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Résumé

Ce travail de thése visait a exploiter le potentiel des observations GPS sol pour
I’assimilation de données & mesoéchelle et la prévision numérique du temps a haute
résolution. Nous avons tout particuliérement examiné 'impact de ’assimilation des
données GPS sur la prévision a I’échelle convective des systémes orageux. Les systémes
d’assimilation utilisés sont les systémes d’assimilation & mesoéchelle de Météo-France :
le 3DVAR/ALADIN et le 3DVAR/AROME. Deux cas d’étude ont été traités, avec
pour chacun des cas un nombre important de données GPS assimilées au cours de
cycles d’assimilation continus sur de longues périodes. Les situations météorologiques
des deux cas d’étude sélectionnés sont caractérisées par plusieurs événements convec-
tifs précipitants. Pour le premier cas d’étude (5-9 septembre 2005) avec plusieurs
épisodes de pluie intense affectant les régions Méditerranéennes francaises, le systéme
d’assimilation utilisé est le 3DVAR /Aladin a la résolution de 9,5 km. Un cycle d’as-
similation long d’un mois est d’abord réalisé puis les analyses ALADIN issues de ce
cycle d’assimilation sont utilisées comme conditions initiales et aux limites de simula-
tions & 2,4 km de résolution horizontale avec le modéle de recherche MesoNH. Pour le
second cas d’étude (18-20 juillet 2007), les observations GPS du réseau dense déployé
au cours de la campagne COPS en complément des observations du réseau opéra-
tionnel européen E-GVPAP sont assimilées directement avec le 3DVAR/AROME a
la résolution de 2,5 km. Pour la réalisation de ces expériences, une attention par-
ticuliére a été portée a la sélection et au pré-traitement des observations GPS qui
entrent dans les systémes d’assimilation ; une telle procédure peut étre vue comme un
premier controle de qualité des observations GPS. Pour les deux cas, les résultats des
expériences d’assimilation et de prévision avec ou sans assimilation de données GPS
montrent un impact positif sur la prévision des précipitations intenses; I'impact est
plus significatif sur le second cas d’étude.



Abstract

The aim of this thesis work is to exploit the potential of ground based GPS ob-
servations for mesoscale data assimilation and high-resolution numerical weather pre-
diction. Our main interest lies in the investigation of the impact of GPS observation
assimilation in improving the forecast of convective scale weather phenomena such as
convective storms. The data assimilation systems we have used are the Météo-France
3DVAR/ALADIN and 3DVAR/AROME systems. Two case studies were conducted
with large numbers of GPS observations being assimilated. The cases selected are
both convective rainfall events. For the first case (5-9 September 2005) with heavy
precipitation over the French Mediterranean regions, the system we used is the 9.5km
3DVAR/ALADIN assimilation system. Analyses produced by one month of assimi-
lation cycle experiments are used later as the initial and boundary conditions for
starting the simulation of the 2.4km high resolution research model MesoNH. For
the second case study (18-20 July 2007), high density GPS observations obtained
from the COPS observations field campaign together with GPS observations coming
from the European operational E-GVAP network are assimilated directly into the
3DVAR/AROME assimilation system with 2.5km horizontal resolution. Special at-
tentions have been paid on the selection and pre-treatment of the GPS observations
before they enter in the assimilation system. Such procedure can be viewed as a qua-
lity control for the observations. For both cases, results of twin experiments with
and without assimilating GPS observations have suggested a positive impact on the
prediction of heavy precipitation, the impact being more significant on the second
case.
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Introduction

Les systémes convectifs, accompagnés de précipitations intenses et de foudre, et
provoquant dans certains cas des inondations, sont souvent responsables de dégats
et de pertes humaines. Certaines régions sont plus particuliérement soumises & ce
risque orageux. C’est en particulier le cas des zones montagneuses ot les reliefs per-
mettent le soulévement des masses d’air nécessaire au déclenchement de la convection
profonde. Le pourtour méditerranéen nord-occidental est aussi soumis a ce type de
systémes précipitants qui peuvent prendre un caractére stationnaire sur la région en-
trainant des cumuls de précipitation importants et des crues rapides. Des cumuls de
précipitation de 'ordre de 200 mm en 24 heures ne sont pas rares et engendrent des
crues éclairs lorsqu’elles s’abattent sur les bassins versants pentus de la région. La ré-
gion Cévennes-Vivarais est particuliérement soumise a ce risque hydrométéorologique.

Afin de réduire les dégats causés par ces événements de précipitations convectives,
il est important que la capacité des modéles de prévision numérique du temps a pré-
voir ce type d’événements progresse pour permettre une alerte plus précoce et plus
précise. La qualité d’une prévision numérique dépend de plusieurs facteurs, et en par-
ticulier de la représentation des processus physiques dans le modéle, des conditions
initiales et, pour un modéle & domaine limité, des conditions aux limites latérales. Pa-
rallélement a 'augmentation de résolution des modéles de prévision du temps et aux
progrés réalisés dans leurs représentations des processus physiques, ’assimilation de
données a mesoéchelle s’est développée au cours des derniéres années pour améliorer
la description des conditions initiales. A Météo-France, une assimilation de données
a mesoéchelle a ainsi été développée pour le modéle & aire limitée ALADIN couvrant
I’Europe de l'ouest a la résolution de 9.5 km. Depuis juillet 2005, le modéle opéra-
tionnel ALADIN-France est désormais initialisé & partir des analyses issues de son
propre cycle d’assimilation. AROME, le nouveau modéle de Météo-France, constitue
une nette avancée en terme de résolution et de représentation du cycle de I'eau et de la
convection profonde par rapport aux autres modéles opérationnels ARPEGE et ALA-
DIN. Sa haute résolution (2.5 km) qui permet de s’affranchir de la paramétrisation
de la convection profonde et sa paramétrisation microphysique relativement élaborée
pour un modéle opérationnel constituent des facteurs d’amélioration de la prévision
des systémes convectifs et des précipitations associées. Mais ils ne garantissent pas
nécessairement le succés de la prévision car celle-ci dépend aussi des conditions ini-
tiales. AROME a ainsi également été doté d’un systéme d’assimilation de résolution
horizontale 2.5 km pour lui fournir des conditions initiales a fine échelle.

L’assimilation de données pour ces systémes de prévision a mesoéchelle requiert
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tout particuliérement des observations a haute fréquence spatiale et temporelle, et
en particulier de vapeur d’eau. La vapeur d’eau présente en effet une plus forte va-
riabilité spatiale et temporelle que d’autres paramétres comme la température ou la
pression. Aussi, Ducrocq et al. (2002) ont montré que les prévisions a haute résolution
de systémes convectifs étaient particuliérement sensibles & la description du champ
initial d’humidité. Les mesures de vapeur d’eau troposphérique sont cependant en-
core insuffisantes en termes de résolutions spatiale et temporelle. Les radiosondages
qui permettent d’avoir une observation de la distribution verticale de la vapeur d’eau
dans la troposphére ont une faible résolution spatiale et temporelle (seulement 7
radiosondages a 00 et 12 UTC pour la France métropolitaine). Si les satellites géosta-
tionnaires offrent des observations a4 haute résolution temporelle et spatiale, celles-ci
ne décrivent pas I’humidité dans les basses couches, et on ne sait les assimiler a I’heure
actuelle qu’en dehors des nuages. Le sondeur TASI embarqué sur le satellite défilant
METOP constitue sans aucun doute une avancée avec son nombre important de ca-
naux vapeur d’eau, incluant des canaux sensibles dans les basses couches. Cependant
sa fréquence de revisite d’un méme site est sous-optimale pour une assimilation de
données a mesoéchelle.

Dans ce contexte pauvre en observations a mesoéchelle d’humidité, la possibilité
d’exploiter pour des applications météorologiques, les données des réseaux GPS en
pleine expansion pour les besoins de la géolocalisation, est apparue trés intéressante
a explorer. Il y a maintenant plus d’une quinzaine d’années que le GPS a été proposé
comme instrument de mesures du contenu en vapeur d’eau troposphérique (Bevis
et al., 1992). Les signaux émis par la constellation de satellites GPS subissent en effet
un retard lorsqu’ils traversent I’atmosphére qui dépend des caractéristiques en pres-
sion, température et vapeur d’eau des couches de 'atmosphére traversées. Ce retard
est exprimé comme un délai total au zénith (Zenith Total Delay, ZTD). La collecte
des données GPS a I'échelle européenne, leur traitement et leur diffusion en temps
quasi-réel réel vers les services météorologiques pour une utilisation dans les systémes
opérationnels de prévision numérique du temps se sont par la suite organisés, tout
d’abord au travers de I'action COST 716 et des projets MAGIC et TOUGH, puis
depuis avril 2005 au sein du programme E-GVAP ’EUMETNET avec une évolution
significative depuis ses débuts en termes de qualité et de nombre des données collec-
tées.

Plusieurs travaux ont étudié par le passé I'impact de 1’assimilation des données
GPS de ZTD sur la prévision des précipitations et ont généralement montré un im-
pact neutre a faiblement positif. Ces études ont cependant concerné des modéles de
prévision de résolution inférieure a la dizaine de kilométres et utilisant une paramé-
trisation de la convection profonde. L’objectif de ma thése était d’examiner I'impact
de I’assimilation des données GPS pour les modéles de prévision a fine échelle (2-3
km) permettant une résolution explicite de la convection profonde. Mes travaux de
thése ont aussi contribué au développement de ’assimilation des données GPS de
ZTD dans les systémes d’assimilation ALADIN et AROME. Ils ont été organisés en
deux parties :

—  Assimilation des données GPS de ZTD avec le 3DVAR ALADIN (9.5 km) et
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évaluation de limpact sur la prévision 4 haute résolution (2.5 km) du modéle
Meso-NH. Cet impact a été examiné plus particuliérement pour ’épisode pré-
cipitant du 5 au 9 septembre 2005 qui a affecté la région de 'Hérault et du
Gard.

— Assimilation des données GPS de ZTD avec le 3SDVAR AROME (2.5 km) et
évaluation de limpact sur la prévision AROME. Cet impact a été examiné
plus particuliérement pour les événements précipitants du 18 au 20 juillet 2007,
période qui correspond a la POI9 de la campagne de mesures COPS sur les
Vosges et la Forét Noire.

Ce manuscrit de thése est organisé en cinq chapitres. Le premier chapitre dé-
crit la relation entre les observations de délais GPS et la réfractivité atmosphérique,
ainsi que le principe de I'estimation des délais zénithaux. Le second chapitre dresse
un état de l'art des travaux sur I’assimilation de données GPS. Ensuite, une des-
cription technique des systémes d’assimilation de Météo-France (3DVAR/ALADIN,
3DVAR/AROME) utilisés au cours de mon travail de thése est présentée au chapitre
3. Le chapitre 4 présente les expériences d’assimilation de données GPS de ZTD réa-
lisées avec le 3DVAR/ALADIN (9.5 km) et 'évaluation de 'impact sur la prévision
Meso-NH des événements de pluie intense des 5 au 9 septembre 2005. Les résultats
d’une étude de sensibilité sur la formulation de 'opérateur d’observation sont aussi
décrits. Le chapitre 5 est consacré aux expériences d’assimilation de données GPS
de ZTD réalisées avec le 3DVAR/AROME (2.5 km) et a l'impact sur la prévision
AROME de la POI9 de la campagne COPS. Une étude de sensibilité pour évaluer
Papport des données des récepteurs GPS déployés spécifiquement pendant la cam-
pagne a aussi été conduite. Les conclusions et perspectives a ce travail de thése sont
ensuite présentées.
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Chapitre 1

Les observations GPS

Résumé

Ce chapitre commence par présenter la relation entre le systéme de positionne-
ment GPS et la réfractivité de 'atmospheére. L’intégration de la réfractivité le long du
chemin de 'onde électromagnétique, appelé le retard troposphérique, est la principale
source d’erreur pour le positionnement par GPS. Ce délai induit par la réfractivité
de I'atmosphére est fonction des caractéristiques en température, pression et vapeur
d’eau rencontrées par I'onde électromagnétique entre le satellite émetteur et le récep-
teur GPS au sol. Ce délai oblique est exprimé dans les méthodes de traitement GPS
a partir du délai au zénith (ZTD pour Zenith Total Delay), qui est un des paramétres
estimés en méme temps que la position par minimisation a partir des observations
GPS.

Connaissant la pression et la température a la localisation du récepteur, on peut
obtenir une estimation du contenu intégré en vapeur d’eau a partir du délai zénithal.
Cette mesure du contenu intégré en vapeur d’eau a une précision comparable a celle
des radiosondages ou des radiométres, inférieure & 10 mm. L’intérét de la communauté
météorologique pour les données GPS (délais zénithaux et contenus intégrés en vapeur
d’eau) a donc tout naturellement augmenté au cours des derniéres années avec le
développement de leur utilisation dans des applications météorologiques (validation,
assimilation de données) et de Paccés a ces données en temps quasi-réel pour les
applications opérationnelles.
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1.1 Relationship between the tropospheric delay and
the Global Positioning System (GPS)

1.1.1 The Global Positioning System

The Global Positioning System (GPS) is a satellite-based navigation system. As
of March 2008, GPS system is constituted of 31 satellites, which orbit around the
earth at about 20000 km above the earth surface. The satellites were launched into
6 orbital planes 60 degrees apart from each other. The orbits are arranged so that at
least four satellites are always within line of sight from almost everywhere on Earth’s
surface. GPS works in any weather conditions, anywhere in the world and 24 hours a
day.

1.1.2 Brief positioning theory and formulation

GPS receivers on the ground can receive the signal transmitted by the GPS sa-
tellites once they are above the horizon. All GPS satellites transmit C/A code at
the same carrier frequencies : L1 (1575.42MHz) and L2 (1227.6MHz). Two types of
observables can be recorded by the GPS system (Parkinson and Spiker Jr, 1996).
They are the code pseudorange measurement and the carrier phase measurement.
Both observables have a length unit. Code measurements detect how much the C/A
code sequence has changed, from which the actual travelling time of the signal can be
obtained. Multiplying this time by the speed of light ¢y yields the code pseudorange
measurement. Phase measurement detects the phase change of the L1 carrier signal
from its emission by the satellite till its reception by the receiver. Multiplying this
phase change with the wavelength yields the phase measurement.

Both pseudorange and phase measurement are not the true geometrical distance
between the receiver and satellite since the signal is not travelling with the speed of
light in the atmosphere. An equation can be established between the true geometrical
distance and the observed false distance (the two observables) by compensating the
excess path caused by the error sources.

The true geometrical distance G;between the satellite and receiver can be expres-
sed using receiver and satellite position in XYZ WGS-84 coordinates :

Gs = (X, — X )2+ (Y, = Y2+ (Z, — Z,)% = cotyg (1.1)
to : time of signal travelling from satellite to receiver in a vacuum condition
o : the speed of light in vacuum
X, Y., Z, . GPS receiver position
X, Y, Zs . satellite position
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The relationship between the receiver position and the GPS observables can be
established using code pseudorange measurement or carrier phase measurement :

1) Using code pseudorange measurement

P? = GS + co(dt, — dt*) + AT + AT (1.2)

2) Using carrier phase measurement
Ao+ AN = G5+ co(dt, — dt*) + AT — AL (1.3)
Ao = G+ co(dt, —dt*) + AT — AT — AN (1.4)

— P?is the code pseudorange measurement, in length unit. Calculated by P’ = cot,
where ¢g is the speed of light in vacuum and ¢ is the actual travelling time of the
signal from satellite to the receiver. t is obtained by the following method : the
receiver becomes aware of the satellite ID after decoding the ephemeris message
from the incoming satellite signal. Then the receiver is able to reproduce the
same C/A code series as that satellite according to its unique ID. A correlation
algorithm is then done between the receiver generated code and the code coming
from the satellite. The difference between the two codes are considered as the
travelling time of the signal from the satellite to receiver.

— G is the geometrical distance between the GPS receiver and the satellite. It
can be expressed as a function of the receiver position (Xr,Yr,Zr) and satellite
position(Xs,Ys,Zs) in the WGS-84 coordinate system(1.1).

— dt, and dt® are the receiver and satellite clock errors. Satellite and receiver clocks
are used as the device to generate the code signal sequence. If there is an error
from these two clocks, the travelling time t that we obtained by comparing the
two code sequences will not be precise. Therefore clock error also need to be
corrected. The satellite clock is calibrated regularly by the ground control seg-
ments (Kaplan, 1996) and the atomic clock that equips on the GPS satellite, is
of high precision and stability. The problem is more originated from the receiver
clock. The receiver clock error dt, is treated as the fourth unknown parameter
together with the 3 coordinates of receiver position when solving equation 1.2.
The precision of code measurement positioning depends on the width of the
C/A code (300 m).

— M\ is the wavelength of the carrier wave, in vacuum condition.

— ¢ is the phase measurement detected by the GPS receiver. It is in fact only
the non-integer part of the total phase change of the travelling carrier signal-L1
from satellite to the receiver.

— N is the integer part of the total phase change called cyclic ambiguity. It will
only be resolved together with other unknown parameters during the data pro-
cessing. Note that the correct estimation of N is a precondition to achieve the
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high precision advantage from phase measurement
— A is the atmospheric delay caused by ionosphere effects.
— AT is the atmospheric delay caused by troposphere.

If the receiver can observe 4 or more satellites at the same time, 4 or more equa-
tions can be established with pseudorange or phase measurements, from which the
positions of receiver and its clock offset can be solved (4 unknowns).

1.1.3 Positioning error source - atmospheric delays

From the right side of the equation 1.4, we can see that there are two major error
sources due to the atmospheric effects for the GPS positioning. They are caused by
the extra time that the signal used to travel when it is slowed down by the substances
in ionosphere and troposphere of the earth atmosphere.

Equation 1.2 can be rewritten as :

cot = coto + co(dt, — dt®) + AT + Al (1.5)

AT £ AT = [t —to — (dt, — dt*)] (1.6)
= coAtam + co(dt, — dt®) (1.7)

= ¢o(Ationo + Atirop) + co(dt, — dt’) (1.8)

co(dt,. —dt*) is the satelite and receiver clock offset error and this term can be elimina-
ted in equation 1.8 by double difference technique or estimation of extra parameters.
Atmospheric delay originally means the extra time (At,;,) that signal used to travel
through the atmosphere compared when it travels in vacuum. This extra time can
be divided into two parts : At;,,, extra time induced by the ionospheric effects and
Atyrop, extra time induced by the tropospheric effects. But in practical use, this ex-
tra time has been converted into length unit by multiplying with ¢y, the speed of light.

1) Tonospheric effects

AI = COAtiono (19)

Due to the existence of free electrons in the ionosphere, the index of refraction
does not equal 1 and the value varies according to the season, time of day, solar
activity, location, etc. This caused the slow down of group velocity of the satellite
signal compared with the velocity when it travels in vacuum. But ionospheric effects
increase the phase velocity of the satellite signal. That is why for the phase measu-
rement in equation 1.4, the sign of A’ is negative while in the code measurement
equation it is positive. However, with the dispersive nature of ionosphere (speed is
dependent on the signal frequency), we can use a linear combination of the phase mea-
surement from both carrier frequencies L1 and L2 to eliminate the ionospheric effects.
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2) Tropospheric delay

AT = coAtirop (1.10)

This delay is due to the variation of the index of refraction in the troposphere. Aty is
the excess time the signal travelled due to the slowing down of speed and the increase
of the path length (bending effect) compared with the time of travelling in vacuum
to. But because of the non-dispersive nature of troposphere, one cannot perform the
same correction using dual frequency phase measurement as with ionosphere. Other
methods have to be used in order to deal with this error source. In the following
sections, the issue concerning the modelling and estimating of the troposphere delay
is addressed.

1.2 Formulation of tropospheric delay using refrac-
tivity

1.2.1 Relationship between tropospheric delay and atmosphe-
ric refractivity index

The phase speed of an electromagnetic (EM) wave slows down due to the interac-
tion between the electromagnetic wave and the bounded electrons in the gas molecules
in the troposphere. In other words, the refractive index does not equal 1 in the tro-
posphere. Note that as the water molecule is polar, it produces a stronger effect of
slowing down than other gases in the troposphere. Therefore the degree of refraction
depends on the density of normal gas molecules and water vapour molecules. Moreo-
ver, the ray path is no longer a straight line between the satellite and the receiver,
but bended to a curved line which is caused by the inhomogeneous refractive index
value along the path (Fig. 1.1). This phenomenon is called refraction. The effect of
slowing down and bending of the EM wave together created an extra travelling time
(Atyrop) of the signal between the satellite and the receiver compared with when it is
in vacuum. Multiplying the extra time with speed of light, we obtain an overall excess
path length that the signal travelled between the satellite and receiver compared with
the distance when the signal travels in vacuum (index of refraction = 1). This excess
path length is called tropospheric delay and is well illustrated by Equation 1.10. But it
is also possible to estimate this delay using the physical characteristics of troposphere.

