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'Hurricane force winds raged across Britain on
Christmas Eve and yesterday leaving five people dead,
five French fishermen feared drowned in the Irish Sea,
thousands of people without power and scores of roads
blocked by fallen trees and masonry.

As the emergency services battled to cope, a fresh wave
of storms with winds gusting up to 70 mph swept across
London and much of southern England last night.'

(from 'The Times', 26 December 1997)

1 Introduction

The 'ESA Living Planet Programme' (ESA, 1998) describes the plans for the
Agency's new strategy for Earth Observation in the post 2000 time frame. It marks a
new era for European Earth Observation based on smaller more focused missions and
a programme that is user driven, covering the whole spectrum of interests ranging
from scientific research-driven Earth Explorer missions through to application-driven
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Earth Watch missions. The user community is therefore now able to look forward to a
programme of more frequent but very specific missions directed at the fundamental
problems of Earth system sciences.

Out of the nine Earth Explorer core missions identified in ESA SP-1196 (1-9), four
core missions were selected for Phase-A studies, which began in June 1998, namely:
the Land-Surface Processes and Interactions Mission; the Earth Radiation Mission; the
Gravity Field and Steady-State Ocean Circulation Mission; and the Atmospheric
Dynamics Mission. The Phase-A studies were all completed in June 1999.

This 'Report for Mission Selection' for the Atmospheric Dynamics Core Mission
(ADM) was prepared by a Core Mission Drafting Team consisting of four members of
the ADM Advisory Group (ADMAG); E. Kallen, J. Pailleux, A. Stoffelen and
M. Vaughan. They were supported by the other members of the ADMAG, namely
L. Isaksen, P. Flamant, and W. Wergen. The technical content of the report (notably
Chapter 6) has been compiled by the Executive based on inputs provided by the
industrial Phase-A contractor. Others who, in various ways, have contributed to the
report are listed in the Acknowledgements.

The primary aim of the Earth Explorer Atmospheric Dynamics Mission is to provide
improved analyses of the global three-dimensional wind field by demonstrating the
capability to correct the major deficiency in wind-profiling of the current Global
Observing System (GOS) and Global Climate Observing System (GCOS). The ADM
will provide the wind-profile measurements to establish advancements in atmospheric
modelling and analysis. There is an intimate link between progress in climate
modelling and progress in numerical weather prediction (NWP) as our understanding
of the atmosphere is largely based on the experience of operational weather centres.
Long-term data bases are being created by NWP data assimilation systems to serve the
climate research community. It is widely recognised therefore that the impact of a new
global atmospheric observing system on our understanding of atmospheric dynamics
should be evaluated primarily in the context of operational weather forecasting.

New insights into the atmosphere through the provision of wind profiles are expected
for NWP, but also for climate research. The ADM is addressing one of the main areas
discussed under Theme 2 of the 'ESA Living Planet Programme' (ESA, 1998).
Although there are several ways of measuring wind from a satellite, only the active
Doppler Wind Lidar (DWL) has the potential to provide the requisite data globally. It
is the only candidate so far that can provide direct observations of wind profiles. In
addition, a OWL will not only provide wind data, but also has the potential to provide
ancillary information on cloud top heights, vertical distribution of cloud, aerosol
properties, and wind variability as by-products.

This Report for Mission Selection for the ADM, together with those for the other three
Earth Explorer Core Missions, is being circulated amongst the Earth Observation
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research community in preparation for The Four Candidate Earth Explorer Core
Missions Consultative Workshop in Granada (Spain) in October 1999.

Following this introduction, the report is divided into eight chapters:

1) Chapter 2 addresses the background and provides the scientific justification for
the mission set in the context of issues of concern and the associated need to
advance current scientific understanding. The chapter identifies the problem
and gives the relevant background. It provides a review of the current status
and the clear identification of the 'gaps' in knowledge. In so doing, it provides
a clear identification of the potential 'delta' this mission would provide.

