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METEOSAT - In 1977 the first of seven Meteosat meteorological satellites
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launched
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satellite

still

continue to this very day.

ERS-1 and 2 - ERS-1, launched in 1991, was ESA's first remote-sensing
satellite in polar orbit and carried a comprehensive
ocean-surface
overlapped

temperature,

waves and winds

with ERS-1, was launched

payload to measure

at sea. ERS-2, which

in 1995 and added the Global

Ozone Monitoring Experiment (GOME) for atmospheric

ozone research.

ENVISAT - Launched in 2002, Envisat is the largest Earth-observation
satellite

ever

instruments

£NV/SAT

built.

It carries

10 sophisticated

to provide continuous

observation

optical

and

radar

of the Earth's oceans,

land, ice caps and atmosphere for the study of natural and man-made
contributors

to climate change and for the study of natural resources.
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MSG (Meteosat Second Generation) - Following the success of Meteosat,
the procurement

MSG

of four

improved

second-generation

MSG satellites

guarantees operational services for the next 15 years. The first MSG was
launched in 2002. MSG is a joint project between ESA and EUMETSAT.

CRYOSAT - Due for launch in 2005, CryoSat will determine variations in
the thickness of the Earth's continental

CRYOSAT

ice sheets and marine ice cover.

Its primary objective is to test and quantify the prediction of diminishing
polar ice due to global warming.

METOP (Meteorological

Operational) - MetOp is a series of three satellites

dedicated to operational meteorology and forms the space segment of
EUMETSAT's Polar System (EPS). The first satellite is due for launch in 2005.

GOCE(Gravity Field and Steady-State Ocean Circulation

Explorer) - Due for

launch in 2006, GOCE will provide the data set required to accurately
determine
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global and regional models of the Earth's gravity field and

geoid. It will advance research in areas of ocean circulation,
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Dynamics Mission) - Due for launch in 2007,

ADM-Aeolus will make novel advances in global wind-profile
and

AEOLUS
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Design & Layout:

understanding

AOES Medialab & Jules Perel

of the Earth's water cycle and contribute

to climate,

weather and extreme-event forecasting.

Illustrations:

Swarm - Due for launch at the end of 2009, Swarm is a constellation of

Price: 10 Euros

AOES Medialab

three satellites to study the dynamics of the magnetic field to gain new

ISSN No.: 0250-1589

insights into the Earth system by improving

ISBN No.: 92-9092-578-7

our understanding

of the

Earth's interior and climate.

can be obtained via the ESA Observing the Earth and Living Planet web sites at:

http://www.esa. int/earthobservation
http://www.esa.int/livingplanet
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The Beaufort Wind Force Scale.

Many aspects of our livesare influenced by the weather. It goes
without saying that accurate weather forecasts are important
for commercial activities such as farming, fishing, construction
and transport, and in general make it easier to plan our daily
affairs. In extreme circumstances, knowing what the weather
will bring can also help savelives and protect property.
Although weather forecasts have advanced considerably in
recent years, meteorologists still urgently need reliable windprofile data to improve the accuracy of forecasts even further.
ESA'swind mission, ADM-Aeolus, aims to demonstrate that
] measuring global wind-profiles from space, using laser
-;:,technology, can meet this requirement.
~
~
u Due for launch in 2007,ADM-Aeolus,commonly referred to as
just 'Aeolus', is the fourth Earth Explorer rrussion to be
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The Beaufort scale was devised by Francis Beaufort, an English naval officer, in 1806. It was originally intended for sailors, who used visual features of the sea to estimate wind strength.

developed within ESA's Living Planet Programme. Aeolus will
be the first-ever satellite to directly observe wind profiles from
space. Named after Aeolus, who in Greek mythology was
appointed 'keeper of the winds' by the Gods, this mission will
not only provide the much needed data to improve the quality
of weather forecasts, but will also contribute to long-term
climate research.
The Aeolus satellite will carry one large instrument - the
atmospheric laser Doppler instrument Al~ADIN, which will
probe the lowermost 30 km of the atmosphere from an orbit
400 km above the Earth's surface.
With a lifetime of three years, Aeolus is seen as a mission that
will pave the way for future operational
meteorological
satellites dedicated to measuring the Earth's wind fields.