According to the Fermat law, the electromagnetic wave chooses a trajectory to
travel from point A to B, which requires a minimum travelling time. The distance
that the EM wave travelled between two points is defined as :

ds = cdt (1.11)

c: speed of the EM wave in the medium
dt :  travelling time
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Satellite

GPS receiver

FiG. 1.1: Optical and geometrical path of signal

Let both sides of equation 1.11 multiplied by ¢q/c, then perform the integration
along the signal path o, it yields :

/codt = [ Zds (1.12)

o €0

cot = /nds (1.13)

with :

t: the actual travelling time of signal between point A and B. It can be
detected by a GPS receiver

n=co/c: the index of refraction in the medium

0: the optical path of the signal, which is the actual trajectory of the tra-
velling signal in the atmosphere (see Fig. 1.1)

The integration of the refractive index n along the optical path o is defined as the
electrical path length L., in length unit. According to equation 1.13 and the definition
of L, :

L.= /nds = ¢t (1.14)

When the signal travels through a vacuum, the electrical path length is in fact the
geometrical path length :

L,= /nmcds = /1ds = G, = ¢ty (1.15)
g

g
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Ly : geometrical path length

g: geometric path of the signal (straight line between two points)
G7 .  total geometric path length

Twae :  refractive index in vacuum, which equals 1

From the electrical path length point of view, the tropospheric delay AT can be
defined as the difference between the electrical path length (L.) in the presence of
tropospheric refraction and in the vacuum condition.

AT = (1.16)

L.—L,
- /onds—/lds (1.17)
— /O(n_ 1)ds + (/olds—/lds) (1.18)

- fo (n — 1) ds is the excess path length due to the slowing down of signal caused
by the tropospheric refractivity.

- <fo 1ds — fg 1ds> is the excess path length due to the bending effect caused by

the tropospheric refractivity. In figure 1.1, this excess path length is illustrated

s (0-g). This bending part can be neglected since it is quite small compared
with the total tropospheric delay. It is only important in the case of very low
elevation angle.

If the second term of 1.18 is neglected, tropospheric delay can be written as :
AT = /(n —1)ds =107° /Nds (1.19)
with N = (n — 1) x 10%, the refractivity of the troposphere.

According to equation 1.14, 1.15, and assume that troposhere is the only source
to delay the signal(t — tg = Atyop), then equation 1.19 can be re-written as :

AT = L.—-1L, (1.20)
= cot — coto (1.21)

co(t — to) (1.22)

¢oAt1rop (1.23)

notice, this AT defined by the difference of electrical path length, equals the tro-
pospheric delay coAty,., as in the GPS observation measurement equations (Eq. 1.10).
It implies that the tropospheric delay in the GPS observation equation 1.4 can be
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modelled if we know the refractivity of troposphere.

The tropospheric model based on refractivity is quite essential for providing an a
priori value of AT in order to solve all the parameters in equation 1.4, using parameter
estimation methods.

1.2.2 Zenithal Tropospheric Delay

According to equation 1.19, knowledge of N is needed in order to model the tro-
pospheric delay. In the microwave band, N can be expressed as a function of pressure,
temperature, and water vapour pressure. The refraction due to the liquid and solid
water is often neglected. The physical reason for that is the relatively low polariza-
bility per unit mass of water molecules in condensed form, relative to vapour, at the
GPS frequency. Under extremely adverse conditions of heavy rain and cloud along
the signal path, the liquid water contribution to wet refractivity of GPS is at the
most 10% of the contribution from water vapour (Mannucci et al., 2004). The signifi-
cant contributions are very concentrated in the heart of severe thunderstorms (Brenot
et al., 2006).

Thayer (1974) has proposed the following expression for N :

N = k:l%Zd‘l + @%Z;l + kg%z,;l (1.24)
with
Py pressure of dry air in [hPa]
e: pressure of water vapour in [hPa)
T: temperature in [K]
Zgy Loy - compressibility factors of dry air and water vapour

ki,ko, ks : empirical coefficients

Different sets of coefficients ki, ko, k3 have been proposed; the most used one
was proposed by Bevis et al. (1994) with : k; = 77.60 K/hPa, ks = 69.4 K/hPa,
ks = 370100K%/hPa. Also, it is generally assumed that gases are incompressible
(Zg=1,Z, =1).

The first term in equation 1.24 is the refractivity due to the induced dipole mo-
ment of the dry air. The second term is the refractivity caused by the induced dipole
moment of the water molecules in water vapour and the third term is caused by the
effect of orientation of the permanent dipole moment of water molecules in water
vapour.

The zenith total delay - ZTD - is defined as the tropospheric delay A” for a path
at the vertical of the receiver at height z, :
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ZTD = 106/ Ndz (1.25)
0o mlas [T mlasy [ kS (1.26)
. T L, T L T? '

Given the following relations :

P = thdTv (127)
Py = paRaT (1.28)
e = p,R,T (1.29)
P = P;+e (1.30)
with
Ry, Ry : specific molar gas constants for dry air and water vapour .
Pd, Pv, Pr - density of dry air, water vapour and moist air.
Ty : virtual temperature
Equation 1.26 becomes :
o e
ZTD = 10_6/ (kldeLd + kzpvRv + kgﬁ)dz (131)
o e
= 106/ (lﬁdeh — klepv + lﬂgpvRv + k‘gﬁ)dz (132)
© P o R;. e e
= 107° [ ky—=dz+107° ko — k1 =)= + k3=—]d 1.
0 / 410 / (b = b )7+ haglds (133
* P > e e
_ -6 -6

The first term of equation 1.34 is called the Zenith Hydrostatic Delay (ZHD)
which is caused by the total air density of the atmosphere. The second and third
term together are called the Zenith Wet Delay (ZWD) and is caused by the density
of water vapour in the atmosphere.

1.3 Estimation of tropospheric delay using GPS ob-
servations

1.3.1 Principles of tropospheric delay estimation

Though equation 1.34 gives quite good description of ZTD, we cannot account on
using it directly to correct the tropospheric delays in the GPS measurement equation
1.4 during the practical GPS data processing due to the lack of meteorological data.
Instead, ZTD is treated as an unknown parameter in GPS measurement equation 1.4
and is estimated together with all the other unknown parameters in this equation.
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The least square estimation technique can be used when the estimation problem is
over-determined. Over-determined means there are more observations than required
to estimate the parameters. This is the case of GPS observations since a receiver can
always observe more than 4 satellites at anytime of the day.

The estimation methods solve all the unknown parameters in equation 1.4 using
the GPS phase measurement and a priori values provided for all the unknown pa-
rameters in the slant direction. A priori SHD (slant hydrostatic delay ) is obtained
by converting a priori ZHD value to different zenith angels using Neil dry mappping
function. Those unknown parameters include the station coordinates, the troposphe-
ric delay and the phase ambiguity. All these parameters are then adjusted iteratively
using least square method until the residual becomes stable and minimized. Residual
is defined as the difference between the GPS observables (the phase measurement)
and the modelled observables. To perform the adjustment of each parameter, a sto-
chastic model which is defined by an appropriate covariance matrix indicating the
uncertainty of the parameters is needed. The minimized residual contains delays cau-
sed by the not modelled or badly modelled parameters like liquid water. At last, the
estimated ZTD will be the average of all ZTD from different zenith angels.

From the estimation procedure and 1.4, we could see that the following two as-
pects effect the precision of the ZTD estimated value : 1. the precision of the phase
observation measurement and 2. the precision of the modelled value used during the
least square estimation. For the precision of phase measueremnt, the main error source
include satellite and receiver clock error, multipath effect, phase center offsets for re-
ceiver and satellite antenna. The main error source for the modelled value comes from
precision of mapping functions, earth orientation parameters(ocean loading, geodetic
coordinates), satellite orbit, ionospheric effects.

Several softwares are available nowadays to perform the parameter estimation
using the GPS raw observations collected from the receivers in order to obtain high
precision station position and atmospheric parameters. The most used ones are GA-
MIT, GIPSY and BERNESE. The basic idea behind those three software is more
or less the same as we have described above in the ZTD estimation method. PPP
(precise point positioning) or network approach can be choosed acoording to the
user’s preference. PPP uses only the observation from one single GPS receiver while
network approach uses many observations which forms some baselines. More in-
formation about those softwares can be found in the their official website : GA-
MIT : www-gpsg.mit.edu/ simon/gtgk/ GIPSY :gipsy.jpl.nasa.gov/orms/goa BER-
NESE :www.bernese.unibe.ch/

For the detailed strategy for ZTD estimation, such as the network configuration,
parameter weighting and modelling of delay, length of the treating period and sliding
window, see
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1.3.2 A priori values of tropospheric delays for parameter es-
timations

In order to perform the parameter estimation, an a priori value of tropospheric
delay between the satellite and the receiver is needed. This delay, called total slant
delay (STD), can be expressed as a function of ZHD and ZWD under the help of
mapping functions that project the values of ZHD and ZWD from zenith direction to
the slant direction.

AL = STD,, = ZHD,pmp(€) + ZW Daprmiy(€) (1.35)

apr

AanT : the a priori value for tropospheric delay

mp(e) and my,(e) :  the mapping function for hydrostatic and wet zenith delay, respectively.

Mapping functions of Niell (1996) have been the most widely used in GPS para-
meter estimating. Under the assumption that the STD is assumed to be azimuthally
symmetric, the Niell mapping functions can be written as a function of the elevation
angle ¢ :

14—
() = RS (1.36)
sine+ — @

b
sine+ sins+6h

1+ ——
1+
my(g) = — L (1.37)
sin € + Wa—wlw

stne+tcqy

€ the angle between the slant delay path and the horizon
ap, by, cp o coefficients for hydrostatic delay mapping function
Gy, by, Cy + coefficients for wet delay mapping function

Equation 1.36 and 1.37 showed that my(¢) and m,(¢) have the same form, only
the coefficients are different. These coefficients vary in function of latitude, altitude
and day of the year.

The a priori value of ZHD and ZWD in equation 1.35 generally followed Saasta-

moinen (1972). A hydrostatic delay model was derived from the first term of equation
1.34 under the assumption that the dry atmosphere is in hydrostatic equilibrium.

klePs

ZHDpiori = 107° (1.38)
Im
0.002277P,

— s 1.39

FOL ) (139

FOLH) = 1—0.0026(cos2)\) — 0.000279H (1.40)
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surface pressure in [hPa]

latitude of the GPS receiver

GPS receiver height from sea level in [km]
gm : mean gravity acceleration in [m/s?|

T v

The advantage of this formulation is that only a surface pressure value is needed
instead of the vertical distribution of the pressure above the receiver. This makes the
calculation of hydrostatic delay much simpler and practical. The main error in this
model comes therefore from the surface pressure value. Originally, the surface pres-
sure value used for the a priori estimation was the standard surface pressure value
(1013.15 hPa). Nowadays, the surface pressure values used for the a priori ZTD come
from atmospheric model climatologies or from Numerical Weather Prediction analyses
of the day. If in-situ meteorological measurements are available near the GPS receiver
and are used to compute the a priori ZTD, then the precision of this estimation can
be at millimeter level (if the atmosphere is hydrostatic).

The following equation is generally used in order to provide a priori value for ZWD.

0.002277(7> 4 0.05)e
FOAH)

ZWDpriori = (141)

with T, : surface temperature in [K]|

1.3.3 From tropospheric delay to Integrated Water Vapour

Once ZTD is estimated by the GPS processing, we can estimate ZWD by sub-
tracting ZHD calculated with equation 1.39 using the in-situ surface pressure measu-
rement at the receiver location :

ZWD = ZTDestimated - ZHDsaastamoinen (142)

Methods have been developed to convert ZWD into a more comprehensive meteorolo-
gical parameter, i.e. the Integrated Water Vapour (TIWV). IWV maybe also expressed
as precipitable water in (mm). Knowing the ZWD value, IWV above a GPS receiver
is obtained through a conversion factor x which is proportional to the atmosphere
temperature profile (Askne and Nordius, 1987), referred to as k, hereafter :

IWV = k-ZWD (1.43)

108 £d
U RN 1% .l
fL ﬁdz

Ry( + Ky
But in practice, it would require atmospheric temperature profiles at each GPS
receiver. Several authors have therefore proposed approximation of x using surface
temperature measurements instead of the vertical temperature profile. Among the
different proposals, Emardson and Derks (2000) have developed a conversion factor

(1.44)
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r which depends on the site and region, by performing statistical regressions using
radio-sounding data. For the Mediterranean region’s climate conditions, for instance,
K is given by :

10°
R~ (1.45)
6.324 — 0.0177(Tg — 289.76) + 0.000075(Ts — 289.76)2

1.4 Advantages, precision and applications of GPS
observations for atmospheric water vapour mo-
nitoring and meteorological applications

1.4.1 Advantages of GPS water vapour measurements

Besides GPS water vapour measurements, water vapour observing systems include
radiosondes, surface-based microwave radiometers, satellite-based microwave remote
sensing, infrared radiometers and research-based aircraft measurements. Each system
has its own advantages and limitations. Radiosondes provide information about the
vertical distribution of water vapour in the atmosphere, but they are only launched
twice per day. Surface-based radiometers have high temporal resolution, but with a
high operational cost and their biggest default is that they do not function well in all
weather conditions, especially when it is raining. Satellites provide global coverage,
but they have difficulty in observing the lower part of atmosphere where water vapour
concentrates. Finally infrared radiometers are only capable of providing data under
clear sky conditions. Research aircraft-based measurements are expensive. Some com-
mercial aircrafts started to install airborne instruments to measure the water vapour.
But this method can only perform the measurement along the flight path and during
the take off and landing near the major airports. VLBI (Very Long Baseline Inter-
ferometry) is a technique developed within the geodetic community and it can also
measure the water vapour with a good precision. But it is very expensive to make
such measurements.

Advantages of the GPS technique compared with the existing water vapour mea-
suring methods are : It is not affected by the rain and clouds thanks to its carefully
chosen carrier wave frequency. It is inexpensive, accurate, reliable and is capable of
being widely deployed. But GPS is unable to provide vertical profile of water vapour
measurements. Only tomography based on high resolution GPS networks can supply
an information about the vertical distribution of water vapour.

1.4.2 Precision of GPS water vapour measurements
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Dixon and Wolf (1990) were the first to suggest using GPS techniques to estimate
the water vapour in the atmosphere. Based on the method of Bevis et al. (1992), seve-
ral experiments were set up during 1993-1994 which proved the possibility to monitor
the total water vapour amount above the ground-based GPS station in a continuous
manner, with a precision of a few mm and a time resolution less than 1h (Rocken
et al., 1993, 1995). Comparison between the GPS obtained total water vapour amount
and the water vapour radiometer showed a good match.

Encouraged by the above results, various comparison between the GPS derived
water vapour data and other water vapour measuring instruments such as radiometer
and radiosondes have been carried out to prove the coherence of these observations
methods (Kuo et al., 1993; Rocken et al., 1993; Businger et al., 1996). At the same
time, several efforts of improving the techniques like using the improved mapping
function (Niell et al., 2001) and correction of antenna phase center (Fang et al., 1998)
have lead to a better agreement of these observation methods. The common conclu-
sion drawn is that GPS derived water vapour data have the same level of accuracy as
radiosondes and microwave radiometers (Elgered et al., 1997; Emardson et al., 1998;
Duan et al., 1996) with a precision better than 10mm.

1.4.3 Meteorological applications of GPS water vapour mea-
surements

After the accuracy of GPS observations being evaluated and proved by comparing
with conventional methods, the potential and feasibility of using GPS observations
in meteorological applications have been examined. Comparison of GPS observations
with the NWP model data and measurements from radar and satellite have been car-
ried out. Yang et al. (1999), Cucurull et al. (2000), Bock et al. (2004) and Bock et al.
(2005) have suggested that GPS can be a useful tool for the validation of the model
forecast as the radiosonde data, but with even higher temporal and spatial resolution.
Moreover, it can be used as a quality control tool for radiosounding observations or
satellite calibration and validation.

In the recent years, with the development of data assimilation techniques, GPS
data is no longer only a validation or calibration tool for the meteorology models or
satellite data, but also can be used directly to improve the model initial conditions.
Research has been thus centered on the variability and the error statistics of GPS
observations in order to prepare the GPS data assimilation in NWP models. Haase
et al. (2003) have worked on estimation of the error statistics necessary for future
assimilation of GPS ZTD data in numerical models. A continuous time series of GPS
Z'TD data over two years of duration have been compared with the equivalent values
calculated from radiosonde data. The standard deviation of the difference of the two
data sets is about 12mm and the bias about 7mm. The same comparison has been done
between the GPS ZTD data observations and the HIRLAM estimates with a 18mm
of standard deviation found. They have pointed out that the standard deviation has a
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strong dependence on the amount of humidity which follows an annual variation with
higher values during the summer time. They suggested that the better agreement
with radiosonde data than HIRLAM estimates indicate that the NWP models could
benefit from the additional information provided by GPS data if assimilated.

F1G. 1.2: E-GVAP network status on 10/10/2008

Efforts to organise the GPS water vapour network for serving the atmospheric re-
search have been carried out worldwide. The United States, Japan, Germany, Sweden,
Korea have built up their own continuous operational GPS networks. A ground-based
GPS real-time network was set up by NOAA (National Oceanic and Atmospheric
Administration) Forecast System Laboratory. Its main research goal is to study the
impact using the high temporal resolution of GPS derived total water vapour data in
weather forecast. It has more than 200 stations by now. In 2008, NOAA is planning
to extend this network into an operational ground-based GPS water vapour network
covering the whole United States, with 400 main stations and more than 600 expan-
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ded stations. In Japan, the high-density Japanese geodetic GPS network (GEONET)
contains more than 1000 GPS receivers and is used for water vapour monitoring.
Those networks have been served as solid bases for developing the GPS applications
in meteorology, especially in data assimilation.

With the potential of GPS derived ZTD or IWV data being exploited in the me-
teorological research and operational applications, a few projects have been organized
in Europe with the aim to bring together different GPS observation network provi-
ders in order to perform certain research tasks under coordination. Such projects
are MAGIC, COST716, TOUGH, E-GVAP. MAGIC (Haase et al., 1997, 2001) was
the first effort in Europe to demonstrate the use of GPS IWV data in meteorologi-
cal applications. COST716 was the first action on the exploitation of real-time GPS
observations in operational meteorological application. The TOUGH project has de-
veloped the methods enabling optimal use of GPS data from existing Kuropean GPS
stations in numerical weather prediction models. The impact of such data upon the
skill of weather forecasts were assessed. E-GVAP pushes the results of the former 3
projects one step further towards the operational meteorological applications such as
collecting and providing near-real time GPS observations for data assimilation in the
meteorological centres. At the same time, E-GVAP tries to feed back the meteorolo-
gical data to the geodetic community. This leads to a mutual benefits for both the
meteorological and geodetic community.

In practice, E-GVAP aims to bring together the GPS networks which belong
to the individual companies, institutes or the states. A GPS processing center is
the place where observations from one or more GPS network is received and then
processed into different products, such as ZTD and IWV. There are several GPS data
processing centres (Tab. 2.1) now in Europe mainly distinguished by the country.
Different processing strategies are used by the centres. Those strategies include :
constrain used, configuration of the network shape, software used, iteration procedure,
IGS satellite orbits, averaging time (sampling time), modelling differences.

Under the framework of E-GVAP, GPS water vapour observations from more than
400 GPS sites (Fig. 1.2) processed by different centres are being sent to a common
ftp-server at the UK Met Office within 1h45 after the valid time of the observation.
When the data are received they are converted from the COST716 ASCII format
into BUFR format, then the BUFR format files are distributed on the GTS (Global
Telecommunication System). They will be then distributed to meteorological centres
where data assimilation of GPS observations is performed for operational or research
purposes.

In France, the research observation service RENAG (http ://renag.fr/) aims at
gathering GPS observations from operational and research networks over France for
geodetic and atmospheric research such as the earth crust deformation and water
vapour variation. It includes some regional research GPS networks with high spatial
resolution, such as the one originally initiated under the framework of the research
observation service OHM-CV (http ://www.lthe.hmg.inpg.fr/OHM-CV/) in south of
France. Denser networks dedicated to GPS tomography purposes (Champollion et al.,
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TAB. 1.1: The different processing centres of E-GVAP - 3 December 2008, http ://eg-
vap.dmi.dk/

Center Software version Observation
Frequency (minutes)
SGN1 BERNESE 5.0 15
NGAA GIPSY 5
KNM1 | BERNESE V5.0 abs-pcv 15
GOP BERNESE V5.0 60
IESG BERNESE V5.0 15
ROB BERNESE V5.0 15
GFZ EPOS P.V2 15
IEEC GIPSY 10
ASI GIPSY NET 15
LPT BERNESE V5.0 60
SGN BERNESE 5.0 15
LPTR GPSNET 2.0 5
BKG BERNESE V5.0 60
METO BERNESE V5.0 15
KNMI | BERNESE V5.0 abs-pcv 15

2005) are also setting up during field experiments such as the one deployed for the
COPS field campaign during summer 2007.




