimate their contributions accurately enough to
allow for a meaningful correction of the subsurface contribution.
On the other hand, in-water absorption will lead to reduced subsurface contributions. While
pure sea water itself is only weakly absorbing at the target wavelength of 355 nm, the
absorption by coloured dissolved organic matter (CDOM) can be significant in CDOM-rich
waters, making such waters very dark in the UV and blue spectral ranges.
The subsurface oceanic contribution to the surface bin can be either estimated from direct
reflectance measurements (see Figure 9), from simple empirical relationships relating e.g., the
chlorophyll concentration to the subsurface reflectance in the so-called case-1 waters [e.g. Jin
et al., 2006], or from complex radiative transfer (RT) calculations, requiring information on
the absorption coefficient and volume scattering function of the water layer. Due to the
inherent predominant contribution of backscattering from angles very close to 180°, the RT
codes potentially applied for such calculations must perform well in this angular range, such
as MC codes based on Monte Carlo methods, for example SMART-G [Ramon et al., 2019].
A pragmatic approach is suggested herein to estimate the subsurface contribution to the Lidar
surface return which can be applied to oceanic waters whose optical properties are dominated
by phytoplankton and its degradation products (often referred to as “case-1 waters”), i.e.
scenarios (1) and (2) described above in Section 2.8.1 below:
(1) The ocean subsurface reflectance is calculated using the ADAM Surface Reflectance
Database V4.0 (DOI: 10.3390/rs1210167).
(2) The input needed to apply the ADAM model i.e., the chlorophyll-a concentration at the
position and time of interest, is obtained from earth observation (such as e.g., from the
Copernicus Marine Service3).
Since the original ADAM website was not accessible at the time of writing this document, the
oceanic subsurface reflectance values at 355 nm were manually extracted from a graphical
representation of the ADAM database for eight discrete chlorophyll-a concentrations ranging
from 0.03 to 10.0 mg/m³ (Figure 5). Reflectances for intermediate concentration values were
obtained by fitting.

3

https://marine.copernicus.eu/

Commented [FF1]: Open issue: What happens outside the
range [0.03, 10.0]? Do we extrapolate? How far?
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Figure 5: Ocean column reflectance for eight values of the chlorophyll concentration (0.03, 0.1, 0.3, 0.5,
1, 3, 5, 10 mg-3 used in the ADAM API toolkit derived from the COART model [DOI: 10.3390/rs1210167].

Chl-a concentration [mg/m³]

Reflectance

0.03

0.081

0.10

0.074

0.30

0.064

0.50

0.058

1.00

0.052

3.00

0.035

5.00

0.030

10.00

0.026

Table 3: Reflectances at the ALADIN target wavelength (=355 nm) as a function of chlorophyll-a
concentration.

The subsurface upward light field is slightly anisotropic, depending on illumination and
conditions and the presence of scattering and absorbing substances. In ocean colour
applications, this anisotropy is often quantified by the Q factor relating the upwelling radiance
Lu (Θ, φ) to the upwelling irradiance Eu via Q=Eu/Lu [Morel and Gentili, 1991]. For an isotropic
upward light field, Q thus adopts a value of  but may adopt values up to ca. 5 in turbid waters.
For the proposed study, we will initially not consider the anisotropy of the upward subsurface
light field, considering the dominance of near-isotropic Rayleigh scattering in oligotrophic
waters at the Lidar wavelength of 355 nm.

2.4.2 Observed surface reflectance
The observed reflectivity, Robs, is proportional to the Level 1B range corrected Mie signal
intensity (ACCD counts * m-2) [Lux et al., 2018, 2020] in the range bins that contains the sea
surface, typically range bin 23. Because the relation between accumulated ACCD
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(Accumulation Charge Coupled Device) counts and surface reflectivity, Robs, is not known a
priori, a scaling between range corrected Mie signal intensity and modelled reflectivity, R(U),
and will need to be empirically derived.
The atmospheric returns from individual laser pulses (shots) are averaged on-board the
spacecraft to a so-called measurement. The current instrument baseline is a measurement size
of 3 km (average over 0.4 s or 20 shots). The basic repeat cycle applies a 12 second integration
time4, resulting in a spatial sampling scale of ~87 km5. The integrated sea surface reflectivity
over the 87 km will contain contributions from the three components described above in
Section 2.4.1.
While the contributions to reflectivity from aerosols and white capping are primarily
dependent on the retrieved wind speed U, the subsurface reflectance depends on the
composition of the oceanic constituents. So, the retrieved wind will represent the average
estimated wind along the 87 km sampling distance6, assuming average reflectivities from
whitecaps, aerosols and subsurface waters.