Simplified weather map.

ESA

s

LIVING

PLANET

PROGRAMME

Why measure
the wind from spate?
Temperature, pressure, humidity and wind are the basic variables that
describe the state of the atmosphere. Accurate global observations on wind
speed and direction are currently urgently needed to enhance atmospheric
modelling so that operational weather forecasting, as well as the prediction
of long-term climate change, can be improved.
Under certain conditions, wind and wind-field data can be derived from
temperature fields, which are measured from space by atmospheric
sounders using a relationship known as 'geostrophic balance'. However,
these relationships are not valid for small horizontal scales(below 3000km)
or large vertical scales (in the order of 10 km). The relationship also breaks
down in the tropics where the Coriolis force is weak. Feature-tracking in
satellite images of clouds and water vapour can be used to provide wind
estimates. However, it is often difficult to assign accurate heights to the
observed features, and it is possible for physical processes such as
condensation and evaporation to be misinterpreted as wind. Scatterometer
data from satellites can also be used to derive information about wind,
although this is only possible for surface winds over oceans.All in all, there
are large areas of the atmosphere where wind profiles are not regularly
observed and this has led to a major deficiency in the Global Observing
System.

Normal conditions
c::::::>
Convective loop

Caribbean on 8 September
2003. The image was
taken by the Medium
Resolution Imaging
Spectrometer
(MERIS)on-board
Envisat.

El Nino conditions

<=
El Nino is a disruption of the oceanatmosphere system in the tropical
Pacific. In non-El Nino conditions (left
panel), the Trade Winds blow towards
the west. These winds lead to warm
surface water in the west Pacific.
During an El Nino (right panel), the
pressure difference weakens and the
surface wind changes direction, now
blowing from west to east. The result is
a rise in sea-surface temperature in
the eastern-tropical Pacific.
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Weather and climate prediction

Numerical modelling is the representation of the
atmosphere by a computer model. By improving a
model, more accurate weather and climate
forecasts can be produced. In order to better
describe the atmosphere, high-quality observetio.i:
are crucial. For numerical weather prediction
(NWP) many millions of observationsare received
each day, which have to be processed, quality
controlled, monitored and entered into a model.
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In order to improve numerical weather prediction so that we can benefit from better
weather forecasting, there is an urgent need for detailed near-real-time observations
of global wind-fields at all scales. This is something meteorologists have been
requesting for some years now. Wind and wind profiles need to be measured
independently and directly, and, in order to be able to do this globally, these
measurements have to be performed from space.
Aeolus will be the first space mission to measure wind profiles on a global scale and is
expected to result in a breakthrough in weather prediction. The Aeolus wind
profiles will find wide application in weather forecasting and climate studies,
improving
the accuracy of numerical
weather forecasting,
advancing our
understanding of tropical dynamics and processes relevant to climate variability
and climate modelling. In particular, a beneficial impact on the prediction of
severe storm events is expected. It is envisaged that Aeolus will be the forerunner
of a series of similar operational meteorological satellites in the future.
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How ADM-Aeolus works
Being such a dynamic and relatively invisible aspect of the
Earth's environment, it is extremely difficult to make global
measurements of wind. Studies have shown that the only wayto
achieve this is to probe the atmosphere from space using a
highly sophisticated instrument called a 'Doppler wind lidar',
which utilises a phenomenon called 'light scattering' and the
Doppler Effectto acquire much-needed data on wind.

Schematic view of a space-borne lidar. A short laser pulse is emitted towards the
atmosphere where air molecules and particles reflect a small portion of the light pulse
back to the lidar. A telescope collects the light and directs it to the receiver.The signal is
recorded as a function of time to determine the altitude of the scattering layers.