Chapitre 2

Etat de 'art de 'assimilation de
données GPS

Résumé

Ce chapitre commence par présenter les différentes méthodes d’assimilation qui
ont été utilisées dans les études antérieures pour assimiler les données GPS. Les pre-
miéres études ont impliqué des méthodes d’assimilation par relaxation newtonienne
(ou nudging) ou par interpolation optimale, et les données assimilées étaient les conte-
nus intégrés en vapeur d’eau déduits des délais zénithaux totaux GPS. Avec le déve-
loppement des méthodes d’assimilation de données variationelles, I’assimilation des
délais zénithaux totaux au lieu du contenu intégré en vapeur d’eau est devenue plus
répandue.

Les études antérieures montrent que ’assimilation des données GPS a un impact
principalement sur le champ d’humidité analysé. Un impact positif sur la prévision
des forts cumuls de précipitation est généralement trouvé, alors que 'impact est plus
mitigé sur la prévision des précipitations plus faibles. Le bénéfice de I'assimilation est
plus évident dans les situations ou la distribution d’humidité connait une évolution
temporelle importante. Plusieurs études ont aussi montré un bénéfice mutuel & assi-
miler les observations GPS avec d’autres types de données (observations de surface,
profileurs de vent, etc). Un réseau GPS plus dense, ou des stations GPS situées en
amont du flux affectant la région augmentent 'impact de I'assimilation des données
GPS sur les prévisions.

Ces études ont ainsi démontré le potentiel des observations GPS de ZTD pour amé-
liorer la prévision des fortes précipitations réalisées par des modéles & méso-échelle
(résolution inférieure & 6 km). Dans un contexte d’augmentation de la densité des
réseaux GPS et du développement de modéles atmosphériques aux échelles kilomé-
triques, le travail de thése présenté ici avait pour objet de développer et d’évaluer
Iimpact de I'assimilation variationelle de données de ZTD sur la prévision a fine
échelle de systémes convectifs. Ces travaux constituent une premiére puisqu’aucune
étude antérieure n’a utilisé une résolution aussi fine. A ces échelles, la convection n’est
plus paramétrée mais résolue explicitement. Comme 1’a montré I’étude de Ducrocq
et al. (2002), des réponses différentes peuvent étre obtenues a partir des mémes condi-
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tions initiales entre un modéle utilisant une convection paramétrée et un autre une
convection profonde résolue et constitue une des motivations de ce travail de thése.
Notre démarche guidée par ces considérations et aussi par 1’état d’avancement du
nouveau modéle AROME a été constituées de deux étapes :

Dans une premiére partie, nous avons réalisé des expériences d’assimilation avec le
systéme 3DVAR ALADIN de Météo-France a une résolution de 9.5 km de résolution
et testé son impact sur la prévision a fine échelle (2.4 km) de MESO-NH

Puis, I'assimilation des données de Z'TD a été développée et évaluée dans le nou-
veau systéme de prévision numérique AROME de Météo-France a 2.5 km de résolu-
tion.
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2.1 Introduction

Numerical Weather Prediction (NWP) is basically an initial condition problem :
given the starting state of the atmosphere such as pressure, temperature, wind and
humidity, the evolution of those variables follows the time integration of a set of
non-linear partial differential equations (Holton et al., 1992). There are several fac-
tors deciding the accuracy of this integration results : accuracy of the initial field,
numerical representation of atmospheric dynamics, the physical parametrization and
accuracy of the lateral boundary conditions when it is a limited area model.

Data assimilation is the procedure for importing the information content of ob-
servations into the NWP system to produce the initial conditions while keeping the
consistency with the model dynamics and physics. Assimilation can be defined as :
an analysis technique in which the observed information is included into the model
state (also called background field or first-guess) by taking advantage of consistency
constraints with laws of time evolution and physical properties (Bouttier and Cour-
tier, 2002). The output of data assimilation is an estimate of the atmospheric state,
called analysis, which serves as the initial condition for the deterministic forecast.

One of the current challenges in NWP is the improvement of short-term cloud
and precipitation forecasts. Water vapour is quite a crucial factor in achieving this
goal since it plays a key role in several processes, such as cloud and rain formation,
the absorption and emission of latent heat, solar and terrestrial radiative transfer.
However, partly due to its high spatial and temporal variability, the water vapour
field is one of the less well-described parameters in initial conditions of numerical
weather prediction systems. Moreover, it is in fact one major source of uncertainties
in short-range high-resolution forecasts of precipitation (Kuo et al., 1996). Ducrocq
et al. (2002) have demonstrated the importance of initial humidity fields in improving
kilometric scale forecast of heavy precipitation events. As mentioned in the previous
chapter, GPS observations such as ZTD, ZWD, and IWV appeared therefore appea-
ling to improve initial humidity fields at mesoscale. Data assimilation of those GPS
observations have therefore been developed using various assimilation techniques to
incorporate GPS water vapour information into the NWP models.

2.2 The different techniques used for GPS data as-
similation

Several data assimilation methods are used in meteorology. The choice of which
method to use is depending on the type of NWP models used and the computa-
tional resources available at each institution. Following we only introduce the brief
principle of the assimilation techniques that have been used by the GPS data as-
similation research in the past years. Methods that have been used in assimilating
GPS observations into NWP models so far include : nudging, OI, 3DVAR and 4DVAR.
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2.2.1 Nudging

Nudging is a method that gradually relaxes the model state towards observations
or a grid-point analysis of observations. The influence of the observation to the grid
points around is based on the distance between them. The weight and coefficients
of the relaxation method are pre-fixed empirically. More detailed descriptions on the
nudging technique can be found in Hoke and Anthes (1976) or Stauffer and Seaman
(1990). Integrated water Vapour or Precipitable water measurements can not be used
directly in the nudging data assimilation scheme since PW is not a model prognostic
variable. Thus retrieval methods must be used to recover the water vapor mixing ratio
from PW data.

2.2.2 Optimal Interpolation(OI)

The optimal interpolation (OI) is a statistical method and is based on the least
square estimation theory in contrast to the nudging technique. The least-squares ana-
lysis is obtained as :

X, = X + K(y — H[xp)) (2.1)
with the gain (weighting) matrix defined as :
K = BH'(HBH' +R)™* (2.2)

X, : the analysis model state
Xp :  the background model state

. y . the vector of observations
with ]
H: the observation operator
B : covariance matrix of the background errors
R : covariance matrix of the observation errors

However, the huge dimension of the least-squares analysis problem necessitates
some simplifications in practical applications. Optimal interpolation (OI) is an alge-
braic simplification of the computation of the weight K in order to solve the least-
squares analysis problem operationally. The fundamental hypothesis in OI is : For
each model variable, only a few observations are needed for determining the analysis
increment (X, — Xp). In practice, assuming that the background error covariances
are small for large separation, only the observations in a limited geometrical domain
around the model variable need to be selected.

The advantage of Ol is its simplicity of implementation and relatively small cost
if the observation selection is efficient. The shortcoming of OI is that due to the use
of different sets of observations, noise could be produced in the analysis fields. Also
the analysis increment is determined one grid point by one grid point sequentially.
This method had been widely used in the NWP centers worldwide in the seventies.
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Nowadays, most of the NWP systems have replaced OI by variational methods.

2.2.3 Three-dimensional variational data assimilation (3D-VAR)

It can be shown that the optimal least-squares estimator given by Eq.2.1 and 2.2
is equivalently obtained as a solution to the variational optimization problem :

T, = ArgminJ
J(x) = Jp(x)+ J,(x)
Jp(x) = % (x —x)" B7 (x — x3) (2.5)
J(x) = 5y~ H ) R (v~ H () (2.6

J(x) is the cost function of the analysis, J, (x) is the background term and J, (x) is the
observation term. The optimal estimate of the analysis is obtained by minimizing this
cost function which is defined as the quadratic distance between the modelled state
of the atmosphere x and the other resources of information, such as background x,
and observations y ; these quadratic distances being weighted by the covariance error
matrix of background (B) and observations (R). z, is the maximum likehood under
the hypothesis that the probability density functions of background and observational
errors are (Gaussian.

The main difference which distinguishes the variational method with the OI me-
thod is that analysis is solved using a different numerical approach : Analysis in
variational methods is found as an approximate solution which minimizes the global
cost function J(z). The minimization problem becomes to solve the analysis x, which
makes the gradient of J equal 0. This avoids the computation of the gain K in equa-
tion 2.2, which costs a lot of computation time. The analysis is sought iteratively by
performing several evaluations of the cost function J(z) and of its gradient :

VJ(x)=2B'(x—x;) - 2H"R" (y — H(x})) (2.7)

In practice, the initial point of the minimization, called first-guess, is equal to the
background xp.

The main advantage of the variational method compared with Ol is that it takes
into account all the observations in the domain at the same time to solve a global mi-
nimization problem (Parrish and Derber, 1992b). With such minimization approach,
the assumptions made when solving with the Ol method are not needed anymore
(Parrish and Derber, 1992b; Courtier et al., 1998). Another very important feature is
that it allows operationally the use of indirect observations which have a non-linear
relationship with the model variables. For instance, those observations include as ins-
tance satellite radiances, radar reflectivity and GPS atmospheric delays for example.
H in equation 2.6 is called the observation operator and it plays a very important
role in the variational data assimilation since it allows using indirect observations in
the data assimilation system. It calculates the model equivalent value of a certain
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observation type using the model background variables x; at each observation point.
The departure between the observation value and the model equivalent value is cal-
led the first-guess departure d (or the innovation vector), denoted in the equation of
variational methods as d = y — H[x;] , where H is the non-linear forward observation
operator.

In order to perform the minimization, this non-linear forward operator has to be
linearized around the background x; , thus we need to write a tangent-linear version
of the observation operator, which is noted as H in equation 2.7. Also, in real appli-
cations, incremental formulations of 3DVAR can be used in order to reduce the cost
of solving the variational problem. This is performed by reducing the resolution of
the increments in the minimization.

Since the beginning of 90°, OI has been replaced gradually by variational methods
in the NWP centers worldwide. The details of the 3DVAR technical aspects in the
operational ALADIN and AROME NWP systems of Météo-France will be presented
in Chapter 3.

The observation error covariance matrix R

In one-dimensional case, the observation error covariance matrix R is reduced to
become the variance of the observation errors at each observation location for each
observation type. For the three dimensional case, the observation errors are assu-
med to be un-correlated in space, which means the measurement from location A is
independent from the measurement from location B. With this assumption, the ob-
servation error covariance matrix R turns out to be diagonal and only the observation
error standard deviations o, need to be specified. In theory, this error should include
the instrumental, representativeness and forward observation operator errors. Proper
evaluation of these errors is one of the difficulty of variational methods. R is also
used in the observation quality control procedure to decide whether or not to reject
an observation.

The background error covariance matrix B

One of the major difficulties in 3DVAR method is to design the matrix B that
properly describes the background error covariances for all pairs of model variables.
B is a very critical part in 3DVAR techniques because it decides the structure of the
analysis increments. In another way, it means the quality of the analysis in 3DVAR
mainly relies on whether B can well represent the atmospheric situation in that re-
gion and at that time. While R is usually assumed to be diagonal, this is not the
case for matrix B. The non-diagonal elements in B are very important for deciding
the analysis increments, as they determine the spatial spreading of the corrections
of the background state due to the observations in the region around that observa-
tion. Besides that, B also contains the information that determines the spreading
of observational information concerning one variable to other type of variables not




36 2.2. The different techniques used for GPS data assimilation

directly related to the observations. For instance, the correction issued from the ob-
servation of temperature will also lead to corrections of pressure and wind. Thus, B is
important in keeping the dynamic consistency or balance between the model variables.

In 3BDVAR, the common way to estimate B does not depend on the observation at
all as in OI; instead, it is evaluated solely from the difference of forecasts at different
validation time or starting from different initial conditions. The common methods to
estimate the B matrix are NMC method (Parrish and Derber, 1992a) and ensemble
methods (Berre et al., 2006).

2.2.3.1 4DVAR

4DVAR is a generalization of the 3DVAR assimilation method by taking into
account the time dimension. Observations which are not close to the analysis time
can therefore be included in the assimilation process with 4DVAR assimilation and
more observations are potentially used. 4DVAR has the same cost function form as
3DVAR, except that the observation operators include also the forward meteorological
model M which is used to compare the model state (produced by M;(x¢)) and the
observations y, at the appropriate time i :

J(z) = %(XO —xp) B (%0 — x3) + %(H(Mi(%)) —y:) "R (H(M;(x0)) — y:) (2.8)

B (R) is still the background (observation) error covariance matrix as used in
3DVAR.

The disadvantage of 4DVAR is its requirement of large computational time as
it needs several time integrations of the model over the 4Dvar time window. It also
needs the tangent linear version of the numerical model in the minimization of the cost
function, which can be a problem for the highly non-linear physical parametrizations
used in some atmospheric models. In real time applications, 4DVAR requires the
assimilation to wait for the observations over the whole time window whereas 3Dvar
(or OI) can assimilate the observations just after they are available.

4DVAR uses a flow-dependent background error covariance matrix for estimating
the atmospheric state. This is an advantage compared with 3DVAR, since a sta-
tistically estimated background error covariance is pre-settled and used in 3DVAR.
And such pre-settled values cannot reveal the changing state of the background fields.

Presently, 4DVAR is only used by a few very large meteorological services such as
ECMWF, Météo-France, UK Met office, Japan Meteorological Agency and Canadian
Meteorological Center, and mainly for large scale NWP systems.
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2.3 Assimilation of GPS IWYV observations using nud-
ging and OI methods

With the growing interest in GPS for meteorological applications, studies have
been carried out in investigating the impact of ground GPS data assimilation on im-
proving the analysis quality and forecast skill for different weather conditions. The
experiments that have been conducted, mainly focused on testing the impacts on the
moisture field and rainfall prediction. Various methods have been developed in order
to assimilate those GPS observations into different atmospheric models.

Before the use of variational methods in the meteorological centres, nudging and
OI were used as the first efforts to introduce the GPS derived water vapor information
into the NWP models. Nudging can only assimilate the observations which are the
model variables. In this case, IWV needs to be converted into the model humidity
such as vapour mixing ratio or specific humidity. Theoretically OI can assimilate in-
direct observations under the help of observation operator, but in reality, it is hard to
use indirect observations such as ZTD or satellite radiances due to the computation
costs with OI algorithms.

Some preliminary but essential conclusions about IWV assimilation experiments
on case studies have been drawn under the work of Kuo et al. (1996), Falvey and
Beavan (2002), Guerova et al. (2004), Pacione et al. (2001), Tomassini et al. (2002),
Nakamura et al. (2004) using nudging or OI assimilation techniques. Those conclu-
sions have been serving as a good guidance for the research carried out later and
they include : i) overall positive impact in the rainfall prediction with IWV data; i)
importance of upwind moist information coming from the upwind GPS stations for
the improvement of rainfall precipitation skills (Falvey and Beavan, 2002; Tomassini
et al., 2002; Nakamura et al., 2004) ; and #4) better results obtained when wind and
temperature data are assimilated together with IWV observations (Pacione et al.,
2001; Falvey and Beavan, 2002).

IWYV data assimilation has been also carried out continuously for a long time in
U.S.A. at NOAA. IWV observations from a wide coverage of GPS network in North
America have been assimilated into the research version of Rapid Updated Cycle
(RUC) NWP model. The technique used to assimilate precipitable water observa-
tions into RUC is an Ol-based columnar adjustment (Kuo et al., 1993; Smith et al.,
2000). The basic idea is to compare the model value of IWV, obtained by integrating
vertically the model specific humidity value at the GPS location, to the observed GPS
IWYV value. The ratio between the two is used to scale the vertical profiles of specific
humidity keeping their shapes so that the integrated value is equal to the analyzed
IWYV. The verification of five years of experiment with 3-h RUC at 60-km resolution
against the radiosonde data revealed a steady increase in the positive impact in short-
range relative humidity forecasts below 500hPa (Gutman et al., 2004; Smith et al.,
2007). This improvement on relative humidity forecasts goes up with the increasing of
GPS stations during the 5-year study period. Gutman et al. (2004) suggested future
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increases in the network density over United States would result in further forecast
improvements. Also this paper pointed out that the greatest improvement in relative
humidity forecasts is found in lower levels (below 700hPa) and during cold season
where moisture change is dominated by synoptic scale weather change. This proved
again the former research conclusion by Smith et al. (2000) that the impact of IWV is
more substantial when the atmosphere is more active and undergoing a rapid change
of water vapor distribution.

Further work has been done by Smith et al. (2007) with a more recent version
of the RUC at 20-km resolution over 3-month trial period. The strongest impact on
precipitation forecast is within 6-h forecast range, however small but positive im-
provements are still observed up to 12 hours. Evident impact is found for relative
humidity under 850hPa. In the severe convective case that they studied, the inclusion
of IWV data improved the forecasts of relative humidity and CAPE (convective avai-
lable potential energy), which is an important predictor of severe storm potential. The
degree of IWV impact is found depending on the season, time of day and geographic
location. The GPS IWV data have a greater impact during the cooler seasons and
during nighttime. Indeed, during the night or cold season, when the vertical mixing is
less strong than daytime or warm weather, the conventional surface observations are
not enough representative of the moisture situation aloft and thus GPS observations
are more useful to correct the low to mid-level troposphere.

2.4 Assimilation of GPS observations using variatio-
nal methods

Theoretically OI can assimilate the observations, which is not directly the model
variables. But those observations are only limited in those who have a linear rela-
tionship with the model variables due to the numerical implementation limitations.
Recently, variational assimilation methods have been implemented in the NWP sys-
tems. One reason why the variational method is considered to be superior (Rabier
et al., 1993) is that it allows for non-linear relations between observations and the
model variables to be retrieved with a relatively smaller computational cost. The in-
troducing of the variational methods has therefore started a new era that not only
[WYV but also ZTD observations which is a non-linear function of model temperature,
pressure and humidity, can be assimilated.

2.4.1 Assimilation of IWYV observations

Guo et al. (2000) was among the first to assimilate IWV using a four dimensional
variational assimilation method. The system used in this study is 10-km resolution
MM5/4DVAR system, which is based on the Pennsylvania State University-National
Center for Atmospheric Research non-hydrostatic mesoscale model. They have asses-
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sed the relative importance of different mesoscale observations such as profiler winds,
surface virtual temperature and GPS IWV observations. They have found out when
only TWV is assimilated, there is only a relatively small influence on the recovery
of the moisture structure. Indeed, impact lies only in the prediction of convective
rainfall. In order to achieve both positive impacts on rainfall prediction and moisture
structure, profiler wind data need to be assimilated together with GPS IWV obser-
vations.

Then Koizumi and Sato (2004) have used the 4DVAR data assimilation associated
with the 10-km resolution mesoscale model (MSM) of Japan Meteorological Agency
to investigate the impact brought by combination of GPS TWV data and satellite
water vapor data (TMI). GPS IWV data from the Japanese geodetic GPS network
(GEONET) provided high density of water vapor information inland. The TMI pre-
cipitable water data covers mainly the ocean region. The combination of precipitable
water vapor data both inland and from the ocean yields quite good improvements in
the rainfall prediction. However, no experiment has been done in their study using
only the GPS IWV data, due to the expensive computational cost of their data assi-
milation experiment.

This gap was soon filled up by the research work of Nakamura et al. (2004) using
the same 4DVAR system. However, neutral impacts on the rainfall forecasts were
obtained. The authors incriminated improper deformation of the vertical profiles of
water vapor which affect the vertical static stability of the atmosphere, one of the key
factors to control cumulus convection and cloud formation. Thus they suggested that
the vertical profile of background error covariance of relative humidity might be not
well adapted for assimilation of IWV in their assimilation system. Guo et al. (2005)
suggested also that the problem encountered with the moisture structure during IWV
assimilation could be due to a badly defined B matrix, since B is the key factor in
variational methods method to define the structure of analysis increment. Using an
improved B matrix improves in their case the convection forecast.

2.4.2 Assimilation of ZTD observations

At the same time, the direct assimilation of ZTD observations started to draw the
interests of research. The direct assimilation of ZTD can reduce the error originated
from converting ZTD to IWV as detailed in Brenot et al. (2006). With the imple-
mentation of variational methods worldwide in the meteorological centers, potential
of ZTD assimilation especially on the rainfall prediction has been and is still being
evaluated for different weather situations.

Several experiments have been carried out using relatively low model resolution
by Poli et al. (2007), Macpherson (2007) and Vedel and Huang (2004a).

Poli et al. (2007) has conducted experiments of ZTD data assimilation using the
Météo-France 4ADVAR/ARPEGE global model assimilation system with a horizontal
resolution of 40-km. Impact of ZTD assimilation for a long time period of spring, sum-
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mer and winter 2005 has been evaluated. All three trials suggested a positive impact
of the ZTD data in helping constrain the synoptic circulation in 1-4 day forecasts.
Positive impact on precipitation and an improved skill for 12-36 hour accumulated
rainfall were found.