2.4.3 Atmospheric contribution
2.4.3.1 Rayleigh scattering
Rayleigh scattering in the atmospheric part of the surface bin will cause a certain portion of
the Lidar beam to be scattered back towards the receiver.
For a Rayleigh scattering layer optically thin enough for the single scattering approximation
to hold above a dark surface, the Rayleigh reflection can be described as follows [e.g., Seidel et
al., 2010]:

4 The former 7 s integration time from the old burst-mode operation baseline (where the laser

was on for 7 s at 100 Hz PRF and off for 21) has been abandoned in 2010. Integration time of
12 s is currently used for the ALADIN Basic Repeat Cycle (BRC) definition, with accumulation
of 20x30 pulses at 50 Hz. However, ALADIN is now operated in continuous mode and the BRC
is just used for the on-ground processing to set the horizontal accumulation for the Rayleigh
product.
Note that one also gets the useful signal on a resolution of 2.7 km (measurement scale,
following the 20-pulses averaging on the instrument ACCDs on-board, priori to data
downlink) and can accumulate further as needed until sufficient SNR is achieved.
5

6 A more advanced approach would consist in varying the sampling distance depending on the

intensity of the surface reflectivity and algorithmic considerations. For example,
measurements could be accumulated until a threshold signal-to-noise ratio has been achieved.
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𝜌𝑅𝐴𝑌_𝐴𝑇𝑀 = 4 𝜇

1
𝑜𝑏𝑠

𝜇𝑖𝑛𝑐

× 𝑝𝑅 (𝜃𝑠𝑐𝑎𝑡 ) × (1 − 𝑒 −𝑚 × 𝜏𝑅 ) [unitless],

Equation 9: Rayleigh reflectance of a thin atmospheric layer above a dark surface.

where 𝜇𝑜𝑏𝑠 and 𝜇𝑠𝑟𝑐 are the cosines of observation and incidence zenith angles, 𝑝𝑅 (𝜃𝑠𝑐𝑎𝑡 )
designates the Rayleigh phase function for the scattering angle 𝜃𝑠𝑐𝑎𝑡 , 𝑚 is the relative airmass
(𝑚 = 1/𝜇𝑠𝑟𝑐 + 1/𝜇𝑖𝑛𝑐 ), and 𝜏𝑅 is the Rayleigh optical depth.
Assuming the atmospheric portion of the surface bin optically thin enough for the single
scattering approximation to hold, and assuming the sea surface to be dark, Equation 9 can be
used to estimate the contribution of atmospheric Rayleigh scattering to surface bin reflection.
The total atmospheric Rayleigh optical depth at 355 nm for an absolute airmass of one (i.e., at
1013.25 hPa) amounts to 0.594 [Bodhaine et al., 1999]7. Assuming an atmospheric scale height
of 8500 m and assuming further a vertical extension of the atmospheric portion of the surface
bin of 200 m, the corresponding Rayleigh optical depth can be estimated at 𝜏𝑅_𝑆𝑅𝐹𝐵𝐼𝑁 =
0.594 × (200 ⁄ 8500) = 0.01398. This low value confirms the single scattering
approximation introduced above.
The geometry parameters are known and fixed for Aeolus:
−

𝜇𝑜𝑏𝑠 = 𝜇𝑖𝑛𝑐 = cos (37.6°) = 0.792,

− 𝑚 = 1.593,
− 𝑝𝑅 (180°) = 0.75 (Rayleigh phase function for backscattering).
Combining the above, the Rayleigh reflectance from a 200 m thick atmospheric layer towards
the receiver can be estimated to be on the order of
𝜌𝑅𝐴𝑌_𝑆𝑅𝐹𝐵𝐼𝑁 =

1
× 0.75 × (1 − 𝑒 −1.593 × 0.01398 ) ≅ 0.0066
4 × 0.792 × 0.792

2.4.3.2 Mie scattering
The aerosols in the atmospheric portion of the surface range bin may provide enhanced
backscatter and lower / more noisy surface signals. From the Mie measurements of Aeolus,
estimates of the backscatter coefficient, , and the extinction coefficient, , are available in
Level 2A data. Given the known depth of the atmosphere layer in the ocean surface range bin,
 and  may be used to correlate with residual range corrected Mie signal intensity that has
not already been attributed to whitecap reflectance or subsurface reflection or specular
reflection. This approach is e.g., applied in [Li et al., 2010] and is also proposed herein. Under

7

https://doi.org/10.1175/1520-0426(1999)016%3C1854:ORODC%3E2.0.CO;2
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cloud-free and low-aerosol conditions, the atmospheric contribution to the surface return
may be negligible.
It also needs to be considered that the radiation emanating from the surface bin is attenuated
in the atmosphere on its way to the satellite receiver, depending on the concentrations and
optical properties of the atmospheric constituents (e.g., aerosols, droplets, air molecules, …).