A lidar is similar to the more familiar radar, but transmits and
receiveslight instead of radio waves.A lidar works by emitting
a short, but powerful, light pulse from a laser through the
atmosphere. As the light pulse travels through the air it
interacts with molecules of gas,particles of dust and droplets of
water. This causes a small amount of the light to be 'scattered'
in all directions. Some of this light is scattered back towards the
lidar - this is called 'backscattered light'. The lidar's telescope
collectsthe backscattered light, and directs it towards a receiver.
The time between sending the light pulse and receivinga signal
determines the distance to the 'scatterers' (air molecules, cloud
droplets, etc.), and thus the altitude above the surface of the
Earth.

Light scattering

Doppler shift

Laser pulse

Mie signal
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Whenevera light beam shines on an object, some fraction of the
light changes direction. This phenomenon is called light
scattering. The amount of scattering by a particle depends on
its size relative to the wavelengthof light.
'Rayleigh scattering' (named after the English Nobel prizewinner Lord John Rayleigh) refers to the scattering of light from
molecules of air, such as oxygen and nitrogen. Rayleigh
scattering is most efficient at scattering light at shorter
wavelengths, i.e. blue and violet. This wavelength dependence
makes the sky look blue on a clear sunny day.
'Mie scattering' (named after the Germanphysicist Gustav Mie)
describes light scattering from particles larger than the
wavelength of light. Mie scattering is visible when looking at
clouds. Cloud droplets are large enough to scatter all visible
wavelengthsequally. This means that all of the wavelengthsof
the sunlight encountering a cloud will be equally scattered making the cloud appear white.
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Rayleigh signal
Wavelength
The relative motion of air leads to two effects - the centre frequency of the backscattered
light is shifted with the wind velocity in the measurement direction, and the random
motion of the air molecules leads to a broadening of the frequency width for the
backscattered Rayleigh signal.

To measure wind from space, however, another property of
scattering has to be used - the Doppler Effect.When scattering
particles are moving, the wavelength of the scattered light is
shifted by a small amount as a function of speed. The Doppler
wind lidar measures this change of wavelengthto determine the
velocityof the wind in the direction of the light pulse.
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The instrument
The concept of using a Doppler wind lidar in space to measure
wind goes back more than 20 years. However, until recently,
studies had found that the measuring techniques would be too
complicated and consequently nothing was ever realised. With
the benefit of years of research, the technology has now become
sufficiently advanced to launch the Aeolus satellite carrying an
innovative instrument called ALADIN (Atmospheric Laser
Doppler Instrument).

Highly sensitive photo-detectors then transform the light signals
into electronic signals, which are amplified and stored on board
until they are transmitted to the ground for processing.
The wind profiles are averaged over a distance of 50 km, which
corresponds to 700 individual measurements and 7 seconds of
measurement time. The wind observations are spaced 200 km
apart and correspond to 28 seconds complying with numerical
weather prediction and model requirements.

Based on breakthrough technology, ALADIN consists of a
powerful laser system to emit short laser pulses down to the
atmosphere, a large telescope to collect the backscattered light
signal, and a very sensitive receiver to analyse the Doppler shift
of the signal from layers at different heights in the atmosphere.
The laser system generates a series of short light pulses in the
ultraviolet spectral region at 355 nm, which is invisible to the
naked eye and poses no danger for observers on the ground.
The ultraviolet region was chosen because the backscatter from
atmospheric molecules at this short wavelength is particularly
strong, and also because this wavelength can be generated with
solid-state lasers, which are amongst the most advanced
available.
The laser system is actually a complex system of laser sources
and amplifiers, which are all packaged closely together. There are
two small lasers used to fix the frequency of the emitted pulses,
a laser oscillator to generate pulses with the correct temporal
characteristics, and two amplifier stages that boost the energy of
the light pulses to the required value. The light pulses are
generated in the infrared spectral region ( 1064 nrn.). The
frequency of the infrared pulses is tripled by a set of two nonlinear crystals to reach the ultraviolet (355 nm).
ALADIN is dominated by a large telescope, which measures
1.5 metres in diameter. The telescope is used to collect the
backscattered light from the atmosphere and then directs it to
the receiver. Although large, the telescope is made of a
lightweight ceramic material so that it weighs only 55 kilograms.
The receiver analyses the Doppler shift of the backscattered
signal with respect to the frequency of the transmitted laser
pulse. Two optical analysers are used to measure, respectively,
the Doppler shift of the molecular scattering (Rayleigh) and
scattering from aerosols and water droplets (Mie).