2) Drawing on these arguments, Chapter 3 discusses the importance of the
scientific objectives. It identifies the need for such observations by comparing
the data that will be provided by this mission with that available from existing
and planned data sources, highlighting the unique contribution of the mission.

3) Chapter 4 focuses on mission requirements comparing 'current practice' with
the novelty of the mission and derives, in the context of the scientific
objectives, the mission specific observational requirements. It confirms that the
ADM, with its well-balanced measurement capabilities, would be unique in
obtaining a new and quantitative understanding of the Earth's wind field.

4) Chapter 5 provides an overview of the various mission elements such as space
and ground segments and external sources laying the foundations for mission
implementation.

5) Drawing on Chapter 5, Chapter 6 provides a complete summary description of
the proposed technical concept (space and ground segments). The technical
maturity of the concept is illustrated by the way it meets the observational
requirements addressed in Chapter 4.

6) Chapter 7 outlines the envisaged data processing scheme. It includes a
description of the algorithms proposed. The processing chain is described,
clearly demonstrating the feasibility of transforming the raw data via
calibration and validation into the requisite geophysical products.

7) Drawing on Chapters 5 to 7, a comparison of expected mission performance
versus performance requirements (Chapter 4) is provided in Chapter 8. This
draws on the main findings of the previous chapters, complemented by results
of an end-to-end simulation tool, to demonstrate that the expected mission
performance is indeed capable of meeting (a) the observational requirements
(Chapter 4) and (b) the ADM scientific objectives as outlined in Chapter 2.

8) Programme implementation, including risks, development schedule and
international collaboration, is discussed in Chapter 9. In particular, drawing on
the previous chapters, Chapter 9 discusses the ADM in the context of other
related missions. It is finally concluded that the proposed launch time in the
2004 time-frame would be very timely for the scientific community.
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2 Background and Scientific Justification

2.1 Global Wind Profile Measurements for Climate and NWP

Reliable instantaneous analyses and longer term climatologies of winds are needed to
improve our understanding of atmospheric dynamics and the global atmospheric
transport and the cycling of energy, water, aerosols, chemicals and other airborne
materials. However, improvement in analysing global climate, its variability,
predictability and change requires measurements of winds throughout the atmosphere.
In order to do so, it is a pre-requisite to improve NWP as progress in climate-related
studies is intimately linked to progress in operational weather forecasting. The World
Meteorological Organisation (WMO) states in their recent evaluation of user
requirements and satellite capabilities that for global meteorological analyses
measurement of wind profiles remains most challenging and most important (WMO,
1998).

After several decades of observations from space, direct measurements of the fully
global, three-dimensional wind field remain elusive. Deficiencies, including coverage
and frequency of observations, in the current observing system are impeding progress
in both climate-related studies and operational weather forecasting. There is a clear
requirement for a high-resolution observing system for atmospheric winds with full
global coverage.

At present, our information on the three-dimensional wind field over the oceans, the
tropics and the southern hemisphere is indirect. It is severely limited by having to rely
on mainly space-borne observation of the mass field and geostrophic adjustment
theory. Improvements in the available wind data are needed urgently if we are to
exploit fully the potential of recent advances in climate prediction and NWP and
continue to make significant progress in the field.

There is a synergy between advances in climate-related studies and those in NWP.
Indeed, climate studies are increasingly using analyses of atmospheric (and other)
fields from data assimilation systems designed originally to provide initial conditions
for operational weather forecasting models. Understanding of the atmosphere and its
evolution is based to a large extent on the analysed fields from continuous data
assimilation carried out at operational weather centres, so that progress in climate
analysis is closely linked to corresponding progress in NWP. In line with this,
extended atmospheric reanalysis projects (ERA 15, ERA40, NCEP) are being carried
out to provide the climate and research community with consistent data sets. The
analysis of the atmospheric flow is further of prime interest for studies on atmospheric
composition and chemistry. In presenting the scientific justification for the
requirement for better global measurements of atmospheric winds, given the
importance of data assimilation, first their importance for NWP is considered,
followed by a discussion of the corresponding requirement for climate studies and
atmospheric research. Before concluding this chapter, the role of atmospheric
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dynamics for atmospheric chemistry is discussed. The atmospheric requirements are
put in perspective with other requirements of the Earth's system in ESA (1998) where
the hierarchy of Earth system models is also described in general.