2.4.4 Horizontal resolution aspects
The retrieval has to take place at certain horizontal resolution. For calibration and validation
purposes the Aeolus mission has introduced the so-called measurement scale and observation
scale, see [CALVAL-REQ]. One measurement consists of the accumulation of 19 outgoing laser
pulses resulting in a horizontal measurement sampling of about 2.7 km. Subsequent
measurements are again averaged, resulting in a horizontal resolution of about 87 km for the
wind observations (Figure 6).

Figure 6: Aeolus sampling terminology [TN-ECMWF]. Energy per pulse at exit of laser (between 60 and
70 mJ for FM-B), on-board averaging of 19 pulses (with the 20th being skipped) yields measurements of
~2.7 km being down-linked to ground. On-ground processing of Aeolus data yields L2A and L2B products
at 12 km (Mie winds), between 10 and 87 km (L2A group product), and 87 km (Rayleigh winds). An
Aeolus observation is defined for a so-called Basic Repeat Cycle of 20 measurements being accumulated
to one observation of ~87 km.

Wind inversion
As can be seen from the total reflectance formula, the dependence on the wind speed 𝑈 is
complex and cannot be inverted analytically. Therefore, the windspeed is retrieved by
minimizing the difference between the Robs, the observed reflectivity derived from the sea
surface return, and the modeled reflectance:
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min( 𝑅𝑜𝑏𝑠 – 𝑅(𝑈)).
𝑈

Equation 10: Wind retrieval minimization.

The determination of an efficient method for finding minima and stopping criteria for the
minimization will be investigated during this project. The complex dependence of modelled
reflectivity, R(U), on wind speed may produce a solution space with multiple local minima, so
care will be needed to ensure that retrieved wind speeds are not physically unrealistic owing
to minima that are numerical artifacts.

Radiative transfer calculations
Radiative transfer (RT) models allow to calculate the light field in the atmosphere ocean
system and have thus the potential to become a useful tool for better understanding the nature
of the retrieval problem and subsequently also for the development of the dedicated retrieval
schemes. In the present context, RT models may for example be used for assessing the subsurface contribution under oligotrophic conditions. They may also be used to investigate the
feasibility of the proposed approach in CDOM-rich waters or to assess its limits in turbid
waters. Due to the need to deal with light backscattered at almost exactly 180° and the
correspondingly sharp backscattering peak, we deem RT models based on ray tracing
techniques (Monte Carlo) such as SMART-G [Ramon et al., 2019] as most suitable. For
conditions characterised by hyper-oligotrophic conditions where in-water Rayleigh
scattering dominates (with the associated smoother backscattering peak), RT models based
on computationally more efficient methods such as Matrix-Operator may also provide
sufficient accuracy.
While this is beyond the scope of the proposed work, a fully RT-based inverse modelling
scheme may prove superior to the simpler approach proposed herein.

Calibration and validation
2.7.1 Model calibration
The wind speed approximation of the retrieval method as described in section 2.4 will depend
on several critical aspects and parameters. To mention are:
− Physical models used for the approximation of the reflectances contributions and
their parameter settings,
− Relative magnitude of the three contributions (atmosphere, ocean surface, subsurface
ocean),
− Any spatial or temporal averaging,
− Selection and (pre-)processing of the observed reflectances reducing the uncertainty
in the surface reflectance observations.
In order to select the models and tune the parameters, the modelled wind speeds shall be
systematically compared with other wind data, in particular scatterometer wind data. The
general approach is to start simple (simple models and simple comparison), to add

SEA-FLECT Science Requirements Baseline
ESA Contract Number4000133131/20/I-BG
Delivery D1, Version 1.2.0
Date 24/01/2022
Page 28

complexities one by one and to repeat the analyses systematically. A key element of the
comparisons is quality of the (scatterometer) calibration data. The underlying data selection
and collocation approaches will be elaborated in section 2.9.
Ultimately, the calibration effort must lead to a final model selection and configuration for a
versioned surface wind product generator.

2.7.2 System tuning
Besides the theoretical physical model calibration, system tuning, and possible system
constraints may become relevant factors. A key example is the wind inversion stopping
(convergence) criteria. Again, the general approach is to start simple and reduce system
sensitivities as much as possible. System configuration aspects shall be taken into account for
the versioned surface wind product generator.