Vedel and Huang (2004a) have performed their study under a horizontal resolu-
tion of 0.45/0.15 degrees! respectively with 3DVAR/HIRLAM. ZTD data from 117
ground-based GPS stations belonging to the COST ACTION 716 network were assi-
milated. They have found neutral impact on the analysis of parameters such as geopo-
tential, wind, temperature and humidity but positive impact for rainfall forecasts. An
improved skill was found in the prediction of strong precipitation (>5mm/12h) when
GPS observations were assimilated. This result together with the similar results ob-
tained by Vedel and Huang (2003) and others strengthened the conclusion that GPS
ZTD observations improve the prediction of strong precipitation. They have also de-
monstrated that this improvement found in forecasting high precipitation was not due
to a bias of the ZTD observations which would lead to increase all the precipitation.

Macpherson (2007) have found a mitigated impact on precipitation forecasts using
15-km resolution 3DVAR system of the EC (Environment Canada) regional analysis
and forecast model. The impact is however more positive than negative for forecasts
of large precipitation amounts during the summer period. The importance of adding
collocated surface weather data is mentioned in achieving the positive impact on pre-
cipitation forecasts in central U.S region. The study also showed the impacts for the
winter cases are generally smaller because of the low precipitable water over North
America at that time, but some positive impacts are found for the precipitation fore-
cast. Together with the results of Gutman et al. (2004), it reinforces the conclusion
that GPS data assimilation does a good job under rapidly changing moisture condi-
tions. Also, the location of GPS stations in the upwind region has been found to have
a positive impact on the forecast.

To conclude, the assimilation of GPS ZTD observations in coarse resolution NWP
systems generally yields positive impact on the precipitation forecast, especially for
high precipitation and for the short-range (12-36 hours). The amplitudes of the impact
depend on the assimilation methods and the density and size of the GPS network.
Recently, exploiting the potential of GPS data is more focused on high-resolution
NWP systems which are better designed to make use of the high temporal and spa-
tial resolution of the current GPS networks.

The work of De Pondeca and Zou (2001) is among one of the first attempts to
assimilate GPS ZTD observations into the non-hydrostatic MM5 model using 4DVAR
data assimilation. The impact of assimilating GPS ZTD observations from a dense
GPS network was examined for a frontal system. A three-domain nested configura-
tion was used, with 54, 18 and 6km horizontal resolution, respectively. The 4DVAR
data assimilation was only performed within the most inner domain (6km). A small
but beneficial impact on the short-range precipitation forecast has been found. The
simultaneous assimilation of GPS ZTD and wind profiler observations were found to

10.15 degrees is about 15km in the middle latitude
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be mutually improving the forecast. Peng and Zou (2004) using the same 4DVAR
system at 6-km found for their part that the assimilation of GPS ZTD observations
together with precipitation data improves the forecast of a winter storm compared to
those obtained with the assimilation of only GPS ZTD data or only the precipitation
observations.

Based on the former conclusion over the potential of ZTD on the mesoscale phe-
nomenon prediction, Cucurull et al. (2004) have focused their study on a snowstorm
over the western Mediterranean Sea. The non-hydrostatic SDVAR/MMS5 system has
been used. They have conducted two parallel experiments to investigate the impact of
the assimilation. GPS ZTD data are assimilated either into the low-resolution model
domain (54 km) or into the 3-nested model domains, with 6-km horizontal resolu-
tion for the most inner domain. GPS ZTD data provided by 23 stations within the
COST716 project are used in those experiments. They found out that the benefits of
the assimilation of the GPS observations are quickly lost if the assimilation is only
conducted in the coarser domain. They also found out that the maximum impact is
achieved when ZTD observations are assimilated together with mesonet surface ob-
servations. The decrease of the root mean square (rms) error is found to be larger for
the specific humidity as expected with a decrease of 18% of the rms.

As for the case of GPS IWV data assimilation, the performance of GPS ZTD data
assimilation is also a function of the density of ZTD observations. Faccani et al. (2005)
used Z'TD observations from a very high-density GPS network over South Italy. They
conducted daily operational data assimilation experiments using 3DVAR/MM5 at 9
km from winter 2003 to spring 2004. The results suggested that the assimilation of
high density GPS observations improves the results even though it is not performed
in a very high resolution system.

2.5 Synthesis

In this chapter, the various methods used to incorporate the GPS observations into
the initial conditions of the NWP models have been described. The former studies
involved OI or nudging methods to assimilate IWV. With the development of the
variational data assimilation methods, assimilation of GPS ZTD observations instead
of IWV becomes common.

Ground based GPS water vapor observations generally have an impact on the ana-
lysed moisture fields. Most of the studies showed a positive impact on precipitation
forecasts for high precipitation events, whereas it is found generally neutral for weak
rainfall. The benefit is more obvious for situations with rapid change in moisture dis-
tribution. Several studies have also shown mutual benefit when GPS observations are
assimilated with other types of observations (profiler winds, precipitation). Also, the
increasing of GPS station density and location of GPS stations in the upwind region
have been found to increase the impact on the forecast.
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The past research has demonstrated the potential of GPS ZTD observations in
improving the heavy rainfall forecast, especially for deep convection cases. With the
rapid increase of GPS network and the development of mesoscale numerical models
down to kilometric resolution, we must take advantage of those developments. Thus
in this study we use the 3DVAR assimilation systems available at Météo-France which
allow the direct assimilation of ZTD observations, avoiding the error produced during
the conversion to IWV. Our main goal is to investigate the impact of GPS data
assimilation on kilometric scale forecasts. So far, no assimilation experiments of ZTD
observations have been done under such high resolution. Moreover, the convection is
not parametrized as in the previously quoted studies but explicitly resolved by the
model. Ducrocq et al. (2002) had pointed out different responses to the same initial
conditions between parametrized and explicitly resolved convection.

Based on the former research results, we choose also to assimilate all the observa-
tions assimilated by the NWP systems used in this study such as surface observations,
wind profiler data, satellite radiances, sounding observations, etc together with ZTD
observations. GPS observations from a regional campaign are also used to achieve
a higher GPS observation density. In order to test the maximum potential of ZTD
observations, convective rainfall events are also chosen as the case studies.

We have carried out our research in two steps :

— First, we perform the ZTD assimilation using the Météo-France 3DVAR/ALADIN
system with a 9.5-km resolution. The analysis obtained will be used as the ini-
tial and lateral boundary conditions to carry out a simulation using the kilo-
metric scale, non-hydrostatic model - MesoNH. The benefit of using different
initial conditions (with and without assimilation of GPS ZTD data at 9.5 km) is
worth evaluating for the high-resolution quantitative precipitation forecast. This
is particularly relevant for operational meteorological centers that can not run
operationally on their computers full high-resolution limited-area data assimila-
tion systems but only limited-area high resolution numerical weather prediction
models, using the analyses produced by other meteorological centers as initial
conditions.

— Then, we perform the ZTD assimilation directly in the new 3DVAR/AROME
assimilation system of Météo-France, running at 2.5 km. It is for the first time
that GPS ZTD assimilation cycle experiments are performed in such a high-
resolution (2.5-km), non-hydrostatic data assimilation system. AROME uses a
physical package from the MesoNH one and dynamics of the non-hydrostatic
version of the ALADIN model. Better modelled orography and explicitly re-
solved convection benefiting from this high resolution model can bring the fol-
lowing advantages concerning the assimilation of GPS ZTD data : First, with
such highly resolved model orography, one can reduce the errors introduced
during the vertical interpolation of model variables from the model surface to
the real GPS station height. Second, high resolution, non-hydrostatic models
provide better representation of deep convection processes. Improved first-guess
and model equivalent ZTD are therefore expected, and thus weaker first-guess
departures which helps the assimilation process.




43

de données GPS

imilation

.

2. Etat de P’art de ’ass

T ch)

PoFRTIULS
-SB OS[e ST UOI)eAIISqO
9DBJINS UM POYDBI

pojeiwusse osfe st uor)

i, | -o101 uonyeidmaid o1y yoedu wnumxen Ayp -eAI9S(O uoryejtdard S)NSO
IoA0 jordul OATYISO] I © | woym poaoxdur so100g
-ty oyoads Jo SINY
o7} UI WOTIDNPOI % QT
< q POz POz ol POZTIoToUI
POATOSOL AIRIAXD | _ppq 101302AU0D dasp | -ered wo1300A100 doop | -eied UO01300AU0D da9p HORWOATOD
wysg unet w9 U9 uonnjosoy
UVAAE/INOUY pue UVAQE/SININ AVAAP/SININ | 0 our wormen s
YAQE/NITYTY YvAdE/ z,ﬂqﬁm ST1E1S0TD AT TION U_Ewe_eﬂ-gox [op [YRIWISSY
700¢ . 700¢
Apuis mQ Sueny pue  [9PoA (002) "1 30 qumony Nnoy_ pue ex3RPUOJ 9([ omny

uorje[IuIISse vjep (JI7 U0 yoressal jsed o) Jo ATewrwins y g dV],




Chapitre 3

Description des systémes
d’assimilation 3DVAR/ALADIN et

3DVAR/AROME

Résumé

Ce chapitre présente les modéles et systémes d’assimilation utilisées au cours de la
thése : le systéme d’assimilation 3SDVAR ALADIN, le modéle MESO-NH et le systéme
d’assimilation 3DVAR AROME. Les différentes étapes nécessaires a l'assimilation
des données GPS sont aussi détaillées : pré-sélection des observations, débiaisage,
opérateur d’observation, estimation des erreurs d’observations.

Les similarités et différences entre ces différents systémes sont discutées. Les sys-
témes d’assimilation 3DVAR/ALADIN et 3DVAR/AROME partagent une bonne par-
tie de leur code (flux de données, opérateurs d’observation directs et adjoints,etc). Les
principales différences résident dans la mise en oeuvre de ces systémes : spécification
des matrices de covariances d’erreur de 1’ébauche et de variances d’erreur d’observa-
tions, nature de 1’ébauche, fréquence du cycle d’assimilation,... Le modéle AROME
et la version du modéle MesoNH utilisées dans cette étude utilisent une résolution
similaire et les mémes paramétrisations physiques. Les différences principales résident
dans les schémas numériques des modéles.

44
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3.1 The 3DVAR/ALADIN assimilation system

3.1.1 The ALADIN model

ALADIN (Aire Limitée Adaptation dynamique Développement InterNational ) is a
spectral limited-area version of the global ARPEGE model in Météo-France. It is used
operationally over France, eastern and central Europe as well as some North African
countries. The domain which is run at Météo-France (called ALADIN /France), covers
Western Europe (Fig. 3.1) with a 9.5km horizontal resolution on a conformal Lambert
projection grid. The version used in this study is the one which was operational
at Météo-France in 2006 and 2007. The vertical discretisation is done according a
following-terrain pressure hybrid coordinate with 41 vertical levels.

The physical parametrization package included the ISBA soil-vegetation-atmosphere
transfer parametrization (Noilhan and Planton, 1989), a first order closure turbulence
scheme based on (Louis, 1979), the RRTM longwave radiation scheme (Mlawer et al.,
1997) and an improved version of the Fouquart’s shortwave radiation scheme, an
improved version of the Bougeault’s mass-flux convection scheme (Bougeault, 1985)
and a large-scale prognostic cloud and precipitation scheme (Lopez, 2002), a gravity
wave drag parametrization. Prognostic variables are the wind components of the ho-
rizontal wind V | the temperature T, the specific humidity q and the logarithm of
surface pressure log P;. The prognostic equations are solved using semi-implicit and
semi-lagrangian numerical schemes.

As all limited area models, ALADIN needs lateral boundary conditions which are
provided by the ARPEGE model forecasts each 3 hours; a Davies relaxation (Davies,
1976) is applied on the outermost points in order to smooth the transition between
the ARPEGE lateral boundary conditions and the ALADIN solution.

3.1.2 The 3DVAR/ALADIN system

Since July 2005, the ALADIN /France model is running operationally at Météo-
France starting from analyses obtained with a 3DVAR data assimilation scheme. The
initial conditions are non longer provided by the ARPEGE analyses, only the lateral
boundary conditions are still supplied by the ARPEGE forecasts. Figure 3.2 is an
illustration of the 3DVAR ALADIN/France 6-hour assimilation cycle running each
day. 42-h to 54-h short-range ALADIN forecasts are issued from each 6-hourly ALA-
DIN analyses.

The ALADIN 3DVAR data assimilation software relies highly on the ARPEGE /IFS
data assimilation system (common observation operators, data flow, incremental for-
mulation, etc)

3.1.2.1 Incremental formulation used in the 3DVAR/ALADIN

Incremental formulation of 3DVAR (Courtier et al., 1994) is used in the 3DVAR /ALADIN
system in order to reduce the computational cost during the minimization process.
Incremental formulation has basically the same form as classic 3DVAR formulation
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F1G. 3.1: The orography (m) of the ALADIN /France domain

6h forecast 6h forecas 6h forecasf, 6h forecas
ﬁe:s’ guess guess
) p Cime
00 06 12 18

FiG. 3.2: 3DVAR/ALADIN assimilation cycle

as in equation 2.4 except that the correction dx is used as control variable instead of
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J(0x) = Jp(0x) + Jo(dx) (3.1)
Jp(0x) = %5XtB15X (3.2)
J,(6%) — %(de—d)tR_l(Héx—d) (3.3)

d = y-Hx) (3.4)

J(0x) : cost function

ox analysis increment

H linearized observation operator

H: direct observation operator

B background error covariance matrix
R observation error covariance matrix

Xp - background model state ( first guess)
Y observation vector
d: departure

d is the departure between the observations and the background model state, in-
terpolated to the observation space. H contains both spatial vertical and horizontal
interpolations, and physical inversions or conversions if needed. H can be strongly
non-linear. H is the linear approximation of H in the vicinity of the background x,.

The minimization of cost function is done under a low model resolution. The
obtained increments 0x is then changed from low model resolution to high model
resolution and added up to the model background to obtain the new model state
in high resolution. To find dx that minimizes J(dx), the gradient of cost function
J(0x) is derived by differentiation with respect to dx. At the minimum, the gradient
vanishes :

VsxJ =B 'éx —H'R™'(d — Héx) =0 (3.5)

The minimization of cost function 3.1 is done by solving equation 3.5 iteratively
using quasi-Newton method. This is done by first calculating the gradient in the
observation space using the tangent linear code of forward observation operator H,
denoted as H. Then, gradient in the model space can be obtained by projecting
gradient in observation space to the model space, under the help of adjoint code of
H, denoted as H'. Details of code flow can be found in Fischer (2005). At the end of
minimization process, 0x is obtained and the analysis state deduced by :

X, = Xp + 0X (3.6)
The analysis x, will be served as the initial conditions to start the 6h ALADIN
forecast.
3.1.2.2 Background covariance matrix B in the 3DVAR/ALADIN

In 3DVAR/ALADIN, the control variables used are : vorticity (¢), divergence (n),
temperature (7T'), logarithm of the surface pressure (P;) and specific humidity (gq).
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More precisely, the control variables are a subspace of the model variables and are
stated in fact as the correction to the background, .e. 0x = x, — x;,. Moreover, in
order to avoid the direct calculation of inverse of matrix B in equations 3.2 and 3.5,
a base change of the control variable is carried out with :

x =B 'ox (3.7)

X is the actual control variable used during the minimization.

To express the balances that exist in the atmosphere among the control variables,
a multivariate formalism has been proposed for ALADIN by Berre (2000). This for-
malism separates balanced and unbalanced components, based on scale-dependent
statistical regressions and with an extra balance tuned for specific humidity. Following
are the statistical relationship between the forecast errors of each control variable :

¢ = ¢ (3.8)

n = MHC+n, (3.9)
(T,P,) = NH(+ Pn,+ (T, Ps), (3.10)
g = QHC+ Rn,+ S(T,Py)y + qu (3.11)
(3.12)

M,N,P,Q, R : vertical balance operators relating spectral vertical profiles of predictors
and predictants

U subscript that stands for the unbalanced fields of control variables. Un-
balanced fields equal total fields minus the balanced fields.

Using this multivariate formalism, the background error covariance matrix B is
then obtained from an ensemble method. The ensemble-based covariances are sampled
from an ensemble of ALADIN 6-h forecasts with initial conditions coming from an en-
semble of perturbed ARPEGE analyses (Stefanescu et al., 2006). Finer scale structure
functions than those of the global ARPEGE model are therefore obtained from this
specific background error matrix. Figure 3.3 shows the horizontal correlation length
for the unbalanced part of the humidity near the surface and in mid-troposphere.

3.1.2.3 Observations assimilated in the 3DVAR/ALADIN

In ALADIN, the same observations as in ARPEGE are used. In addition, the
METEOSAT /SEVIRI radiances and surface observations are assimilated (see Mont-
merle et al. (2007)). The observations are : radiosondes, surface stations, buoy, ships,
and aircraft measurements, wind profilers, horizontal winds from atmospheric mo-
tion vectors (AMV), and the QuickSCAT scatterometer, AMSU-A radiances from
NOAA-15, NOAA-16 and AQUA, AMSU-B radiances from NOAA-16 and NOAA
17, High-Resolution Infrared Sounder (HIRS) radiances from NOAA-17. For ME-
TEOSAT/SEVIRI, the IR 8.7, 10.8 and 12 pm channels are used only over sea and
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F1G. 3.3: Horizontal correlation of the unbalanced humidity ¢, used in the B matrix
of 3DVAR/ALADIN (red) and of 3DVAR/AROME (black)

in clear-sky conditions. The two water vapour 6.2 and 7.3 pum chanels are used in
clear-sky conditions and over low clouds.

3.1.2.4 Screening

The observations which arrived in real time in the operational meteorological da-
tabases are not always exact. These wrong observations should be eliminated prior
to enter in the assimilation scheme in order to not introduce wrong corrections of the
first-guess. Also, in some places, we can have too many observations compared to the
model resolution. The observation datasets should be thinned. These both actions are
done within the screening. If gross errors can be suppressed by checking the observa-
tions alone, less evident errors are detected by comparison of the observations to the
model forecast. Screening consists in running the direct forecast model and to call the
observation operators to compute the model equivalent observation, followed then by
the first guess check, the quality control and the thinning of the observations. The
background quality control rejects the observations with such first-guess departure
d:

d=y— Hxy) > (n(o?+o2))2 (3.13)

variance of observation error

variance of background error
n:  predefined multiple, 4 is used in 3DVAR/ALADIN.

9 9
SN0 N
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3.2 Assimilation of GPS ZTD observations in the
3DVAR/ALADIN

3.2.1 Set up of H and R for the GPS ZTD assimilation
3.2.1.1 The observation operator H

The ZTD observation operator computes the model equivalent ZTD by perfor-
ming the vertically integration of tropospheric refractivity above the GPS station as
in equation 1.26. The observation operator we implemented in the 3DVAR ALADIN
system follows Brenot et al. (2006)’s study.

As for other observation operators, the vertical profiles of model variables (here
Temperature and Vapour mixing ratio, surface pressure and model terrain) are first
interpolated at the observation horizontal location. Then the vertical integration of
equation 1.26 is performed as follows :

Z (ktop-1) Z(ktop-1)

layer ktop _________ T(ktop) ,e(ktop),P(ktop) layer ktop| ____________
Z(ktop) - 7Z(ktop)
Z(k-1) z(k-1)

layer k____________ T(k),e(k),P(k) layer k| ____________ T(k),e(k),P(k)
Z(k) Z(k)
Z(kb-1) Z(kb-2)

layer kb ___________ T(kb),e(kb),P(kb) layer kbj1 ~" """ oo- géig:};,e(kb—l),
Z(kb) Z(kb-1)

integration
T(GPS) ,e(GPS),P(GPS)

z(Gps)Q 1interpolated from
T(kb),e(kb),P(kb),
T(kb+1),e(kb+1),P(kb+1)

,,,,,,,,,,,, T(kmax),e(max) ,P(max)

model terEiyymmm—r=_ Z(s),T(s),e(s),P(s)

(a)

,,,,,,,,,,,, T(kb),e(kb),P(kb)

................ Z(kb)=Z(s)
integratiorl( T(s),els),B(s)
T(GPS),e(GPS),P(GPS)

Z(GpS) O extrapolated from the
lowest model level
variables

(b)

F1G. 3.4: Vertical integration of the ZTD observation operator

First, the integration of equation 1.26 is done from the top of the model level
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(ktop) to level ky. Ky is defined as the model level that is just above the layer in which
the GPS station is located. This first integration can be expressed as :

ZTDy =107 (k 1]3(("2) (2(k—=1)—2(k))+107> (K, ;((’Z)) +ks ;éllj))Q)(z(k—l)—z(k:))
kp v kp

(3.14)

Then the second part of the integration depends on two situations :

— The GPS station height is above the model terrain (Fig. 3.4a)
In this case, model temperature, specific humidity and pressure are interpolated
to the height of the station using the values from the model level just above
and below the station height.