2.2 The Need for Atmospheric Wind Fields for Atmospheric Analyses

2.2.1 Background

Analyses of the atmospheric state are needed for a wide range of climate-related
studies and for NWP. Such meteorological analyses provide a complete three
dimensional picture of the dynamical variables of an atmospheric model at a particular
time.

In an operational data assimilation system, these analyses are produced continuously
and in sequence. In NWP, medium-range forecasts, which predict the evolution of the
global atmosphere typically from four to ten days ahead, are generally started twice a
day, at 00 and 12 UTC. Often embedded in the global models are high-resolution,
limited-area models for high-resolution analyses and for short-range predictions up to
2 to 3 days ahead, which are started from initial times usually only 6 or 3 hours apart.
The most common prognostic model variables are: the horizontal wind components,
temperature, humidity and surface pressure. In the future, more and more atmospheric
models will require additional initial values, such as cloud water, cloud ice, cloud
amount, turbulent kinetic energy and densities of various constituents, such as ozone
and aerosol.

In order to obtain an appropriate description of the atmosphere, a composite
operational observing system has been established under the auspices of the WMO.
The World Weather Watch (WWW) of the WMO is a well-established system co
ordinating the operational provision of meteorological data. It consists of a number of
different observing platforms which take observations either at pre-specified times
(synoptic hours) or quasi-continuously. They can be grouped further into in-situ or
remote-sensing measurements. They either provide information for one level only
(surface or upper-air) or give profiles for a number of levels in the vertical.

2.2.2 Data Deficiencies

The different types of observations currently available and constituting the Global
Observing System (GOS) are documented in full detail in ESA (1996). They can be
classified in the following way:

• Surface data - they are the synoptic reports from land stations and ships, the
(moored and drifting) buoys, and also the scatterometer winds from satellites
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(such as ERS). They are all single level data, and cannot provide any
information on atmospheric profiles.

• Single-level upper-air data - mainly aircraft reports and cloud motion winds
derived from geostationary satellite imagery. More and more aircraft
observations (wind and temperature) are being made during ascent and descent
phases, thus tending to become 'multi-level'. Their main deficiency is the poor
data coverage: observations are provided only along the air routes and they
never provide any profile-type information over the oceans. Satellite cloud (or
water vapour) winds are derived from the motion of some targets like clouds,
assuming that this target is advected by the atmospheric flow; an intrinsic
assumption which is not always true. Compared with other single-level data,
they have another deficiency: the significant uncertainty in knowledge of the
level. Finally they are available only in a latitude belt around the equator: S0°S
to S0°N.

• Multi-level upper-air data - mainly the radiosondes (Fig. 2.1) and the polar
orbiting sounder data (Fig. 2.2). Satellite sounders provide global coverage
with radiance data, which can only be used indirectly for the definition of the
mass field (temperature and humidity). Radiosondes are the only current
observing system providing vertical profiles of the wind field, but they are
available mainly from the continents in the northern hemisphere. The
radiosonde network has been gradually deteriorating in recent years. As such,
three-dimensional wind measurements remain relatively scarce.
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Figure 2.1. The radiosonde network - radiosonde/pilot ascents containing wind
pro.file information that were available at DWDfor the 6-hour time window centred
around 12 UTC, 28 April 1999. This is a typical distribution and wind profile
information is generally lacking over all ocean areas.
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Figure 2.2. Satellite soundings - temperature and humidity soundings from thepolar
orbiting satellite NOAA-14 as available at DWDfor the 6-hour time window centred
around 12 UTC, 28 April 1999. Temperature and humidity profile information from
satellites provides reasonably uniform coverage.