2.7.3 Product validation
A versioned wind product generator shall be used to generate wind data sets. For validation
purposes, these data sets shall be compared to collocated observational data independent of
the calibration data used. The calibration and validation approaches will encompass
assessments of uncertainty propagation in the retrieval method, depending on the retrieval
conditions. For the latter, the study may potentially make use of FIDUCEO8 results.
The results of the calibration and validation experiment form the basis for the final product
specification, including uncertainty specifications, and product conditioning (e.g., flagging)
and positioning.
Ultimately, versioned surface wind product validation and experiment logic shall be
developed.
Note: Since the proposed approach is experimental, one possible outcome could the conclusion
that a useful surface wind speed product cannot be derived from the ALADIN surface return.
However, the retrieval terms and conditions may be such that opportunities present themselves
to develop some other product of use out of the ground returns. To mention plausible scenarios:
− The white capping is an indication of wave breaking and may be used to assess dissipation
terms in wave modelling.
− The assessment of the ocean colour may provide useful independent information for the
ocean colour community, which generally does not use the ALADIN operating wavelength
at 355 nm.

8
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Demonstration
2.8.1 Characterisation of suitable test areas
From the retrieval and calibration/validation considerations presented above in sections 2.4,
it follows that the identification of suitable areas is of crucial importance for both developing
and applying the proposed method: In order to allow for a meaningful retrieval, the
contributions from atmosphere and sub-surface must either be small as compared to the
return from the ocean surface or they need to be estimated with sufficient accuracy. We
therefore envisage the following three scenarios for developing the proposed surface wind
retrieval:
1. “Deep blue ocean”: Ocean areas of stable and known subsurface reflectance.
2. “High winds”: Ocean areas frequently affected by high wind conditions.
3. “Dark ocean”: Ocean areas characterised by low subsurface reflectance.
The availability of reference data, preferably from in situ observations, for subsequent
evaluation of the surface wind retrievals should also be taken into account for the test area
selection process. Table 4 designates areas representative of the three scenarios listed above.
At this point, it should be noted that observations of the subsurface reflectance and other
optical parameters are relatively scarce at the ALADIN wavelength of 355 nm. The reason for
this is that ocean colour retrieval methods are typically applied in the visible and nearinfrared due to the difficulties of accurately estimating the atmospheric contribution to the
top-of-atmosphere (TOA) signal in the UV.
Radiative transfer calculations may contribute to closing this knowledge gap, which will be
elaborated at a later stage, if needed.
Scenario

Characteristics

Advantage

Approach

Showcase / Remark

Deep blue
ocean

Hyper-oligotrophic
waters, hardly any
particulate matter in
the surface layer,
CDOM absorption
rather small.

While not dark (due
to limited CDOM
absorption), it
presents temporally
and spatially stable
subsurface
conditions.

Estimate the
subsurface
contributions from in
situ observations.
Alternatively, apply
RT calculations.

South Pacific Gyre, ca.
15-30°S, 100-150°W.
High quality in situ
data available.

High
winds

Oligotrophic ocean
characterised by
frequent occurrence
of high wind speeds.

Frequent occurrence
of high surface
returns combined
with relatively wellknown subsurface
reflectance.

Estimate the
subsurface
contributions from in
situ observations.
Alternatively, apply
RT calculations.

Lions’ Gulf in the
Mediterranean, with
frequent high wind
episodes (Mistral,
Tramontana).
Concomitant in situ
observations of
atmospheric and
oceanic parameters.

Dark
ocean

Waters characterised
by high CDOM
absorption which are

Small (potentially
negligible?) subsurface contribution.

Estimate the
subsurface
contributions from in
situ observations.

Baltic Sea.
Alternatively, large
CDOM rich lakes, e.g.,
Lake Ladoga (Russia).
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Scenario

Characteristics

Advantage

therefore very dark
at 355 nm.

Approach

Showcase / Remark

Alternatively, apply
RT calculations.

Only consider clear
water phase to
reduce particle
backscattering.

Table 4: Scenarios for the development of surface wind retrieval from lidar surface returns.

2.8.1.1 Scenario 1: Deep blue ocean

Figure 7: Puffer fish in the South Pacific Gyre. Source: Tim Ferdelman / Max Planck Institute for Marine
Microbiology.

The clearest natural waters in the world are found in the cores of the large subtropical
anticyclonic gyres. This clarity is caused by extremely low concentrations of both
phytoplankton and coloured dissolved organic matter (CDOM) and results in a specific deep
blue colour (Figure 7) for these hyper-oligotrophic waters due to enhanced reflectance in the
blue, violet, and UV [Morel et al., 2010]. This blue colour is well visible from space. Satellite
observations can thus be used to identify such hyper-oligotrophic waters (Figure 8).