— The GPS station height is below the model terrain (Fig. 3.4b)

In this case, extrapolation is done in order to obtain the model variables below
the model terrain. This extrapolation routine follows the same assumption and
algorithms used for the other conventional observations of temperature, humi-
dity and pressure in the ECMWF and Météo-France data assimilation systems,
trying to preserve the boundary layer properties. Specific humidity is assumed
to be constant during the extrapolation, which means it will have the same value
as the specific humidity from the level just above the model terrain. Algorithm
used to estimate the pressure at the sea level is used to obtain the pressure at
the height of GPS station. Finally, the temperature is extrapolated using :

p 1, P, 1, . P,
_ a2+ S(aln — 1
T=T[1+al g +5(ah5) + gan5)) (3.15)

surface temperature at the observation location

surface pressure at the observation location

pressure at the GPS station height

a = 0.0065Km~1Ry/g, Ry = 287.0586.J/(kmol.K) is the specific molar
gas constants for dry air, g is the gravity acceleration

° v

Then, for both cases, the second part of integration is performed following equation
3.14 from the station height zgps to zx, and then added to ZT D, to obtain the total
Z'TD within the model domain.

Finally, the contribution above the top of the model AZTD,,, is also added to
the total ZTD according to Saastamoinen (1972) :

k1 RaProp

grop

AZTDrop = 107° (3.16)
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Prop : pressure at the top of the model
grop : acceleration of gravity at the top of the model

The tangent linear model of the observation operator described above, as well as
the adjoint of this tangent linear model, have been developed. These models were
validated for an ensemble of random perturbations around a standard atmosphere,
following Poli et al. (2007).

3.2.1.2 Observation covariance matrix R

Like most of the other observations assimilated in the 3DVAR/ALADIN system,
GPS ZTD observations are assumed to have uncorrelated errors. Thus the diagonal
of the observation error covariance matrix R for GPS ZTD observation is the variance
o2 of the observation error. In our study with the 3DVAR/ALADIN system, o, has
been chosen constant (10 mm) for all the GPS stations.

3.2.2 Pre-processing of GPS observations
3.2.2.1 A priori station-center selection

Observations from a GPS station can be post-processed by several centers and
therefore various ZTD solutions can be available for the same station. In the assimi-
lation, we need only one ZTD observation per station. Therefore we need to select
a Z'TD solution among the others prior the assimilation. Also, when we started the
work on GPS data assimilation at Météo-France, GPS ZTD solutions provided by
E-GVAP centers were sometimes very different for a same station or of poor quality.
All these motivated Poli et al. (2007) to develop for the ARPEGE data assimilation
a pre-selection of stations and centers that provide a priori good quality data (with
respect to the assimilation criteria). In the present study, this pre-selection has been
adapted to the ALADIN model. The selection is done based on the time-series of
first-guess departures during a period of 15-30 days before the assimilation period.
Hereafter, we call this period the selecting period. We remind that first-guess depar-
tures are defined as the difference between ZTD observations and model equivalent
ZTD calculated from the first-guess, denoted by [y — H(x,)]. Each station can be
processed by several centers, thus the selection is based on the first-guess departure
time-series of each station-center pair, instead of station.

The selection follows the procedure below :

— Step 1 : Reject the station-center pairs if their first-guess departures
does not follow a Gaussian distribution
This is needed under the fundamental hypothesis of the variational methods that
the probability density functions of background and observational errors must
be Gaussian. The chi-square test used by Poli et al. (2007) has been replaced
by the non-parametric Kolmogorov-Smirnov test (K-S test) for this selection.
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— Step 2 :Reject the station-center pairs which have not sufficient time
coverage of data during the whole period
This step rejects the station-center pairs, which have too much missing data.
It assures a homogeneous data set during all the assimilation period. Moreover,
it has been found that GPS ZTD data obtained following a long data gap are
more likely resulted from sub-optimal solutions during the first few hours of
calculation in the GPS ZTD retrieving process at each center. This is because
other parameters such as station coordinates, ambiguity N have to be establi-
shed again after a long gap.

— Step 3 :Reject the station-center pairs that have too large height dif-
ference with the model terrain
Due to the complexity of the boundary layer characteristics, the interpolation
or extrapolation of model variables from the model terrain to the station height
works fine only within a short height difference. The height difference limit is
set to be 150 meters in 3DVAR/ALADIN for GPS ZTD observations.

— Step 4 : Among the station-center pairs that passed the first 3 crite-
ria, select only one center for each station
As explained in Chapter 1, each center’s solution has different error characte-
ristics depending on the treatment strategies used. Therefore it is better to use
Z'TD data from only one unique center for each station in order to keep the
same error characteristics during the assimilation period. Also, bias corrections
can benefit from using solution from one unique center for each station since
bias is likely to be constant for the same center-station pair. The selection of one
center is done by taking the center, which has the smallest standard deviation
of the first-guess departure series among all the centers for each station.

— Step 5 : Horizontal thinning
Horizontal thinning is performed so as to have a coherence between the model
resolution and observation resolution. This is done in order to avoid the re-
presentativeness error. Since the resolution of 3DVAR/ALADIN is 9.5km, the
minimum distance between the observations should be no less than 9.5km. Thus,
some stations are removed when they are too much concentrated in one area.

The thresholds used in this pre-selection for 3DVAR ALADIN have been chosen
after examining the results after each step and the visual inspection of the time series
of observations as well as Q-Q plots for the data of the whole month of September
2005. A Q-Q plot ("Q" stands for quantile) is a graphical method for diagnosing
differences between the probability distribution of the sample and the theoritical
distribution (here the Gaussian distribution).

Finally, a list is obtained and only the observations from those station-centers in
this list can enter the screening procedure in the beginning of the assimilation expe-
riment. We call this list a white-list as opposed to the well known black-list in data
assimilation that indicates the observations that should not be assimilated. Note that
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a few more quality control will be done during the screening procedure, that is to say,
the final observations entered in the minimization is less than what is allowed in the
white-list.

3.2.2.2 Bias correction

Unbiased errors is one of the fundamental hypotheses of data assimilation tech-
niques based on statistical methods. In practice, unbiased errors means that the ave-
rage of first-guess departure should be zero. A bias cannot be included in the first
guess departure since it will create a bias in the analysis increment as well. If a bias
can be estimated, it must be removed from the first-guess departures.

In 3DVAR/ALADIN for the GPS observations, the bias is calculated as the ave-
rage of first-guess departures of GPS ZTD observations during the first 10 days of
the selecting period for each station-centers on the list. At the end, the bias will be
subtracted from each observation just before it enters the screening procedure of the
assimilation experiments. Some sensitivity tests to the length of the period to com-
pute the bias have been carried out by Hakam (2006). He found that the time average
of the first-guess departure do not evolve anymore significantly after 10 days.

3.2.3 Synthesis of the data flow of GPS ZTD assimilation

To sum-up, the data flow of the assimilation of GPS ZTD observations consists

of :

— First, the pre-selection of station-centers, the bias and the observation error
variance estimation are performed during the selecting period. As the ZTD
values have a seasonal cycle (weaker value in winter, larger in summer), this
period should be chosen within the season corresponding to the assimilation
cycle carried out afterward. This requires to have 6-hour forecast (first guess)
available over the period to compute the first-guess departures.

— Then, the assimilation of GPS ZTD observations consists in performing the
screening and then the minimization of the cost function each 6 hours during
an intermittent assimilation cycle (Fig.3.2). It produces each 6 hours an analysis
which can be used as initial conditions to run the NWP models and produce
forecasts.

3.3 The MesoNH model

MesoNH is a non-hydrostatic mesoscale model developed for research purposes
(Lafore et al., 1998). The prognostic variables are the three components of the wind,
the potential temperature, the turbulent kinetic energy and the mixing ratio of six
water species (vapor,cloud water, rain water, primary ice, graupel and snow).

The configuration used in our study is quite similar to the one used by Nuissier
et al. (2008) or Lebeaupin Brossier et al. (2008). It consists of two nested grids inter-
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acting with each other according to a two-way interactive grid-nesting method (Clark
and Farley, 1984; Stein et al., 2000). The coarser grid provides the lateral boundary
conditions to the finer grid, while the variables of the coarser grid are relaxed with
a short relaxation time toward the finer grid’s value on the overlapping area. The
horizontal grid intervals are set to 9.5 km and 2.4 km respectively. Therefore the
outer MesoNH domain has the same resolution as the 3DVAR ALADIN analysis and
the inner domain has almost the same resolution as the AROME model described
below. The same physical parametrisations as in AROME are also used in the 2.4
km domain. A bulk microphysical scheme (Caniaux et al., 1994) governs the prognos-
tic equations of the six water species. No deep convection parametrization is used,
assuming that at 2.4 km it is explicitly resolved. The turbulence parametrization is
based on a 1.5-order closure (Cuxart et al., 2000), using a mixing length based on
Bougeault and Lacarrére (1989). The radiative scheme is the RRTM parametrization
(Mlawer et al., 1997). The surface energy exchanges are parametrized according to
four different schemes depending on the surface types (nature surfaces, urban areas,
ocean, lake) included in the grid mesh. The natural land surfaces are handled by
the Interactions Soil-Biosphere-Atmosphere (ISBA) scheme (Noilhan and Mahfouf,
1996), whereas energy exchanges over urban surfaces are parametrized according to
the Town Energy Balance (TEB) scheme (Masson, 2000).

3.4 The 3DVAR/AROME assimilation system

3.4.1 The AROME model

Since end of 2008, AROME is the new operational kilometric-scale model of Météo-
France. We used during this study the pre-operational version of AROME which was
running in 2008 over the France domain (Fig. 3.5).

AROME is the acronym of “Applications of Research to Operations at Mesoscale”.
AROME is a non-hydrostatic model as Meso-NH, but uses more efficient numerical
schemes (semi-Lagrangian, semi-implicit time schemes) inherited from the adiabatic
part of the ALADIN code. The main difference with the current version of ALADIN
being the physical parametrisation package, which is coming from the MesoNH model
(see sec. 3.3). A main difference with MesoNH is also that AROME has its own
mesoscale data assimilation.

3.4.2 The 3DVAR/AROME data assimilation

The 3DVAR/AROME assimilation system shares most of its code with the 3DVAR/ALADIN
system. The two components of the wind, temperature, specific humidity and surface
pressure are the control variables and are analyzed at the model resolution (2.4km)
while the other model fields (TKE, non-hydrostatic and microphysical fields) are cy-
cled from the previous AROME guess. The frequency of the assimilation cycle is also
more rapid than the ALADIN one, with a 3-hour window (Fig. 3.6). From the 00, 06,
12 and 18 UTC AROME analyses, 30-h forecasts are issued operationnaly each day
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F1G. 3.5: The orography (m) of the AROME /France domain.
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F1G. 3.6: The 3DVAR/AROME assimilation cycle

using the ALADIN /France forecasts as lateral boundary conditions.

In terms of observations, the 3DVAR AROME system used in this study assi-
milates the same types of observations as the ones operationally used in the ALA-
DIN /France model, including observations from radio-soundings, screen-level stations,
buoy, ship and aircraft measurements, wind profilers, horizontal winds from atmos-

pheric motion vectors (AMVs) and the Quickscatt scatterometers, IR radiances from
ATOVS and SEVIRI.

The background error covariance matrix shares also the same multivariate for-
mulation as in ALADIN /France. The background error statistics have been calcu-
lated using an ensemble-based method (Berre et al., 2006), with a six member en-
semble of AROME forecasts carried out over two 15-day periods; the initial and
lateral boundary conditions were provided by an ensemble of perturbed ARPEGE-
ALADIN/France assimilation ensemble (stefanescu et al., 2006). Compared to the
ALADIN/France ones, background-error standard deviations used in AROME are in-
creased and horizontal correlation lengthscales are much shorter (reduced by a factor
2 for low-level humidity for example, see Fig. 3.3) : analysis increments are therefore
much stronger and narrower in AROME than in ALADIN.
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For all the other aspects such as estimating of R, set up of GPS ZTD observation
operator H and the pre-selection procedure, they are defined and estimated in a quite
same way as in the 3SDVAR /ALADIN.

3.5 Synthesis

To sum-up, the 3DVAR/ALADIN et 3DVAR/AROME data assimilation systems
share almost the same code (data flow, forward obervation operators, adjoint opera-
tors, etc). The differences lie mainly in the way the systems are configured : back-
ground error covariance matrix B, observation variance error matrix R, type of first-
guess, time window of the data assimilation cycle, ...

The AROME model and the MesoNH model version used here have a similar reso-
lution and share the same physical parameterizations. The main differences between
the two models concern the dynamic part of the model with more efficient numerical

schemes for AROME.
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3.5. Synthesis




Chapitre 4

Impact de I’assimilation de données
GPS avec le SDVAR/ALADIN

Résumé

Ce chapitre décrit les résultats de ’étude de 'impact de ’assimilation des données
GPS avec le 3DVAR ALADIN sur la prévision a haute résolution MesoNH d’un
épisode de pluie intense Méditerranéen. Il se présente sous la forme d’un article accepté
au Journal of Geophysical Research, précédé d’une étude de sensibilité a la formulation
de 'opérateur d’observation.

Le cas sélectionné pour cette étude est ’épisode de pluie intense du 5 au 9 sep-
tembre 2005 qui a affecté principalement le Gard et I’Hérault. Les données GPS
assimilées proviennent du réseau européen E-GVAP et des stations de TOHM-CV.
Un cycle d’assimilation ALADIN 4 la résolution de 9.5 km a été effectué pour tout le
mois de septembre. Les analyses ALADIN ont ensuite été utilisées comme conditions
initiales et aux limites pour réaliser des prévisions MesoNH a 2.5 km de résolution
de lévénement du 5 au 9 septembre 2005. Deux runs (& 00UTC et 12 UTC) par
jour avec une prévision jusqu’a 18 heures d’échéance ont été réalisés sur la totalité de
I’événement.

Les résultats de cette étude peuvent étre résumés ainsi :

— Les expériences ot une seule observation est assimilée nous ont permis de mon-
trer la faible sensibilité & la formulation des deux opérateurs d’observation testés
et de confirmer que I'assimilation des observations de ZTD modifiait principa-
lement le rapport de mélange en vapeur d’eau dans la basse et moyenne tropo-
sphére dans un rayon d’environ 70 km autour de la station GPS.

— Lorsque toutes les observations de ZTD sont assimilées avec les autres types
d’observations, 'impact de ’assimilation des observations de ZTD a été trouveé
neutre en général sur 'analyse et I’ébauche (prévision a 6 heures d’échéance
d’ALADIN), seul un faible impact positif sur I'humidité spécifique de 1’ébauche
a été trouvé par comparaison aux observations de radiosondages.

— Lorsque les analyses issues du cycle d’assimilation ALADIN sont utilisées comme
conditions initiales aux prévisions MesoNH a 2.5 km, 'impact sur la prévision
MesoNH des cumuls de précipitation, évalué a la fois qualitativement et quan-
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titativement & l'aide de scores, a été trouvé faiblement positif.
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4.1 Impact of the observation operator

In fact, two observation operators were available in the assimilation software : one
issued from the Poli et al. (2007) study with ARPEGE (called hereafter POLIOT)
and an other one (called hereafter BREN06) developped according to the results of
Brenot et al. (2006) which had evaluated many expressions to calculate the model
equivalent ZTD. In the previous chapter, the BREN06 observation operator was fully
described. We presents here only the main differences between the two observation
operators.

POLIO7 integrates from the bottom to the top of the model the following equa-
tion, using the total pressure P, the temperature 7" and the partial pressure of water
vapour e of the atmospheric model column :

(&

P
ZTD = /(/ﬁ? + k3
According to Smith and Weintraub (1953)
ky: 0.776 -1076 Pa—1.K
ks : 3730 -1076 Pa—1.K?

whereas the equation for BRENOQG is the following :

P e

r &

3T2 )dZ + AZTDTOP (42)

ky . 0.704-1076 Pa—'.K
Ky : 37391076 Pa—t.K?
Ky o khy=ky— kiRt (Bevis et al., 1994)

BRENO06 have evaluated different sets of (ki, ks, k3) coefficients proposed in the
literature for ZTD values computed from high-resolution (2.4km) non-hydrostatic
atmospheric simulated fields. The results showed that there are no significant diffe-
rences in the evaluation of ZTD between most of the coefficient sets (with a mean
bias of ZTD less than 2 mm), except for the set using the two-coefficient formula as
in POLIO7, which presents a mean ZTD bias reaching nearly 12 mm.

A ZTD contribution above the model top level AZT Drop is also added in BREN06
(see Eq.(3.16) in chapter 3). POLIO7 did not consider this correction in their obser-
vation operator and left this to be handled by their bias correction scheme. Poli et al.
(2007) evaluated to 2.3 mm this contribution above the ALADIN/ARPEGE model
top at 1 hPa for the mid-latitudes.

In order to perform the integration of the ZTD operator inside the model, POLIO7
and BRENOG6 follow nearly the same implementation, except when the GPS station is
located below the model terrain. In that case, extrapolation of pressure, temperature
and humidity values from the model lowest level down to the GPS station altitude is
needed. In that extrapolation procedure, the temperature is considered as constant
in POLIO7 while BREN06 assumes a constant temperature gradient.
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In order to study the impact of how the model equivalent ZTD is calculated in the
assimilation system, we perform analyses where the 3DVAR ALADIN system only
assimilates one zenith delay observation using the two different observation operators
available, as their tangent-linear and adjoint codes, in the assimilation software.

Figure 4.1 shows results of the assimilation of a single observation of ZTD at
Aix-en-Provence of value 2.4586 m; the model equivalent ZTD computed from the
first guess with BREN06 and POLIO7 observation operators departs from the ob-
servation by 14.34 mm and 18.6 mm, respectively. Note that 2.3 mm (out of the
18.6 mm difference) would normally be corrected by a bias correction (as in POLIOT)
but we neglect this effect here. After the minimization of the cost function in the
assimilation, the model equivalent ZTD analysis differs from the observation of only
1.47 mm for BRENO6 and of 1.9 mm for POLI07, showing a good behaviour of the
assimilation with both operators. The main impact of assimilating ZTD data is seen
on the humidity field. There is almost no impact on the pressure or temperature field.
The horizontal influence range of the observation is in agreement with the horizontal
correlation length of the background-error covariance matrix which is about 70 km
in the middle troposphere for specific humidity with the 3DVAR/ALADIN. We can
see in Figure 4.1cd that the assimilation experiment using POLIO7 yields an analysis
increment of humidity in the low to mid- troposphere more intense than in the assimi-
lation experiment using the observation operator from BRENQOG. The larger analysis
increments imply more corrections to the humidity field by the analysis.

To summarize, in the present example, the impact on the analysis of the formula-
tion of the observation operator is not so much ; it can lead to about 2% of difference
in the final analysis increment of humidity, without however modifying the vertical
distribution of the humidity analysis increment.
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FiG. 4.1: Vertical cross section along a South-North 670-km line of analyses and
analysis increments of relative humidity, obtained by assimilation of a single ZTD
observation using the BRENO06 (ac) or the POLIO7 (bd) observation operator. Panels
ab display the relative humidity from the 3DVAR analysis and panels cd the analysis
increment of relative humidity. The vertical arrows in panels cd indicate the location
of the ZTD observation.




64 4.2. Impact of the 3DVAR/ALADIN GPS ZTD assimilation

4.2 Impact of GPS Zenith Delay Assimilation on
Convective Scale Prediction of Mediterranean Hea-
vy Rainfall

The following article is accepted for publication in the Journal of Geophysical Re-
search. Yan, X., V. Ducrocq, P. Poli, M. Hakam, G. Jaubert, and A. Walpersdorf
(2009), Impact of GPS zenith delay assimilation on convective-scale prediction of Me-
diterranean heavy rainfall, J. Geophys. Res., 114, D03104, doi :10.1029/2008JD011036




Chapitre 5

Impact de I’assimilation de données
GPS avec le SDVAR/AROME

Résumé

Ce chapitre décrit les résultats de I’étude de 'impact de I'assimilation de données
GPS avec le 3DVAR/AROME sur la prévision AROME de la POI9 de la campagne
COPS. 11 se présente sous la forme d’un article préparé pour une soumission au Qua-
terly Journal of the Meteorological Society. Il est précédé d’une présentation générale
de la campagne COPS. Une étude de sensibilité a la formulation de 'opérateur d’ob-
servation conclut ce chapitre.

Pendant la campagne COPS, un réseau dense de stations GPS a été déployé dans
la région des Vosges et de la Forét Noire. Les données de ces stations ainsi que celles du
réseau opérationnel E-GVAP ont été assimilées avec le 3DVAR/AROME. Les analyses
a 00UTC issues du cycle d’assimilation AROME ont servi de conditions initiales a la
prévision AROME pour les 3 jours de la POI9 de COPS (18-20 juillet 2007). Cette
POI est caractérisée par des systémes convectifs précipitants qui se forment sur la
France et balayent ensuite la région COPS.

Un impact positif sur la prévision AROME est clairement mis en évidence lorsque
les données GPS sont assimilées. L’impact est particuliérement significatif pour la
journée du 19 juillet (POI9D).