2.2.3 The Importance of Wind Profile Measurements

In order to analyse the importance of wind data, the notion of Rossby radius of
deformation is very useful. It helps one to understand the wind profile observation
deficiency (in particular in the context of NWP), the results of observation impact
studies, and the potential impact of new wind measurements. It also helps one to
understand the importance of three-dimensional wind data in general (beyond the
NWP context) and, especially, the variation of this importance with horizontal scale,
vertical scale, and latitude.

Under some simplifying assumptions, the Rossby radius of deformation R identifies
the low frequency (or Rossby) modes of atmospheric motion. The Rossby radius can
be expressed as

R= {ih
2Qsin <I>

(2.1)

where g is the acceleration due to gravity, h the equivalent depth of the atmosphere, Q
the angular velocity of the Earth, and <I>the latitude (see Fig. 2.3).
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Figure 2.3. Rossby radius of deformation for a latitude of 45° as a function of
horizontal scale and equivalent depth. Open area denotes the range within which the
wind field dominates the atmospheric dynamics, and three-dimensional wind
measurements are important.

For horizontal scales smaller than R, the wind is the essential information and the
atmospheric mass field adjusts to it. For horizontal scales larger than R, the wind
adjusts to the mass field. R also depends on the vertical scale of the atmospheric
feature that is being considered (equivalent depth):

• At the equator, R goes to infinity, so in the tropics information on the wind
field is essential as it governs tropical dynamics. In the extra-tropics, wind data
are the primary source of information for small horizontal scale features
(length scales L <<R) and deep vertical structures.

• Mass field information is important for large horizontal scale features (L >> R)
and shallow vertical structures.

Between these two extremes, there is a wide range where both mass and wind data are
required.

From this simple theoretical analysis (see ESA, 1996), it is expected that wind profile
observations have a major impact on forecasting in the tropics and the prediction of
small-scale structures in the extra-tropics (deriving small-scale winds from height field
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observations does not reflect the true dynamics). Having wind profile observations in
the tropics would help considerably in advancing understanding of tropical dynamics
and, probably, the forecasting of severe events such as tropical cyclones.

In the extra-tropics, the availability of more wind profile data is expected to lead to
capturing, much better and much earlier, of initial instabilities of the flow in the storm
tracks, and subsequently to improve considerably forecasts of storm developments
(especially the intense ones). Even for large-scale structures in the extra-tropics, when
the wind field adjusts to the height data, wind data are still useful for at least two
reasons. Firstly, because for large planetary scales the geostrophic relation between
mass and wind is not valid. Secondly, when deriving the wind field from observed
height, relatively small observation errors on the height can lead to significant errors
in the derived wind. Therefore, it is important to measure the three-dimensional wind
field directly.

2.3 Potential Improvement of NWP by Enhanced Wind Observations

2.3.1 Implication of Data Deficiencies for NWP

A typical NWP model contains many more variables in its initial state than the
accumulation of all the pieces of data from the observations accumulated over a 6-
hour period (typical for most of the operational data assimilation systems; see ESA,
1996 for a detailed quantitative assessment). This means that NWP is a seriously
under-determined initial-value problem. With increasing computer power and
increased resolution, it is likely to become more and more under-determined, in spite
of new satellite instruments bringing higher and higher data volumes (ATOYS
sounder replacing TOYS in 1999 with more channels; plans for a new generation of
sounders giving more details on the vertical distribution of temperature and humidity).

Modern data assimilation systems are quite efficient in making optimal use of the
current operational observations. They help in reducing the under-determination
problem by bringing in additional statistical and dynamical information (see
Meteorological Society of Japan (1997) for an overview of the data assimilation
algorithms and problems, and Rabier et al. (1998a) for the description of a modern
operational data assimilation system, based on a four-dimensional variational
assimilation scheme, 40-Yar). Such a scheme is likely to be used in many NWP
centres in a few years and is currently the natural candidate to assimilate wind data.

However, despite the sophistication of modern data assimilation schemes, large
uncertainties are left in some wide areas on the globe, for the wind field itself, for
other fields that are important for NWP, and for diagnosed integrated quantities which
are important to understand the climate. Some of these uncertainties are documented
in ESA (1996).
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