SEA-FLECT Science Requirements Baseline
ESA Contract Number4000133131/20/I-BG
Delivery D1, Version 1.2.0
Date 24/01/2022
Page 31

Figure 8: Chlorophyll concentration [Chl] (mg m−3), annual composite (year 2006) of SeaWiFS data for
the global ocean. The rectangle E (for Easter Island) is located in the South Pacific Gyre. Source: Morel et
al. [2010].

The biggest subtropical anticyclonic gyre on Earth is situated in the Southern Pacific Ocean
between roughly 15° - 30° South and 100° - 150° West. This area, the South Pacific Gyre (SPG),
contains the most oligotrophic waters on Earth, covers more than 2 million square kilometres,
and has additionally been comparably well investigated due to a number of dedicated
oceanographic campaigns (see below). It is proposed herein as one site for retrieval
development.
Its main advantage for retrieval development lies in the fact that the subsurface reflection,
while not small in the UV, is very constant over space and time inside the hyper-oligotrophic
core of the gyre. It thus forms a stable reflectance background against which wind speed
related reflectance patterns should become visible. In cases of known low windspeed
conditions, the absolute subsurface background reflectance may even be directly estimated
from the ALADIN returns. Alternatively, it may be derived from measured reflectance spectra
or from appropriately configured radiative transfer simulations.
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Figure 9: Reflectance spectra (ca. 350 to 700 nm) of the clearest waters in the South Pacific Gyre in the
near surface layer. Additional shown (dotted) is a reflectance spectrum from Crater Lake in Oregon
[Tyler and Smith, 1970], a very clear lake of volcanic origin. Source: Morel et al. [2007].

The optical properties of the hyperoligotrophic waters in the SPG have been studied in the
context of dedicated oceanographic campaigns, for example the Biogeochemistry and Optics
South Pacific Experiment (BIOSOPE)9, including in situ measurements of the apparent and
inherent optical properties (AOPs and IOPs) in the UV spectral domain. Of special relevance
to the proposed sea surface wind retrieval are the surface reflectance measurements taken by
Morel et al. [2017], see Figure 9.
To this date, there is still no unanimous agreement on the optical properties of pure water in
the UV (as it is very difficult to obtain water of the required purity without any substantial
CDOM contribution). Reflectance measurements such as those shown in Figure 9 have been
used by Morel et al. [2007]) to derive the absorption coefficient of pure water in the UV (Table
5). Such knowledge on the absorption (and scattering) of pure water is important if one wants
to simulate the sub-surface reflectance using radiative transfer models.

9

https://bg.copernicus.org/articles/special_issue19.html
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Table 5: Absorption and scattering coefficients of pure sea water obtained from reflectance
measurements in the clearest waters of the SPG. Source: Morel et al. [2007].

2.8.1.2 Scenario 2: High winds
The “High Winds” scenario aims at exploiting conditions where high wind speeds occur over
oligotrophic waters of possibly known optical properties. This would allow to estimate the
subsurface contribution with a relatively good accuracy and at the same time ensure a strong
signal from the ocean surface.

Figure 10: „Mistral: Schaumkronen und Brecher so weit das Auge reicht“ (Mistral: White caps and breaking
waves as far as the eye can see). Source: Travel Wild/stock.adobe.com.

The Lion’s Gulf area in the Western Mediterranean is meeting these requirements: Outside the
area influenced by the turbid waters of the river Rhône, the ocean is oligotrophic, and it is
frequently affected by episodes of the Mistral, which is a local wind system in southern France
blowing down from the north along the lower Rhône River valley toward the Mediterranean
Sea (Figure 10). As the winds move out over the Rhône delta, they can reach velocities of 130
km/h. The effects of gale-force Mistral can extend into the western and central Mediterranean,
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creating high sea states throughout the entire region. Wave heights associated with the Mistral
reach commonly 4.5-6.0 m and sometimes exceed heights of 9 m. Mistral episodes are mostly
associated with clear sky conditions which is another positive aspect for the retrieval
method/application to be developed herein.

Figure 11: Reflectance spectra for
oligotrophic waters in the Pacific
Ocean and in the Mediterranean Sea
[Morel et al., 2007b].