Deux expériences de sensibilité ont ensuite été conduites. Dans une premiére ex-
périence, seules les données GPS du réseau opérationnel E-GVAP sont assimilées.
Les résultats de cette expérience montrent qu’'un impact postif est déja obtenu lors-
qu'uniquement les données du réseau E-GVAP sont assimilées. Ce résultat est trés
encourageant par rapport a une assimilation en opérationnel des données de ZTD
dans AROME. Une seconde expérience a évalué I'impact de la formulation de 'opé-
rateur d’observations. Un impact trés faiblement positif en faveur de la formulation
de 'opérateur selon Brenot et al. (2006) est trouveé.
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5.1 The COPS field campaign

5.1.1 Motivation

Precipitation is one of the most important meteorological variables, which is
highly demanded by different end-users such as hydrological, agriculture and disaster
warning systems, etc. Nowadays, the demand of quantitative precipitation forecasts
(QPF) from those end-users is increasing. However, the quality of QPF especially for
convective rainfall is quite poor and has remained still a problem in the NWP research
and operational community worldwide. Among all the difficulties, which have been
encountered during the improvement of QPF skills, the convective rainfall induced
by the complexity of the terrain is one of the most crucial. Many efforts have been
carried out to address this problem.

Quantitative Precipitation Forecast in low-mountain regions is a real challenge for
the NWP community. The forcing mechanisms which trigger the convection initiation
are not well understood and also not well described in the NWP models. For example,
one of the main systematic errors in mesoscale model precipitation forecasting is the
windward/lee effects. On the windward side the mesoscale models generally overesti-
mate precipitation whereas on the lee side of the mountain, they underestimate the
rain.

In order to progress in QPF with mesoscale NWP models, under the organi-
zation of the German Research Foundation (DFG), a program called “quantitative
precipitation prediction” (PQP) has been established in 2004 with 23 QPF related
research projects. COPS is one of those QPF projects within the framework of the
PQP program to provide extensive observations for validating mesoscale models and
improving the representation of the key processes, and finally, to lead to the impro-
vement of QPF skills. COPS contains mainly an observation field campaign and the
research carried out after the campaign using the data obtained. Institutions from 8
countries in Europe have been involved and collaborate in this project. Interaction
between the instrumentation groups and the modelers at NWP centers or research
institutes have made the COPS project being recognized also as part of the research
and development project of WWRP (World Weather Research Program of WMO).

As indicated in its name, COPS (Convective and Orographically-induced pre-
cipitation Study) is concentrated on understanding of the precipitation processes,
especially on the convection initiation in low-mountain regions which is expected to
be determined by a complex balance between forcing mechanisms due to land-surface
processes and orography, as well as to mesoscale and large-scale conditions. This
leads to the choice of the campaign site being located in the bordering regions bet-
ween France and Germany. The main goal of COPS was “to advance in the quality
of forecasts of orographically induced convective precipitation by four-dimensional
observations and modeling of its life cycle for identifying the physical processes res-
ponsible for deficiencies in QPF over low-mountain regions” (Wulfmeyer et al., 2008).
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Region: Southwestern Germany,
eastern France
Date: 1 June — 31 August 2007
Features: Severe thunderstorm
activity but low QPF skill
¢ Information: www.uni-hohenheim.de/cops/

! COPS , Natural convection
laboratory*
Area (270 x 150 km?)

Fic. 5.1: The COPS field campaign domain with the five supersites
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The region illustrated by Figure 5.1 (called COPS domain hereafter) is about 250
km in west-east direction and 170 km in south-north direction. From west to east,
this mountainous region covers the French Vosges mountain area, then the low Rhine
valley, and after the rapid rise of the Black Forest region in southwest of Germany.
The climate characteristics of this region are governed by a westerly flow in winter
with frontal rainfall and convective precipitation in summer caused by local instabi-
lity of the atmosphere. This region experiences precipitation 50% of the time during
the summer. Large deficiencies in QPF skill have been found in this region and during
the summer time in cases of convective rainfall. Thus the campaign has been chosen
to be performed from June to August, 2007.

5.1.2 Observations in the COPS campaign

Five “supersites” are organized along a transect from the Vosges mountains, the
Rhine valley, the Hornisgrinde Mountain, the Murg valley, and on the lee side close
to Stuttgart (Fig. 5.1). The instrumentation at each supersite was chosen in order
to document the full life cycle of convective precipitation, from the preconvective
environment to the development of precipitation. All of the supersites were equipped
with soil moisture sensors, turbulence or energy balance and radiosonde stations, GPS,
and surface meteorology instrumentation. Thirteen lidar systems measuring water-
vapour or Doppler wind or temperature were deployed on 2 airborne and 11 ground-
based platforms. Furthermore, seven microwave radiometers, two Fourier transform
infrared spectrometers, three cloud radars, eight precipitation radars (in addition to
the existing operational network of the national weather services), and five microrain
radars were operated.

Regarding the GPS observations, a first network has been set up in order to obtain
the regional distribution of water vapor for the entire COPS domain with a resolution
of 50*50 km?2. Secondly, a densification of the Vosges, Rhine valley, and Black Forest
has been performed to provide a quasi-continuous observation of the water vapor
around and between the supersites (see sec.5.2 for a more comprehensive description
of the network).

A suite of airborne platforms performed large-scale observations as well as obser-
vations between supersites. The German DLR Falcon with a water-vapor lidar and a
Doppler lidar as well as dropsondes, and the French SAFIRE Falcon 20 with water-
vapor lidar and dropsondes had the mission to sample the preconvective environment
around the COPS region. The German DO 128 aircraft provided meteorological and
turbulence measurements within the COPS region. The UK FAAM BAe 146, the
SAFIRE FALCONZ20, and the Partenavia aircraft brought cloud microphysical mea-
surements.

These research means have been deployed during 18 IOPs (sometimes of several
days) from 1% June to 31 August 2007.




5. Impact de ’assimilation de données GPS avec le 3DVAR/AROME 69

5.1.3 Role and goal of data assimilation in the COPS cam-
paign

The COPS field campaign has also incorporated real-time or post-analysis data
assimilation studies in order to demonstrate the potential impact of new observing
systems used in this campaign. The measuring systems which directly provide ob-
servations of NWP model prognostic variables or provide observations with suitable
forward operators are considered. Different data assimilation schemes such as nud-
ging, 3DVAR, and 4DVAR are compared as well as different mesoscale models.

The observations assimilated during or after the COPS campaign include : Water
vapour, wind, temperature lidar, ground-based GPS observations, radiosondes, Dop-
pler radial velocity and satellites remote sensing data.

One major goal of the data assimilation is to help in separating the errors due
to the initial conditions to those due to the model parametrizations. This can be
achieved by studying and comparing the impacts of different types of observation
systems. If data assimilation of a certain observation systems lead to a significant
improvement of the forecast, it is possible that the forecast quality is mainly limited
by errors in initial conditions. Our study on the assimilation of GPS ZTD from both
the COPS campaign and the E-GVAP network contributes to this general goal.

5.2 Benefit of GPS Zenith Delay Assimilation on
high-resolution Quantitative Precipitation Fore-
cast of the COPS cases IOP9

The following article has been prepared for submission to Quat. J. Roy. Meteor.
Soc.
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Benefit of GPS Zenith Delay Assimilation on high-resolution Quantita-
tive Precipitation Forecast of the COPS cases IOP9

X. Yan™ V. Ducrocq™™, G. Jaubert®, P. Brousseau™, P. Poli»®, C. Champollion®
K. Boniface®

(1) GAME-CNRM, CNRS & Météo-France, 42 Avenue Coriolis, 31057 TOULOUSE
Cedex 1, France

(2) UM2/CNRS,Place E.Bataillon, Montpellier, France

(3) ECMWF, Shinfield Park, RG2 9AX, United Kingdom

abstract

The benefit of assimilating high spatial and temporal resolution GPS ZTD observa-
tions within a high-resolution NWP system is evaluated during IOP9 of the COPS
campaign. During the international COPS field experiment which took place from
June to August 2007, a high density GPS network was deployed in the Vosges moun-
tain region in eastern France and the Black forest region in southwestern Germany.
GPS ZTD observations collected during the COPS field campaign, in addition to the
European operational GPS data, are assimilated into the AROME/3DVAR system.
We investigate the impact of assimilating these GPS ZTD observations on the fore-
cast of convective systems that travelled over Eastern France during the 3-day COPS
IOP9. The results show a clearly positive impact in terms of short-range quantitative
precipitation forecast when GPS ZTD observations are assimilated. The impact is
most important for the IOP9b day. As most of the improvement is gained by as-
similating GPS ZTD observations from the European operational GPS network, this
study opens up encouraging horizons for the assimilation of GPS ZTD in the new
high-resolution operational NWP systems.

Keywords: GPS zenith delays; quantitative precipitation forecast; mesoscale data

assimilation
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1 Introduction

During the last decades, almost no significant improvement on Quantitative Pre-
cipitation Forecast (QPF) has been achieved, especially for convective precipita-
tion. One reason for such QPF deficiency is that deep convection parametriza-
tion used in Numerical Weather Prediction (NWP) systems do not reproduce cor-
rectly the convective systems (Wulfmeyer et al., 2008). Several previous studies have
shown that the response in terms of quantitative precipitation forecast (QPF) of non-
hydrostatic convection-resolved models are different from those of coarser models with
parametrized convection using the same initial conditions (e.g. Ducrocq et al., 2002;
Richard et al., 2007). Ducrocq et al. (2002) showed that increasing the model resolu-
tion down to 2-3km allowing explicit resolved deep convection improves the forecast
of convective systems. This improvement is however subject to a relevant description
of the mesoscale initial conditions and especially to the initial humidity field. But
due to the limitation of water vapour measurements and the highly variable nature
of the moisture in the troposphere, the improvement of the moisture field remains
still a hot research topic for the NWP centers worldwide. Assimilation of GPS Zenith
Total Delay (ZTD) observation has emerged to become one of the most promising
method to address this moisture problem during the past 10 years (De Pondeca and
Zou, 2001; Vedel and Huang, 2004; Poli et al., 2007, among others)

Further studies (Cucurull et al., 2004; Vedel et al., 2004; Peng and Zou, 2004)
have been carried out in assimilating high spatial and temporal resolution GPS ZTD
observations into mesoscale numerical weather prediction systems. In general, those
former studies suggest that better results can be obtained by increasing the model
resolution. We have also conducted a former research on assimilating GPS ZTD
observations into the 9.5-km ALADIN-France/3DVAR system and used its analyses
as the initial conditions to start a 2.5-km non-hydrostatic model MesoNH runs (Yan
et al., 2008). Slightly positive results have been found by assimilating GPS ZTD data
for a heavy convective precipitation event in Northwestern Mediterranean.

Now, high-resolution data assimilation systems based on non-hydrostatic resolving
convection models and with rapid update cycle have been developed and become to
be operational in several meteorological services. This is the case of the Météo-France

AROME system which is now running in a pre-operational mode over a domain cov-
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ering France (Bouttier, 2007). Both the model forecast and data assimilation are
performed at 2.5 km resolution and the 3DVAR scheme assimilates observations ev-
ery 3 hours. With such high horizontal resolution, the model orography is closer to
the true terrain, thus a more precise equivalent model ZTD can be computed. The
short-range high-resolution forecast which serves as the first guess for the data as-
similation is also expected to be better, allowing equivalent model ZTD closer to the
observations. This is especially true for convective rainfall events. The aim of our
study is to evaluate the benefit of assimilating high spatial and temporal resolution
GPS ZTD observations within a high-resolution NWP system. The pre-operational
AROME system is used for that purpose. Our study is based on the COPS field cam-
paign where a high density GPS network was deployed in the Vosges mountain region
in eastern France and the Black forest region in southwestern Germany. GPS ZTD
observations collected during the COPS field campaign, in addition to the European
EGVAP GPS data, are assimilated into the AROME/3DVAR system. We investigate
the impact of assimilating these GPS ZTD observations on the forecast of convective
systems that travelled over Eastern France during the 3-day COPS IOP9.

The outline of the paper is as follows. Section 2 presents the data and the case
study from the COPS field campaign. Then section 3 describes the AROME NWP
system and the assimilation experiments performed in the study. Section 4 discusses
the impact of assimilating GPS ZTD data on the AROME forecast of IOP9. The

conclusions follow in section 5.

2 Data and case study from the COPS field cam-
paign

2.1 The COPS GPS network

The international field campaign COPS (Convective and Orographically-induced Pre-
cipitation Study, Wulfmeyer et al., 2008) took place from June 1 to August 31 2007 in
southwestern Germany and eastern France which includes the Vosges mountain and
the Black forest (see Fig. 1 for geography of the region). This region of low moun-

tains frequently experiences severe thunderstorm activity during the summer while
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the numerical weather prediction skill is especially weak in those cases. The goal of
this campaign was to provide new 4-dimensional datasets for identifying the reasons
of deficiencies in quantitative precipitation forecast for orographically-induced con-
vective rainfall events. The observing strategy was based on densifying of existing
networks (additional GPS receivers, radiosoundings, soil moisture mesonet, etc) and
deployment of research instruments (lidars, Doppler X-band radars, etc.). The in-
struments were concentrated over 5 “supersites” almost aligned along a transect from
the Vosges mountains to Stuttgart. As regards more specifically the GPS network
covering the COPS region, it is composed of (Fig. 1):

e 20 permanent stations coming from EOST (Ecole et Observatoire des Sci-
ences de la Terre, Strasbourg), RGP (Réseau GPS Permanent), Orpheon and
INRA (Institut National de la Recherche Agronomique of Nancy) networks over

France,
e 29 permanent stations from SAPOS over Germany,

e 22 temporary INSU/CNRS (Institut National des Sciences de I’Univers / Centre
National de la recherche scientifique) owned stations mounted during the 3-

month COPS campaign period over France,

e 5 temporary GFZ (German Research Centre for Geosciences) owned stations

over Germany.

In total, there were 76 permanent or temporary GPS stations present in the COPS
region during the campaign. The spatial resolution is about 50*50km? over the total
domain, with an increase of the density along the “supersites transect and in the
Rhine valley. The raw GPS observations have been processed to issue 60 minutes ac-
curate GPS ZTD and horizontal delay gradients solutions, using the GAMIT software
- release 10.33 (King and Bock, 2008). During a first run, GPS station coordinates
are estimated. These are re-used for a second run during which atmospheric param-
eters are estimated: ZTDs and horizontal delay gradients (Davis et al., 1985; Chen
and Herring, 1997). The gradients represent the anisotropy of the water vapor field
around the GPS site. GPS data are processed using an elevation cut-off angle of
5° and the Vienna mapping functions (Boehm et al., 2006). A priory ZHD (Zenith
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Hydrostatic Delay) values used in the processing are provided by the ECMWEF (Eu-
ropean Centre for Medium-Range Weather Forecasts) analyses. A sliding windows
strategy have been applied to minimize the edge effect of the processing. For more
details on GPS data processing we refer to Champollion et al. (2004) and Brenot et
al. (2006).

2.2 I0P9
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Figure 2: Maps of 500 hPa geopotential heights (solid lines) and temperatures (dashed
lines) valid at 12 UTC on : a) 18 July 2007, b) 19 July 2007, and ¢) 20 July 2007.

The impact of assimilating GPS ZTD data is examined for the 3-day IOP9 (18-20
July 2007). The COPS goal for IOP9 was the study of the development of a frontal
zone elongated from southwest to northeast and its influence on the deep convection.

On 18 July, a large upper-level trough extending from Scandinavia to the Azores
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generated a rapid southwesterly flow over France and Germany (Fig. 2a). A surface
frontal zone is embedded within that region with hot and moist air ahead of it in
the eastern part of France and Germany. Associated with the frontal zone, successive
convective systems developed in the warm air over France and then affected the COPS
region during the early morning (up to 1000 UTC). Later, isolated convective cells
formed in the lee of the Vosges during the afternoon (1700-2000UTC). The upper-level
trough progressively took a North-South orientation during the two following days
(Fig. 2bc) and a low-pressure cut-off formed over the British Isles. Deep convection
developed again over France within the frontal zone during the night from 18 to 19
July and the convective systems, transported by the southwesterly flow, concerned the
COPS region during almost all the day the 19"*. Among the convective systems that
travelled over the region, a major mesoscale convective system affected the COPS
region from about 0600 UTC to 1200 UTC, 19 July. On 20 July, the cold front
associated with the low surface pressure center over the British isles affected the
COPS region during the morning. Precipitation organised in a bow-like structure
that took the shape of a squall line ranging from the Netherlands to Germany. Severe

precipitation with flooding took place in Germany associated with this system.

3 Assimilation experiments

3.1 The AROME NWP system

The system used in this study is the pre-operational AROME suite over France that
runs daily in Météo-France (Seity et al., 2008). This model is now used operationally
since December 2008. A large part of the AROME software is common with the AL-
ADIN and ARPEGE models from Météo-France and the IFS system from ECMWF.
AROME uses a non-hydrostatic extension of the limited-area NWP model ALADIN
for the adiabatic equations (Bubnova et al., 1995; Benard, 2004), whereby the vertical
coordinate becomes an hydrostatic pressure, and two prognostic variables are added
: vertical velocity and departure of the pressure from hydrostatism. The AROME
physical package is extracted from the physical parameterizations of the Meso-NH
research model (Lafore et al., 1998): the prognostic equations of the six water species

(vapour, cloud water, rain water, primary ice, graupel and snow) are governed by a
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Figure 3: Location of the ground-based 316 GPS stations (circles)from the E-GVAP
and COPS networks, plotted over the AROME domain. The 277 stations selected by
the pre-processing and used after in the data assimilation are marked with a black
bullet. The stations removed for the OPR experiments are marked also by a cross.
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bulk microphysical scheme (Caniaux et al., 1994) and the deep convection is resolved
explicitly. The radiative scheme is the RRTM parameterization (Mlawer et al., 1998)
and the turbulence scheme is from Cuxart et al. (2000). The surface energy exchanges
are parametrized according to four different schemes depending on the surface types
(nature surfaces, urban areas, ocean, lake) included in the grid mesh. The natu-
ral land surfaces are handled by the Interactions Soil-Biosphere-Atmosphere (ISBA)
scheme (Noilhan and Mahfouf, 1996), whereas energy exchanges over urban surfaces
are parametrized according to the Town Energy Balance (TEB) scheme (Masson,
2000). The AROME domain covers mainly France (Fig. 3) at 2.5-km resolution and
with 41 vertical levels. Lateral boundary conditions are provided by hourly ALADIN
forecasts.

The AROME 3DVAR assimilation system is based on the ALADIN 3DVAR sys-
tem (Fischer et al., 2005). The data assimilation system uses a rapid forward intermit-
tent assimilation cycle with a 3-hourly data analysis frequency. The two components
of the wind, temperature, specific humidity and surface pressure are analyzed at the
model resolution (2.5km) while the other model fields (turbulent kinetic energy, non-
hydrostatic and microphysical fields) are cycled from the previous 3-hour AROME
forecast. In terms of observations, the system assimilates the same types of obser-
vations as the ones operationally used in the ALADIN-France model (Montmerle et
al., 2007; Yan et al., 2008), including observations from radio-soundings, screen-level
stations, buoy, ship and aircraft measurements, wind profilers, horizontal winds from
atmospheric motion vectors (AMVs) and the Quickscatt scatterometers, IR radiances
from ATOVS and SEVIRI. The background error covariance matrix shares also the
same multivariate formulation as in ALADIN-France (Berre, 2000). The background
error statistics have been calculated using an ensemble-based method (Berre et al.,
2006), with a six member ensemble of AROME forecasts carried out over two 15-day
periods; the initial and lateral boundary conditions were provided by an ensemble of
perturbed ARPEGE /ALADIN-France assimilation ensemble (Stefanescu et al., 2006).
Compared to the ALADIN-France ones, background-error standard deviations used
in AROME are increased and horizontal correlation lenghtscales are much shorter
(i.e. reduced by a factor 2 for low-level humidity for example): analysis increments

are therefore stronger and narrower.
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3.2 GPS observations and pre-processing

In our study, we use two GPS ZTD datasets. The first one is from the European GPS
station network whose data are already assimilated in the ARPEGE and ALADIN
systems (Poli et al., 2007). The European scale collection of ground based GPS delay
measurements in near-real time is performed through the EUMETNET GPS water
vapor program (E-GVAP, http://egvap.dmi.dk/). The second dataset comes from
the COPS campaign as described in section 2.1. In total, there are 316 GPS stations
gathering the two datasets within the AROME domain (Fig. 3). Note that each
station can be treated by several centers at the same time which can result in more
than one GPS ZTD solutions per station. Therefore 648 pairs of station-center within
the AROME domain are finally available.