Baseline Aeolus measurement geometry. The wind .s observed orthogonal to
the satellite ground-track, pointing 35° off-nadir, away from the Sun.
Observations cover 50 km along the flight direction. and are spaced 200 km apart.
(H)LOSmeans (horizontal) line of sight.

Ground pattern of wind observations
covering a 150-second flight segment
One 50 km-long wind observation, divided
into individual measurements of 3.5 km, is
indicated. The measurement corresponds
to 50 laser pulses, while one observation
corresponds to 700 laser pulses

The data arc transmitted from the receiving station to the
processing station, where the measurement signals that ALADIN
has made arc translated into wind profiles. These processed data
arc then sent to various meteorological offices to be used in
weather forecasts. The ground processing-system is geared to
provide rapid data processing and delivery <lsfast as possible.
The complete satellite is small and light enough to fit on a
number of small launchers, such as Rocket. Vega or Dnepr,
The launch cost is, therefore, comparatively low.
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The Falcon research aircraft from DLRused for Aeolus campaigns.

Soon after their development in 1961, lasers were used for
making various measurements of the atmosphere. In the
l 970's, Doppler wind lidars using infrared laser sources were
developed for ground-based measurements. Even by then, the
importance of global measurements of wind profiles had been
recognised.

The ALADINAirborne Demonstrator mounted in the Falcon research aircraft. Windprofiling measurements are to be taken from the upper atmosphere in order to
simulate the geometry of the observations that will be made by Aeolus.

Doppler wind lidars continued to be improved and eventually
led to the development of direct detection lidars from the
ground that operate in the ultraviolet spectrum using
molecular backscattering as well as aerosol scattering. This was
important because it meant that wind profiles could now be
measured in clear air, which is essential for monitoring the
wind globally.
In I999, ESA organised a measurement campaign with various
ground-based direct detection Doppler wind lidars to establish
the performance of these newly developed instruments. The
campaign, called VALID-II, was performed in an atmospheric
observatory in Haute Provence, France. Here, data from the
wind lidars were compared with wind profiles that had been
compiled using conventional sensors such as anemometers and
balloon sondes. The VALID-II campaign confirmed that it was
feasible to develop a direct-detection Doppler lidar for taking
measurements of the wind from space.
After the success of the VALID-II campaign, a direct-detection
lidar for measuring wind from space was engineered for full
performance testing in a laboratory. This process leads to the
prototype models, which is an essential step in the development
of the flight model.

Lasers pointing at the sky during the 1999 VALIDcampaign in southern France.

An anemometer measures wind speed.
The wind drives a shaft with 3 halfshells. A tachometer measures the
rotational speed - this is proportional to
the wind speed.

A radiosonde.
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In the Lindenberg Column, vertical profiles of wind temperature, water vapour and
liquid water are measured for validating observations from other instruments.

These prototype models will be used to build a fully functional
direct-detection Doppler lidar that is representative of the
space-borne ALADIN lidar. This demonstrator has to be able to
perform wind measurements using the same geometry as it
would use in space. However, for testing it must also be capable
of taking measurements
from an aircraft. The ALADIN
Airborne Demonstrator is currently under construction and
due to be ready in 2005. A first ground-based measurement
campaign will compare wind measurements between the
demonstrator and those from conventional wind measurement
techniques and other Doppler wind lidars. The campaign will
be carried out at the Meteorological
Observatory
in
Lindenberg, Germany.
Following
the ground-based
campaign,
the ALADIN
demonstrator will be integrated into a research aircraft from
the German Aerospace Centre (DLR) to perform airborne
measurements. In addition, an existing Doppler wind lidar will
also be installed in the aircraft to make measurements. The
wind observations from these two airborne Doppler lidars will
be complemented
with ground-based
data from the
Lindenberg site.
A number of airborne campaigns are to be carried out prior to
launch to sample different meteorological conditions. These
ground-based
and airborne measurement
campaigns are
important to ensure that the data that will be eventually
received from the Aeolus mission will be as accurate and
meaningful as possible.
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