While often characterised by similarly low Chl-a concentrations as compared to those in the
SPG in areas not impacted by terrestrial influence, Mediterranean waters show a significantly
reduced reflectance in the UV due to enhanced CDOM concentration with the associated
increased absorption in the blue, and even more so in the UV spectral domain (Figure 11).
The Mediterranean Sea is well covered by observation systems which facilitates the
identification of suitable satellite scenes and contributes to the evaluation of the retrieved
products. For example, Météo France operates an automated buoy in the Lion’s Gulf (Station
6200001) at 42.06°N, 4.64° E since May 2007 providing information on surface wind speed
and direction as well as wave heights (Figure 12). These data can be retrieved for example
from EMODNET (https://map.emodnet-physics.eu/) or the CMEMS In Situ Ocean TAC
(http://www.marineinsitu.eu/dashboard/).
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Figure 12: Horizontal windspeed for the three-months period 2021-01-04 – 2021-03-05 for in situ
station 6100002 located in the Lion’s Gulf and operated by Météo France. Data retrieved from
http://www.marineinsitu.eu/dashboard/.

2.8.1.3 Scenario 3: Dark ocean
CDOM-rich waters constitute another possible option for the development and application of
the proposed sea surface wind speed retrieval. The reason for this, as already mentioned, lies
in the fact that CDOM efficiently absorbs light towards shorter wavelengths, making CDOMrich waters appear very dark in the UV. This is illustrated in Figure 13, showing remote
sensing reflectance spectra (here in units of sr-1) obtained from in situ measurements in Baltic
Sea coastal waters.

Figure 13: In situ measured remote sensing reflectance (RRS [m-1]), in units of sr-1 spectra taken in Baltic
Sea coastal waters collected from 77 coastal stations between May and September in Estonia, Latvia and
Sweden in the period 2010—2015. Source: Ligi et al. [2017]. Note that the remote sensing reflectance
values shown here must be multiplied with  to be compliant with the reflectance values shown in Figure
9 and Figure 11. Note further that there is no explanation given for the colour coding in [Ligi et al., 2017].

Comparing Figure 9 and Figure 13, one can observe that the reflectance in the Baltic Sea at
355 nm is about two orders of magnitude lower than that observed in the SPG. It remains to
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be investigated under which circumstances the subsurface reflectance in CDOM rich waters
can be assumed negligible as compared to the signal emanating from the sea surface. This is
also reflected in Figure 14 where the CDOM-rich Baltic Sea waters appear significantly darker
than the more sediment-rich North Sea waters. This could be done using either ALADIN
observations or radiative transfer simulations.

Figure 14: Contrast enhanced view on the German Bight and SW Baltic Sea from space. Note the
significantly
darker
ocean
colour
in
the
CDOM-rich
Baltic
Sea.
Source:
https://www.hzg.de/institutes_platforms/coastal_research/news/065452/index.php.de.

2.8.2 Pre-processing and filtering
2.8.2.1 Cloud screening:
The Mie and Rayleigh channels are very sensitive to clouds. Mie and Rayleigh channel useful
signal intensities from the tops of clouds are several orders of magnitude higher than from
clear skies, and conversely, Mie and Rayleigh channel SNR values inside and below clouds
along the LOS are several orders of magnitude lower. Therefore, it is likely that joint
examination of Mie channel useful signal intensity and Mie channel SNR is a sufficiently
accurate tool for cloud screening, removing the need for collocation with other sensor data to
identify clouds. Simulated and flight data from Lux et al. [2018, 2020] demonstrate the
sensitivity of Mie channel signal intensity and Mie channel SNR to clouds and aerosols.
The other types of screening criteria discussed previously include:
− ‘Ocean colour’ type: oligotrophic, CDOM-rich, case II, …
− ‘Sea state’ type: wind sea, swell, anisotropy, …
− ‘Wind speed’ type: low wind, moderate wind, high wind, …
− ‘Lidar bin condition’ type: filtering on the fraction of the range bin that contains
atmosphere/ocean.
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The screening criteria and filtering will be part of the versioning mentioned in the Cal/Val
section 2.7.

Data collection, data collocation, and processing

Ocean
Surface
Winds

Figure 15: General overview of the study flow and processing of data.

2.9.1 Data flow and processing overview
The work logic of this study (Figure 15), describes data flow in terms of the main processing
activities and data sets.
-

Data Collection refers to the actual selective downloading of the data used. The
selection can filter out data of which the quality or fit-for-purpose is insufficient.

-

Data Pool refers to sets of collocated data forming the input data base for the study
analysis.

-

GMF development refers to the model selection, configuration and Cal/Val as
described in section 2.4.

-

Prototype Aeolus wind refers to the actual generated Aeolus wind product as it can
be presented to users.