Pre-processing of GPS ZTD observations is needed in order to use for each station
only the GPS ZTD observation processed by a selected center which provides the
most reasonable solutions. The reader is referred to Poli et al. (2007) and Yan et
al. (2008) for discussion about the necessity of such a selection. Spatial thinning,
observation error assignment and bias correction are also performed at the same
time. The pre-processing follows the one used for the GPS ZTD assimilation in the
ALADIN system (Yan et al., 2008). The pre-processing is based on the examination
of the statistical behavior of departures for all the 648 station-center pairs during
the period 23 July - 06 August 2007. "Departure" is defined here as the difference
between the GPS ZTD observation and the model equivalent ZTD computed from the
first-guess. The observation operator for GPS ZTD used in the AROME 3DVAR data
assimilation system is based on the vertical integration of the refractivity expression
as decribed in Poli et al. (2007). Spatial thinning is conducted with the distance
between the stations no less than 10km. The standard deviation of the first 10-
day departure time series is used as the bias for each selected station-center. The
observation error assigned to each station varies also, depending on the standard
deviation of the departure. Figure 3 shows the stations selected by the pre-processing
that will be used for the assimilation experiment in our study. Note that some
additional quality control by comparison to the first-guess will be applied later during
the assimilation experiment to reject individual observations with large errors. For

each 3-hourly analysis, we assimilate only the GPS observation closest to the analysis




80

5.2. Benefit of GPS ZTD on QPF of IOP9

time and within + 1.5 h around the analysis time.

3.3 The data assimilation experiments

Three AROME assimilation cycle experiments are set up in order to investigate the
impacts i) of the assimilation of GPS ZTD observations and i) of the assimila-
tion of the additional GPS ZTD data collected during the COPS field campaign. A
first experiment, called hereafter REF, assimilates the observations used by the pre-
operational AROME system, excluding all the GPS observations. Note that also are
excluded conventional observations, such as those from radiosoundings, wind profilers
and AMDAR, issued by the COPS campaign but not available usually in the opera-
tional databases. The reason for doing that is to identify the impact from the GPS
Z'TD observations in an operational context. The second assimilation cycle experi-
ment, called hereafter COP, assimilates in addition to the observations assimilated
in REF, all the GPS ZTD observations including the operational E-GVAP ones and
those from the COPS campaign. The two assimilation cycles start at 2100UTC, 5
July 2007 and end at 2100UTC, 20 July 2007. The pre-processing described in section
3.2 has been carried out on an other 15-day period from 23 July 2007 to 6 August
2007.

Then, in order to evaluate the impact of assimilating the high-spatial resolution
GPS ZTD dataset from the COPS campaign, a third assimilation cycle experiment,
called hereafter OPR, assimilates in addition to the observations assimilated in REF,
only the GPS ZTD observations from the operational European network. The GPS
ZTD observations from the COPS campaign are excluded. OPR starts at 0000UTC
15 July 2007 using the first-guess from REF at the same time and ends at 0000UTC
20 July 2007.

Then, the AROME model is run for 30 hours starting from the analyses at
0000UTC on 18, 19 and 20 of July 2007, respectively, and for each of the data assim-
ilation experiment in order to study the impact of the GPS ZTD assimilation on the

forecast of IOP9 convective systems.
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{_scops

.1 FRANCE
%

Figure 4: 12-h accumulated precipitation (mm) from 03 UTC to 15 UTC, 19 July
2007 from : a) raingauge observation; b) the REF AROME forecast; ¢) the COP
AROME forecast; d) the OPR AROME forecast. The AROME forecasts start all at
00 UTC, 19 July 2007. In panel b, are delineated the domains used for computing
the scores displayed in Fig. 5, 6, 4.1,4.1)
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Figure 5: Quantitative scores against raingauge observations from 03 UTC to 15
UTC, 19 July 2007 for the 12-h accumulated precipitation AROME forecast from
REF (dashed green lines) and COP (solid red lines) runs : a) Equitable Threat Score
(ETS); b) Probability Of Detection (POD); ¢) Frequency Bias (FBIAS) and d) False
Alarm Rate (FAR) are displayed for the 0.1 mm, 0.5 mm, 1 mm, 5 mm and 10 mm
thresholds. The scores have been computed over three domains shown in Fig. 4: the
FRANCE (cross), BCOPS (square) and SCOPS (circle) domains.
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4 Results and discussion

4.1 Impact on the AROME forecast of assimilating GPS ZTD

The largest differences in quantitative precipitation forecast are found for IOP9b (19
July). Figure 4 shows the 12-h accumulated precipitation associated with convective
systems observed during the morning of 19 July, together with the corresponding
precipitation forecast from the REF and COP experiments (Fig. 4bc) starting from
the AROME analyses at 00 UTC, 19 July 2007. Clearly, assimilating GPS ZTD ob-
servations improves QPF over all the AROME domain. The weak precipitation over
northern France in REF is advisedly removed in COP, as well as the precipitation
over western France is better simulated in COP. Concerning the COPS region, the
high precipitation rainband is shifted eastward in COP, leading to a better agreement
with the observations. Scores (Fig. 5) confirm that COP has a better skill than
REF for IOP9b. The Equitable Threat Score (ETS), the Frequency Bias (FBIAS),
the Probability Of Detection (POD) and the False Alarm Ratio (FAR) have been
computed for thresholds 0.1mm, 0.5mm, Imm, 5mm and 10mm and for three geo-
graphical domains (shown in Fig.4b), called France, BCOPS and SCOPS respectively.
The France domain corresponds to the whole AROME domain, whereas the BCOPS
domain focuses on precipitating systems that have affected Eastern France during
IOP9. The SCOPS domain is designed to assess more specifically the local impact of
assimilating high-spatial resolution GPS ZTD data over the COPS region. Whatever
the domain, the scores show an overall improvement when GPS ZTD observations
are assimilated. ETS are actually found better for COP than REF whatever the
thresholds and the domain considered (Fig. 5). Lower FAR and higher POD are
obtained for COP, except for the 0.1 mm threshold over the France domain for POD.
Also FBIAS values are generally closer to one for COP than for REF.

Figure 6 shows ETS for the two other days and for the same forecast ranges which
encompass most of the observed precipitating activity of IOP9a and IOP9¢c. The
thresholds for computing the scores have been adapted to the precipitation amount
observed each day. On July 18, ETS values indicate that COP performs better than
REF, except for the 0.1 mm threshold over the France domain for POD. ETS values
are globally also better for COP than for REF for the France and SCOPS domains
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Figure 6: Equitable Threat Scores for the 12-h accumulated precipitation AROME
forecast from REF (dashed green lines) and COP (solid red lines) runs against rain-
gauge observations : a) from 03 UTC to 15 UTC, 18 July 2007 and b) from 03 UTC
to 15 UTC, 20 July 2007. See Fig. 4 for location of the FRANCE, BCOPS and
SCOPS domains on which ETS is computed. The scores are displayed for the 0.1
mm, 0.5 mm, 1 mm, 5 mm thresholds in (a) and for the 0.1 mm, 0.5 mm, 1 mm, 5
mm, 10 and 20 mm thresholds in (b).

on July 20, whereas results are more mitigated for the BCOPS domain. Globally, the
COP AROME forecasts are thus also better than the REF ones on 18 and 20 July,
even though the differences between the two sets are not as large as on 19 July.

Finally, a big picture of the skill of the quantitative precipitation forecast is pro-
vided by Fig. 8. Scores have been computed for the 24-h accumulated rainfall cov-
ering the whole IOP9 (i.e. 00h-24h forecast for 18, 19 and 20 July) and over the
whole AROME domain (i.e. the France domain). Even though the differences are
weak, the COP experiment produces weaker false alarm rate and higher probability
of detection.

Not only the precipitation totals are improved when ZTD GPS data are assimi-
lated but also the timing of the precipitating events. Figure 8 displays the temporal
evolution of the 3-hour cumulative precipitation for two stations located in the COPS
region (see Fig.1 for location of the raingauge stations). Fessenheim, the southern
station, has been affected mainly by the precipitating systems during the morning
of July 18, whereas Volmunster has registered the high precipitation associated with
the precipitating systems on July 19 and experienced weaker precipitation the day

after. Clearly, the timing of the precipitating systems is better in COP than in REF.
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Figure 7: Quantitative scores against raingauge observations for the 24-h accumulated
precipitation for all the AROME REF (dashed green lines) and COP (solid red lines)
forecast runs: a) Probability Of Detection (POD)and b) Frequency Bias (FBIAS) are
displayed for the 0.1 mm, 0.5 mm, 1 mm, 5 mm, 10 mm and 20 mm thresholds.
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Figure 8: Time series of the 3-hour accumulated rainfall (mm) for the Fessenheim
and Vomunster stations from 00 UTC, 18 July 2007 to 00 UTC, 21 July 2007. All the
30-h forecast REF (dashed green line) and COP (solid red line) runs are displayed
together with the observations (dot-dashed line).
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The precipitation peaks on July 18 and 19 occur at the same time in COP and in the
observations whereas in REF the peaks are anticipated or delayed.

As the 06 UTC and 18 UTC radiosounding observations from the Nancy site over
the COPS region (see Fig. 1 for location of the Nancy sounding) are not used in the
assimilation cycle, they can be exploited to further evaluate the impact of assimilat-
ing GPS ZTD data. Figure 10 provides a comparison between the 18 UTC Nancy
sounding and the 18-h forecast from the REF and COP AROME runs starting at
00UTC, on 18, 19 and 20 July respectively. Overall, the COP runs perform better
than the REF ones. The differences are remarkable on 18 July, with a better simu-
lation of the boundary layer in COP. This comparison shows also that the impact of
the assimilation of the GPS ZTD observations on the forecast is not limited to only

few hours, but it can last beyond 18 hours.

4.2 TImpact of COPS GPS ZTD data

In order to assess the impact of assimilating additional high-spatial GPS ZTD over
the COPS region, the assimilation experiment OPR does not use the GPS ZTD data
from the COPS field campaign. The 40 stations from the COPS field campaign se-
lected by the pre-processing (Fig. 3) are therefore excluded of the data assimilation
cycle of OPR. Figure 4 which shows the 12-h accumulated precipitation forecast on
I0P9b for REF, COP and OPR experiments allows us to assess the impact of the
COPS GPS ZTD observations. First of all, the precipitation forecast from OPR is
closer to the COP one than the REF one. Assimilating the European network GPS
data (i.e. OPR experiment) helps thus a lot to remove the precipitation over northern
France as well as to better locate the frontal convective rainband. The assimilation of
additional COPS GPS ZTD data in the COPS region (i.e. COP experiment) leads to
reduce the intensity of the frontal convective rainband. In general, COP gives much
better QPF scores than OPR for threshold less than 10mm for all the 3 IOP9 days, as
illustrated in Fig. 9 for IOP9b. However, for the thresholds greater than 10mm, COP
seems to degrade the QPF scores. This is explained by a tendency of underestimating

the heavy rainfall in the COP experiment for all the 3 days, and especially on 19 July.
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Figure 9: Probability Of Detection (POD)and False Alarm Rate (FAR) for the 12-h
accumulated precipitation AROME forecast from COP (solid red lines) and OPR
(dashed blue lines) runs against raingauge observations from 03 UTC to 15 UTC, 19
July 2007 over the FRANCE, BCOPS and SCOPS domains (see Fig. 4 for location
of these domains). Results are displayed for the 0.1 mm, 0.5 mm, 1 mm, 5 mm and
10 mm thresholds.
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4.3 Discussions

In order to investigate the reason of the positive impact of GPS ZTD assimilation
on the precipitation forecast, the initial conditions of the 30-h AROME forecast runs
are now examined for IOP9b which shows the largest impact. The differences for the
analyses valid at 00 UTC, 19 July are compared in Fig. 11b between the COP and
the REF experiments and Fig. 11d between the COP and the OPR experiments for
the Integrated Water Vapour (IWV). The differences between the first-guess used for
these analyses are also shown Fig. 11a between the COP and the REF experiments
and Fig. 11c between the COP and the OPR experiments. The first-guess are here
the 3-hour AROME forecasts issued from the previous analysis of the assimilation
cycles. IWV is considered here as it is closely related to ZTD and it is also a relevant
parameter for quantifying the moisture in the troposphere available for precipitation
formation.

First of all, Fig. 11 shows that the differences between the COP and the REF
analyses are larger than between the COP and OPR analyses. The same comment
applies to the first-guess. It agrees with weaker differences found for the precipitation
forecast between OPR and COP than between COP and REF. Also, a large part of the
differences found between the analyses can be attributed to the differences between
the first-guess. Therefore the impact on the short-range precipitation forecast on
19 July cannot be only imputed to the assimilation of GPS ZTD observations at 00
UTC, 19 July but it also results from the assimilation of GPS ZTD in the 3-hourly
update assimilation cycle prior July 19.

Both in the first-guess and in the analysis, IWV is increased in COP with respect to
REF in the region of the convective frontal band in the eastern France and soutwestern
Germany (Fig. 1lab) and can explain a better location of the rainy band in COP.
Also, in the southwestern part of the domain shown in Fig. 11ab, IWV is decreased
in COP. The precipitation that develops over that region and then are transported
northward in REF is thus not allowed to form in COP due to weaker available water
vapour in that region.

The comparison of the COP and OPR analyses (Fig. 11d) shows that the OPR
analysis is globally more humid in the COPS region where the COPS stations haven’t

been assimilated and may explain that the frontal convective rainband is more intense
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Figure 11: Integrated Water Vapour differences (mm) valid at 00 UTC, 19 July 2007
between : a) COP and REF first guess; b) COP and REF analyses; ¢) COP and OPR
first-guess; d) COP and REF analyses.
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in OPR. The differences between OPR and COP are not limited to the COPS region
where the COPS GPS ZTD observations have been removed. They result from the
previous analyses and propagation of the modifications within the 3-h forecast during

the assimilation cycle.

5 Conclusion

The impact of assimilating GPS ZTD observations into a 2.4-km high-resolution
convection-resolved model has been assessed through a case study of convective sys-
tems occurred on 18-20 July 2007 (IOP9) during the COPS field campaign. Three
assimilation cycle experiments were conducted using the 3DVAR/AROME assimila-
tion system: one called REF where no GPS ZTD observations were assimilated at all,
one called COP where both GPS ZTD observations from the operational European
E-GVAP network and the COPS-dedicated network were assimilated, and a last one
called OPR where only GPS ZTD observations from the operational network were as-
similated. In order to assess the impact on the precipitation forecast of the IOP9, nine
30-h AROME forecast runs have been carried out from the AROME analyses issued
from the three assimilation cycles at 00 UTC, 18, 19 and 20 July 2007, respectively.

Clear improvements in terms of QPF are found when the AROME model starts
from the analyses of the assimilation experiments where GPS ZTD observations are
assimilated. Note that the QPF for high precipitation rate, which always remains
a major problem in the forecast of convective systems, improves as well. The role
of the additional GPS ZTD observations from the COPS field campaign over East-
ern France and southwestern Germany has also been investigated. The impact of
assimilating these additional observations on the analyses and precipitation forecasts
is less significant than the one gained by assimilating the GPS ZTD observations
from the European network. Whereas the assimilation of the additional COPS GPS
Z'TD observations improves the forecast of weak precipitation, it slightly deteriorates
the scores for heavy precipitation. The differences in the analyses used as initial
conditions for the 30-h AROME forecast runs cannot be simply explained by the
assimilation of the GPS ZTD observations at the time of the analysis but result from
the successive analysis/3-h forecast steps carrying out during the rapid update cycle

which produce differences in the first-guess used for the analysis.
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This impact brought by the addition of GPS ZTD observations is much more
obvious than the results from the previous experiment (Yan et al. 2008) where as-
similation of GPS ZTD observations was done at 9.5-km resolution. Even though
the meteorological situations are not the same, better model terrain and better first-
guess benefited from the 2.4-km high resolution model AROME allow to exploit bet-
ter and more GPS ZTD observations in the assimilation, and thus to achieve better
precipitation forecasts. As most of the improvement is gained by assimilating GPS
Z'TD observations from the European operational GPS network, our study opens up
encouraging horizons for the assimilation of GPS ZTD in the new high-resolution
operational NWP systems. One advantage of GPS ZTD observations with respect to
other types of observation related to water vapour is that it provides mesoscale in-
formation to assimilate whatever the weather conditions. For instance, METEOSAT
satellite radiances are assimilated only outside cloudy areas and therefore tend to bias
the analyses toward dry conditions. The assimilation of GPS ZTD doesn’t bring such
bias as it can both remove moisture outside observed clouds or moisten in cloudy and
rainy regions.
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5.3 Impact of the observation operator

As in chapter 4, we have carried out a sensitivity study to the observation opera-
tor. Whereas in the COP assimilation experiment, the POLIO7 operator was used, we
operated in a companion assimilation experiment the BRENOG6 observation operator.
We call this experiment MIC. MIC assimilates as COP both the E-GVAP operational
GPS observations and the GPS data collected during the COPS field campaign. The
cycle assimilation experiments were run for 5 days, starting from 15, July to 20, July
2007. Then 30-h AROME forecasts were issued starting from 00UTC for day 18, 19
and 20 of July during the heavy precipitation events.

As for the COP and OPR experiments, the largest differences in terms of rainfall
forecasts are found for TOP9b. Figure 5.2 displays the 12h accumulated precipitation
from 03UTC to 15UTC, 19 July 2007 from the COP and the MIC AROME forecast.
The two rainfall fields are quite similar. The differences between COP and MIC are
smaller than between the COP and OPR differences or between the REF and COP
experiments (see Fig. 4 of sec. 5.2). That means changing the observation operator
has a smaller impact than not assimilating GPS observations or assimilating only
a part of the GPS ZTD observations. Figure 5.3 which shows the scores computing
on the same period confirms that the differences are small between the experiments.
The scores ETS (Figh.3a), FAR (Figh.3c) and POD (Figh.3d) all however indicate a
positive impact of MIC compared with COP for thresholds greater than 5mm.

To conclude, the impact of the formulation of the observation operator is also
found weak with the AROME 3DVAR assimilation system. Slightly better results are
found when using the BRE06 formulation.
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F1G. 5.2: 12-h accumulated precipitation (mm) from 03UTC to 15UTC, 19 July 2007
from : (a) the COP AROME forecast ; (b) the MIC AROME forecast ; (c) raingauge

observations.
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L’objectif de ce travail de thése était d’évaluer 'impact de I'assimilation de don-
nées GPS & méso-échelle sur la prévision a haute résolution de systémes convectifs.
Ce travail, qui a aussi contribué au développement de ’assimilation de données GPS
dans les systémes de prévision numérique a méso-échelle de Météo-France, s’est ins-
crit dans la chronologie du développement et de la disponibilité de ces systémes. Au
démarrage de ce travail de thése, 'assimilation 3DVAR/ALADIN était tout juste opé-
rationnelle (sans assimilation de données GPS) et le nouveau modéle AROME encore
en développement. Une premiére partie du travail de thése a ainsi été consacrée a ’as-
similation des données GPS de ZTD avec le 3DVAR/ALADIN (9.5 km). L’évaluation
de I'impact sur la prévision a haute résolution (2.5 km) a été réalisée en initialisant le
modéle MesoNH avec des analyses ALADIN ayant bénéficié ou non de 'assimilation
des données de ZTD. La disponibilité de la version pré-opérationnelle du systéme de
prévision numérique AROME dans la deuxiéme partie de ce travail nous a permis
ensuite d’évaluer I'impact de ’assimilation des données GPS de ZTD lorsqu’a la fois
le systéme d’assimilation et le modéle de prévision sont a haute résolution (2.5 km).

Dans la premiére partie, nous avons tout d’abord cherché & caractériser I'influence
d’une observation de ZTD lorsque celle ci est analysée. Pour cela, nous avons réalisé
des expériences oul une seule observation de ZTD est assimilée avec le SDVAR/ALADIN
a un instant donné. Comme les études antérieures réalisées a plus grande échelle, nous
avons trouvé que l'assimilation de ZTD modifie avant tout le champ de vapeur d’eau
et trés peu le champ de pression ou de température. En terme de répartition verticale
de I'information contenue dans la valeur intégrée du ZTD, I'analyse modifie la basse
et moyenne troposphére, avec un impact maximum vers 2-3 km d’altitude. L’assimi-
lation d’observations de ZTD a donc pour effet principal d’apporter une information
sur la vapeur d’eau dans la basse et moyenne troposphére, i.e. sur un parameétre et
une région de l'atmosphére peu documentés par les autres systémes opérationnels
d’observation a méso-échelle.

Nous avons ensuite réalisé un cycle d’assimilation de durée un mois ou toutes les
observations de ZTD sont assimilées avec les autres types d’observations assimilés par
le systéme de prévision numérique ALADIN-France. L’impact de I'assimilation des
observations de ZTD a été trouvé neutre en général sur I’analyse et ’ébauche (prévi-
sion & 6 heures d’échéance d’ALADIN). Seul un faible impact positif sur ’humidité
spécifique de I’ébauche a été trouvé par comparaison aux observations de radioson-
dages. Les analyses ALADIN ont ensuite été utilisées comme conditions initiales et
aux limites pour réaliser des prévisions MesoNH & 2.5 km de résolution de I'événe-
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ment du 5 au 9 septembre 2005 dont les fortes précipitations ont affecté le Gard et
I'Hérault. Deux runs (& 00UTC et 12 UTC) par jour javec des prévisions jusqu’a
18 heures d’échéance ont été réalisée sur la totalité de I'événement. L'impact sur la
prévision MesoNH des cumuls de précipitation, évalué a la fois qualitativement et
quantitativement a ’aide de scores, a été trouvé faiblement positif.