-

Validate and refine refers to the processing of the user feedback and product
analyses. Ideally backtracking to the data pool is not required.
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2.9.2 Core and other data collection
The core data to be collected for the study is indicated in Table 6. This data is expected to be
sufficient to do the essential retrieval and Cal/Val work. In case specific analyses require
additional information, further data sets are considered (see Table 7).
Mission

Instruments

Parameter

Source

Aeolus

ALADIN

(sub) surface return

ESA

MetOp

ASCAT A, B, C

Sea surface wind speed
and direction, sigma0

OSI-SAF KNMI

Sentinel-3

OLCI A, B

Ocean colour, CHL, TSM,
CDOM

Copernicus Open Access
Hub

Mission

Instrument

Parameter

Source

Aqua - Terra

MODIS

Ocean colour, CHL, TSM,
CDOM

NASA's Ocean Color Web

Suomi NPP

VIIRS

Ocean colour, CHL, TSM,
CDOM

NASA's Ocean Color Web

CYGNSS

DDMI

Sea surface wind speed

JPL PO.DAAC

Sea surface wind speed

JPL PO.DAAC

Table 6: Core satellite data.

SSMI/S
CRYOSAT2

SIRAL

Sea ice

CryoSat-2 Science Server

OceanSat-3

OSCAT (Jan 2022)

Sea surface wind speed

TBD

Ocean colour, CHL, TSM,
CDOM, wind, …

TBD

In-situ measurements
Table 7: Other observational data.

2.9.3 Aeolus data
Upon registration, access to Aeolus data products is enabled via the online service under
https://earth.esa.int/eogateway/missions/aeolus/data.
As with other missions, the Aeolus data comes at different product levels, see Error!
Reference source not found.. The products are described in [ASPD]. For the purpose of our
study, Level 1B shall be the main source of Aeolus observational data, though, if beneficial,
data of other processing level may be used as well. Level 1B data contain the Mie
backscattered signal intensities in the sea surface range bins needed for this study. Signal
intensity data are not available for the sea surface bins in later product levels (e.g., Level 2
data).
Aeolus data became generally available as of 20 May 2020. This will be used as a lower bound
of any collocation period.
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Level

Header

Measurement

Annotated

Vol1

L0

FH, VH
(MPH +
SPH)

Instrument source packet (ISP)
data with

−

Vertical sampling
grid information

55

−

Raw ALADIN measurement
data (DEU output)

−

−

Instrument housekeeping
data (ACDM)

Calibrated
housekeeping data
(ACDM + CDMU)

−

−

Aeolus platform
housekeeping/
AOCS data (CDMU)

Instrument health
parameters

−

Reconstructed ALADIN
measurement data (DEU
output data, no processing
performed)

−

Vertical sampling
grid information

−

Pre-processed AOCS and orbit
geometry data

Calibrated
housekeeping data
(ACDM + CDMU)

−

Instrument health
parameters

−

Processed ground echo data

−

−

Preliminary HLOS wind
observations (calibrations
applied, zero wind correction,
receiver response calibration,
harmonic and range
dependent bias corrections)

Processed
calibration data

−

Product confidence
data (PCD)

−

Calibrated
housekeeping data
(ACDM+CDMU)

−

Product confidence
data (PCD)

−

Others

−

Product confidence
data (PCD)

−

Others

−

NWP model
settings

−

Definition of nonAeolus model input
data

−

Product confidence
data (PCD)

1A

FH, VH
(MPH +
SPH)

−

1B

2A

2B

2c

FH, VH
(MPH +
SPH)

FH, VH
(MPH +
SPH)

FH, VH
(MPH +
SPH)

FH, VH
(MPH +
SPH)

−

Viewing geometry & scene
geolocation data

−

Geo-located consolidated
backscatter and extinction
profiles, backscatter-toextinction (BER) ratio per
observation

−

Scene classified backscatter,
extinction and BER profiles

−

Error information

−

Geo-located consolidated
HLOS wind observations, after
applying actual atmospheric
corrections to Rayleigh
channel data

−

Error information

−

Vertical profiles of wind
vectors (horizontal
components, u and v)

−

Supplementary geophysical
parameters

−

Fully processed error
information

Remark

70

90

Preliminary
HLOS data for
Rayleigh
channel based
on standard
(default)
atmospheric
corrections

20

22

25

Aeolus assisted
wind fields,
resulting from
NWP
assimilation
processing.
Data co-located
in time and
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Level

Header

Measurement

Annotated
−

Others

Vol1

Remark
space with
Aeolus wind
observations

Table 8: Aeolus data, various processing levels [ASPD].

2.9.4 Collocation with surface wind data
The main source of satellite-based ocean surface wind data for Cal/Val purposes are the level
2 scatterometer data from the ASCAT missions (A, B and C). These data are available from the
EUMETSAT Ocean and Sea Ice Satellite Application Facility (OSISAF) at KNMI under
https://scatterometer.knmi.nl/osisaf/.
In the ASCAT products, essential Level 1B information (e.g., the sigma0’s Kp) is propagated
into the Level 2 products to enhance the understanding of the scatterometer wind
measurement.
The base-line Aeolus L2B Rayleigh wind observation size is about 87 km along track, whereas
the L2B Mie wind product size is about 12 km [CAL/VAL REQ], therefore spatially, there is
good co-location with the OSI SAF ASCAT 25 km products. Also, the coastal ASCAT products
may be taken into consideration, perhaps with an additional averaging applied. The global
distribution of Aeolus-ASCAT collocations will be assessed a priori (before major download
processing) to optimize the effort to create the data pool.

2.9.5 Collocation with ocean colour data
For the assessment of the subsurface contribution in the GMF, the Aeolus-ASCAT data shall be
additionally collocated with Ocean Colour data. Our main OC source will be the products from
the OLCI instrument flown on Sentinel-3A and -3B. Recently, on 16. Feb 2021, a new release
of OLCI data have been published under the name ‘collection 3’: https://wwwcdn.eumetsat.int/files/2021-02/S3%20PN-OLCI-L2M_003_00%20-%20Sentinel3%20Product%20Notice%20–%20OLCI%20Level-2%20Ocean%20Colour.pdf.
This date is understood as a good starting point for the collocation with OC data and initially
for the overall collocation effort. Ocean Colour Collection 3 OLCI Data will be obtained from
the EUMETSAT OC services: https://www.eumetsat.int/ocean-colour-services.

2.9.6 Collocation with other missions and data
Note: To do if needed, to be elaborated in due time, see also section 2.9.2.
− Other scatterometers and wind missions
− CYGNSS
− Other ocean colour sensors
− In situ (OC AERONET)
-

ASCAT (TBC)
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2.9.7 Time period considerations
Scenario Consideration I: Based on the selection of a golden period of Aeolus operations.
Several periods appear suitable as “golden periods”:
− July 2019 – December 2019: Highest performance of Laser B.
− Reprocessed data from January 2020 (not available yet, will be announced on the
Aeolus CAL/VAL Confluence page).
Scenario Consideration II: Good Ocean Colour data
− Recently, on 16. Feb 2021, a new release of OLCI data has been published under the
name “collection 3”. This is perhaps a good starting point (see Figure 16).
− The total length of the initial satellite data collocations should be 1 year to allow for the
assessment of seasonal effects.
Assumption:
− Scatterometer data are expected to be available in sufficient quality and quantity.

Figure 16: Collocation period with OC data.

Risk assessment
The aim of risk management is to ensure that project risks are identified and covered by
actions to eliminate or reduce them, bringing the residual risk to a level that is acceptable to
the customer and to the consortium. Project risks could have a cost impact or affect time scales
or product technical characteristics.
In the early project stages, requirements or activity areas that are likely to be risk affected
should be entered in a so-called risk register which needs to be maintained on a continuous
basis. Identified risks shall be classified by category and severity (see Error! Reference
source not found.) and be assigned a probability of occurrence, together with the status,
creation date, decision date, owner, mitigation strategy and mitigation actions.
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Risk severity

Minor

Medium

High

Technical
impact

No relevant impact in
functionality or performance

Impact in functionality or
performance, but may be
compensated by workaround

Impact in functionality or
performance

Programmatic
impact

No impact or only regarding
internal milestones

Delay of external milestones,
but <= 2 months

Delay of external milestones,
> 2 months

Cost impact

Cost impact negligible

Impact <= 5% of initial total
costs

Impact > 5% of initial total
costs

Table 9: Rules for project risk classification by severity and category.

The risks listed in Figure 10 have been identified as potentially affecting the successful
outcome of the study.
Risk description

Technical
impact

Program.
impact

Cost
impact

Mitigation

Surface reflectance too low to
allow surface wind retrieval (i.e.,
SNR limitation)

High

High

Low

None

Wind-related contribution to
surface return small as
compared to contributions from
ocean and/or atmosphere

Medium

Low

Low

None. This would limit the range
of retrieval applicability to high
wind speeds with significant
foam coverage.

Reflectance model inadequate to
calculate surface reflectance
with sufficient accuracy.

High

Medium

Low

Switch from model-based to
purely empirical approach.

Table 10: SEAFLECT risk register.

Commented [FF2]: Update risk register with current
knowledge of instrumental and "natural" issues.