Avec le systéme d’assimilation AROME, nous avons examiné I'impact sur la pré-
vision AROME de la POI9 (18-20 juillet 2007) de la campagne COPS. Cette POI
est caractérisée par des systémes convectifs précipitants qui se forment sur la France
et balayent ensuite la région de la campagne COPS. Un cycle d’assimilation rapide
a d’abord été réalisé sur une durée de 15 jours, puis des prévisions AROME de 30h
d’échéance ont été réalisées a partir des analyses a 00 UTC pour les trois jours de la
POT9. Un impact positif sur la prévision AROME des précipitations est clairement mis
en évidence lorsque les données GPS sont assimilées. L’impact est particuliérement
significatif pour la journée du 19 juillet (POI9b). Le calendrier de ce travail de thése
n’a pas permis d’exploiter complétement les nombreuses données potentiellement dis-
ponibles de la campagne COPS pour valider a la fois les analyses et les prévisions
AROME. Une comparaison avec les données du LIDAR vapeur d’eau LEANDRE a
bord de ’ATRA42 francais est notamment en cours et montre que les prévisions issues
du cycle d’assimilation avec données GPS sont plus proches des observations vapeur
d’eau LEANDRE.

Pour la campagne COPS, un réseau dense de stations GPS avait été déployé dans
la région des Vosges et de la Forét Noire, nous offrant 'opportunité de tester 'apport
de D'assimilation des données d’un tel réseau dense en complément des stations du
réseau européen E-GVAP. Les résultats de ces expériences d’assimilation montrent
que la majorité du gain obtenu grace a 'assimilation de données GPS est attribuable
a 'assimilation des données du réseau opérationnel E-GVAP. Ce résultat est particu-
lierement important dans un contexte opérationnel. Méme si la résolution du réseau
E-GVAP peut apparaitre faible par rapport a celle du systéme AROME, il apporte
déja une information a méso-échelle que le nouveau systéme d’assimilation AROME
est capable d’exploiter pour améliorer ’analyse d’humidité dans la basse et moyenne
tropospheére.

Dans le cadre de ce travail de thése, nous avons aussi implémenté et évalué un
nouvel opérateur d’observation dans les systémes d’assimilation 3DVAR/ALADIN et
3DVAR/AROME, en suivant les recommendations de la thése de Brenot (2006). Les
résultats obtenus avec cet opérateur ont été comparés a ceux obtenus avec 'opéra-
teur d’observation original utilisé avec le systéme global 4ADVAR/ARPEGE. Aussi
bien les expériences d’assimilation a une observation que les expériences d’assimila-
tion réalisées sur la POI9 de COPS montrent une faible dépendance a la formulation
de Popérateur d’observation. Un impact trés faiblement positif en faveur de la formu-
lation de I'opérateur selon (Brenot et al., 2006) est trouvé sur la POI9 de COPS avec
le 3DVAR/AROME.

L’impact positif obtenu avec le 3DVAR/AROME sur la POI9 de COPS est plus
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significatif que celui obtenu dans la premiére partie de la thése avec le systéme
3DVAR/ALADIN pour 'épisode Méditerranéen de pluie intense. Une meilleure ébau-
che avec un relief modéle plus précis et une fréquence d’analyse plus importante dans
le cas ’AROME peuvent expliquer ce plus fort impact. Mais ce n’est pas la seule
explication possible : en effet, le cas d’étude et la configuration du réseau GPS sont
aussi différents. Dans le cas de la POI9 de COPS, le flux humide de basses couches
alimentant les systémes peut étre documenté par un ensemble de stations GPS ter-
restres en amont des systémes, alors que dans le cas des systémes méditerranéens
de pluie intense, leur alimentation provient en grande partie des basses couches au
dessus de la mer, dépourvues en stations GPS. Le déploiement de stations GPS sur
navires ou bouées pourrait permettre de combler en partie le manque d’observa-
tions de vapeur d’eau en basse et moyenne troposphére au dessus de la mer. Une
étude de faisabilité est actuellement conduite par la communauté GPS francaise dans
le cadre du projet LEFE/VAPIMED, avec un déploiement envisagé dans le cadre
de la future campagne de mesures HyMeX sur le cycle de I'eau en Méditerranée
(http ://www.cnrm.meteo.fr/hymex/).

Pour conclure, ce travail de thése a montré un impact globalement positif de
I’assimilation des données GPS de ZTD sur la prévision a haute résolution de systémes
convectifs précipitants, et a constitué un résultat encourageant pour une assimilation
de ces données en opérationnel. Le modéle de prévision numérique ALADIN-France
assimile désormais les données du réseau E-GVAP. Le nouveau systéme de prévision
numérique AROME, déclaré opérationnel en décembre 2008, les assimile également.
Comme perspectives d’amélioration de I'assimilation opérationnelle de données GPS
avec les systémes de prévision numérique a mesoéchelle ALADIN et AROME, nous
pouvons citer :

— Une augmentation de la densité spatiale du réseau E-GVAP dans les zones
terrestres actuellement pauvres en observations de ZTD : Afrique du Nord, et
certaines régions d’Espagne, d’Italie et de France. Il existe de nombreux capteurs
GPS & ce jour mais ce sont ’accés a leurs données en temps quasi-réel et leur
traitement par un des centres d’analyse qui font défaut généralement.

— Le développement de 'observation GPS en mer si les expérimentations men-
tionnées ci-dessous sont concluantes.

— L’assimilation des délais obliques a la place des délais zénithaux. Dans ce cas une
information sur la distribution tri-dimensionnelle de la vapeur d’eau autour de
la station GPS pourrait étre exploitée et non plus seulement une valeur intégrée
a la verticale de la station. Ceci suppose toutefois que les délais obliques fournis
par les méthodes de traitement GPS ne soient pas “re-construits” a partir du
délai zenithal total mais soient au plus proche de I'observation du retard entre
le satellite et la station GPS.
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Abstract. The impact of assimilating Zenith Total delay
(ZTD) observations from a mesoscale ground-based GPS
network over Western Europe is evaluated for the heavy
precipitation event of 59 September 2005 over Southern
France. The ZTD assimilation is performed using a three
dimensional variational data assimilation system at the 9.5-
km horizontal resolution. Then using as initial conditions
the 3DVAR analyses with and without assimilation of ZTD,
we perform 2.4-km non-hydrostatic MESO-NH simulations.
The results of the fine-scale simulations indicate that assim-
ilation of ZTD help to improve the forecast of the tropo-
spheric water vapour content and the quantitative precipita-
tion forecast. We have also assessed through single observa-
tion experiments the influence of the formulation of the ob-
servation operator whichis used to compute the model equiv-
alent ZTD.

1 Introduction

Tropospheric water vapour is highly variable in space and
time and, besides, is a key-ingredient for the success of fine-
scale heavy rainfall forecast (Ducrocq et al., 2002). Lack of
high-resolution water vapour observations is one of consider-
able sources of inaccuracy in model analyses that are used as
initial conditions of the numerical weather prediction mod-
els (Kuo et al., 1996). The Zenith Total Delays (ZTD) de-
duced from GPS measurements are attractive for providing
tropospheric water vapour data in a context of an increasing
number of ground-based GPS receivers.

In the present study, we examine the impact of mesoscale
ZTD data agsimilation on the fine scale (2. 4-km) forecast of a
Mediterranean heavy precipitation event. The impact is eval-

Correspondence to: X. Yen
(xin.yan@cnrm.meteo. fr)

uated more specifically for the 5 to 9 September 2005 period,
during which several precipitating systems affected South-
eastern France. The cumulative surface rainfall during the
whele period was over 300 mm over a significant part of the
region, reaching locally more than 500 mm.

Section 2 presents the ZTD assimilation methodology us-
ing the 9.5-km 3DVAR ALADIN data assimilation system.
Section 3 evaluates the impact of the formulation of the ob-
servation operator based on a single observation assimila-
tion experiment. Then, Sect. 4 discusses the impact of as-
similating GPS data on the high-resolution forecast of the
5-9 September 2005 rainy event, based on non-hydrostatic
2.4-km MESO-NH simulations. The conclusions follow in
Sect. 5.

2 Description of the ZTD assimilation
2.1 The 9.5-km 3DVAR assimilation system

The assimilation of ZTD is performed with the ALADIN
3DVAR data assimilation scheme, which has been running
operationally at Météo-France since July 2005 (Fischer et
al., 2005, Montmerle et al., 2007). To evaluate the impact of
assimilating ZTD GPS data, two sets of six-hourly forecast-
analysis cycles are run from 1st to 10th of September 2005
with the 3DVAR assimilation system. For the first set, called
hereafter CTRL, the observations usually included in the op-
erational 3ADVAR ALADIN are assimilated. The latter in-
clude observations from radio-soundings, screen-level sta-
tions, wind profilers, buoys, ships and aircraft. The following
satellite data are also assimilated: horizontal winds from at-
mospheric motion vectors (AMVs) and the Quickscatt scat-
terometers, Advanced Microwave Sounding Unit (AMSU)-A
and -B radiances and Atmospheric Administration (NOAA )-
15, -16, -17 and the AQUA satellites, High-resolution In-
frared Sounder (HIRS) radiances from NOAA-17 and clear
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AN ¥ tween the station height and the model ground surface height
b M I++£+:§;+{+ should also be less than 150m. Station-center pairs with
+ +, . . ags . . .
e 3 *;’;: Al ks large time availability, small standard deviation of the first-
:‘:L 45 ++:++ 4 guess departure or the most Gaussian distribution are pre-
++§+:11*=+ s P 4 ++ ferred. Within the assimilation windowH3h around the
+ 4+ 4+ . . . . .
:*”&*;’ ¢ ‘4¢j+£+*f:*+++31 T~ analysis time), the GPS observation which is the closest to
ot Tt v 23*3&:;; ;f:*f;:f e the analysis time is chosen. The pre-processing of GPS data
+ P ;? AR ¥ ¥ retains at the end 262 stations out of 481 stations @ig.
*+ - o "E*Eiﬁ* T+ To ensure that the observations meet the hypothesis of un-
. B fil': R : biased errors assumed in the assimilation scheme, the ZTD
UL " "+ s ;* data are bias-corrected before the assimilation following the
+* g s + 1 method used by POLIO7. The bias is computed for each
P fﬁii‘f 4 + station-center pair based on a 15-day average of first-guess
# : H o+ + + departure between 15 and 31 August 2005.
+ +4
o+ b
- 2 A + A 3 3 Sensitivity to the observation operator
:
i To study the impact of how the model equivalent ZTD is
+ +

calculated in the assimilation system, we perform analyses
where the 3DVAR ALADIN system only assimilates one
zenith delay observation using two different observation op-
Fig. 1. Location in the 3DVAR ALADIN domain of the GPS sta- erators available, as their tangent-linear and adjoint codes,
tions of the E-GVAP and OHM-CV networks for September 2005. in the assimilation software. The first one has been used by
The pink-circled stations are those selected for data assimilationPOLI07 and the second one has been proposegréegot et

The A-B line indicates the location of the cross-sections shown ing|. (2006 (called hereafter BRENO6) which had evaluated
Fig. 2. The 2.4-km MESO-NH domain is delineated by the red box. many expressions to calculate the model equivalent ZTD.
POLIO7 integrates from the bottom to the top of the model
the following equation, using the total pressutethe tem-
peratureT and the partial pressure of water vapoof the
atmospheric model column:

SEVIRI radiances from the METEOSAT-8 satellite. The sec-
ond set, called GPS, assimilates in addition the ZTD obser
vations.

P e
2.2 GPSZTD data ZTD = /(kl? + k3ﬁ)dz 1)

In the GPS data assimilation cycle, we assimilate GPS dat@vith k=
arising from the European GPS station network (E-GVAP
http://egvap.dmi.di/and from a 32-stations research net-
work deployed within the Mediterraneare@nnes-Vivarais
hydrometeorological Observatory (OHM-CBglrieu et al, P , e , e
2005. For the studied period, data from more than 450 staZTP = /(klﬁ + kZ? + k3ﬁ)dz +AZT Drop @
tions covering all the Western Europe were thus available
(Fig. 1). with k2=0.70410~°® Pa 1K, k3= 3739107¢ Pa1.K2, and
One GPS station can be processed by several analysis cek; = k2 — kl% (Bevis et al 1994; T, being the virtual
ters, leading to several ZTD time-series for a given station.temperatureR; =287.0586 J(kmol.K) and R, =461.525
For the assimilation, in order to have a uniform dataset perd/(kmol.K) the specific molar gas constants for dry air and
station, we select only one solution per station by applyingwater vapour, respectively.
the pre-processing developed Pyli et al. (2007 (called BRENO6 have evaluated different setskf, k2, k3) coef-
hereafter POLIO7), slightly modified in order to take into ac- ficients proposed in the literature for ZTD values computed
count the higher resolution data assimilation system used ifirom high-resolution (2.4 km) non-hydrostatic atmospheric
our study. The pre-processing selects pairs of station-centesimulated fields. The results showed that there is no sig-
verifying that the first-guess departure follows a Gaussiamificant differences in the evaluation of ZTD between most
distribution (The first-guess departure is defined as the dif-of the coefficient sets (with a mean bias of ZTD less than
ference between observed ZTD and model equivalent ZTD2 mm), except for the set using the two-coefficient formula,
computed from the 6-hour ALADIN forecast which acts as which presents a mean ZTD bias reaching nearly 12 mm. A
the first-guess in the assimilation cycle). The difference be-ZTD contribution above the model top levAlZT Dtop is

0.776-1076 Pa-1.K, k3=3730-10~6 Pa-1.K2(Smith
"and Weintraub1953.
The equation for BRENOG is the following:
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Fig. 2. Vertical cross section along the 670-km line A-B shown in Bigf analyses and analysis increments of relative humidity, obtained

by assimilation of a single ZTD observation using the BRENO6 (ac) or the POLIO7 (bd) observation operator. Panels ab display the relative
humidity from the 3DVAR analysis and panels cd the analysis increment of relative humidity (the analysis increment being defined as the
difference between the analysis and the first-guess). The vertical arrows in panels cd indicate the location of the ZTD observation.

also added in BRENO6. POLIO7 did not consider this con-implementation, except when the GPS station is located be-
stant correction in their observation operator and left this tolow the model terrain. In that case, extrapolation of pressure,
be handled by their bias correction schem&ZT Dygp in temperature and humidity values from the model lowest level
BRENOG is computed according 8aastamoine(l972): down to the GPS station altitude is needed. In that extrapo-
sk1Ra Prop !ation procedu_re, the temperature is considered as constant
_ 3) in POLIO7 while BRENO6 assumes a constant temperature
gTop gradient.
with Prop and grop being the pressure and the acceler-
ation of gravity at the top of the model. POLIO7 eval- Figure 2 shows results of the assimilation of a single
uated to 2.3 mm this constant contribution above the AL-observation of ZTD of value 2.4586 m; the model equiva-
ADIN/ARPEGE model top at 1 hPa. lent ZTD computed for the first guess with BRENO6 and
In order to perform the integration of ZTD operator in- POLIO7 observation operators departs from the observation
side the model, POLIO7 and BRENOG follow nearly the sameby 14.34 mm and 18.6 mm, respectively. Note that 2.3 mm

AZT Dyop = 10~
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a) All GPS stations in MesoNH domain Table 1. BIAS and RMS for ZTD simulated by GPS and CTRL

MESO-NH experiments against observed ZTD. For the “all GPS
stations”, scores are computed gathering all the raw ZTD observa-
tions over the MESO-NH domain. For the “only assimilated GPS
stations”, scores are computed only for ZTD values used in the as-
similation after removing of the station bias (see Sect. 2.1). The

0.03; T T T T

0.025

. 00z" scores are computed gathering all the 3-hourly forecasts of all the
£ MESO-NH 18-h duration runs from 12:00 UTC, 5 September 2005
Q0o 7 to 18:00 UTC, 8 September 2005.
I | ]
0.017— | all GPS Stations only assimilated GPS Stations
0.005— B MCTRL MGPS MCTRL MGPS
BIAS 23.1mm 22.6mm 14mm 13.4mm
%3 FlG P\g P‘12 P‘l5 = RMS 30.8mm 30.6mm 26.9mm 26.2mm

Forecasting range (hour)

Table 2. BIAS and RMS for 12-h accumulated precipitation fore-
cast from the MGPS and MCTRL MESO-NH experiments against
observed precipitation. The scores are computing gathering all the
A aMGPS | 12-hourly forecasts (i.e. 0-12 h and 6-18 h forecasting ranges) of all
\—‘O © MCTRL 1 the MESO-NH 00:00 UTC and 12:00 UTC runs covering the period

from 12:00 UTC, 5 September 2005 to 18:00 UTC, 8 September
. 2005.

All GPS stations in MesoNH domain

b)

0.03 " e
X

MCTRL  MGPS
0.025

all GPS Stations
BIAS 0.5mm 0.3mm
RMS 19.7mm 20.2mm

RMS (m)

0.02— =

0.015 ‘ \ | w \ humidity. We can see in Fi@cd that the assimilation exper-
3 P6 P9 P12 P15 P18 . . . - .
Forecasting range (hour) iment using POLIO7 yields an analysis increment of humid-
ity in the low- to mid- troposphere more intense than in the
assimilation experiment using the observation operator from
Fig. 3. BIAS and RMS for model equivalent ZTD as function of BRENO6. The larger analysis increments imply more correc-
the forecast range for MGPS and MCTRL MESO-NH runs. Scorestjons to the humidity field by the analysis. To summarize, in
are computed against ZTD observations included in the MESO-NHthe present example, the use of different operators can lead to
domain (see red box in Fi).The scores are computed g‘?the”ng about 2% of difference in the final analysis increment of hu-
all the 3-hourly forecasts of all the MESO-NH 18-h duration runs midity, without however modifying the vertical distribution

from 12:00 UTC, 5 September 2005 to 18:00 UTC, 8 September . o
2005. of the humidity analysis increment.

4 Impact on the fine scale forecasts
(out of the 18.6 mm difference) would normally be corrected
by a bias correction (as in POLIO7) but we neglect this ef- The impact of the ZTD assimilation on the convective scale
fect here. After the minimization of the cost function in the forecast of the 5-9 September 2005 Mediterranean heavy
assimilation, the model equivalent ZTD analysis differs from precipitation episode has been assessed, using two-way grid-
the observation of only 1.47 mm for BRENO6 and of 1.9 mm nesting MESO-NH domains at 9.5-km and 2.4-km, respec-
for POLIO7, showing a good behaviour of the assimilation tively. Ducrocq et al(2002, Lebeaupin et al(200§ and
with both operators. The main impact of assimilating ZTD Nuissier et al(2008 provided a comprehensive description
data is seen on the humidity field. There is almost no impacif this MESO-NH model configuration, that was success-
on the pressure or temperature field. The horizontal influencdully used for simulating Mediterranean heavy precipitation
range of the observation is in agreement with the horizontalevents in these studies. The 3DVAR ALADIN analyses is-
correlation length of the background-error covariance matrixsued from the two assimilation cycles with and without ZTD
which is about 70 km in the middle troposphere for specific data assimilation, as described in Sect. 2, are used as initial
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Fig. 4. 12-h accumulated precipitation (mm) from 00:00 UTC to 12:00 UTC, 6 September 200@&jdviGPS MESO-NH run starting
from the GPS ALADIN analysis at 00:00 UT@y) MCTRL MESO-NH run starting from the CTRL ALADIN analysis at 00:00 UT(€)
raingauges(d) differences between MGPS and MCTRL 12-h accumulated precipitation.

conditions to the MESO-NH simulations. Two 18-hour- against observed ZTD for all the GPS stations included in the
duration MESO-NH runs were issued every day at 00:00 an®.4-km MESO-NH domain (Figl). Scores for MGPS runs
12:00 UTC from 12:00 UTC, 5 September to 00:00 UTC, show an improved forecast of ZTD for the longer ranges (15
8 September 2005, covering the whole rainy period. Theand 18-h ranges) compared to MCTRL. BIAS and RMS are
MESO-NH set using the 3DVAR ALADIN analyses with quite similar for the two MESO-NH sets for the very short-
ZTD data assimilation is called MGPS hereafter, whereas theange (Fig3). The BIAS and RMS computed over all the
other one is called MCTRL. We focus here on results of the3-hourly forecasts, whatever the forecasting ranges, lead to
2.4-km MESO-NH runs. the same conclusion of slightly better results for the MGPS
. . runs (Tablel, left columns). If the scores are computed
The model equivalent ZTD at the GPS stations have beeryn|y on the subset of GPS stations assimilated in the 3DVAR
computed for every 3-hourly forecasts from 3 to 18 h rangea; ApiN system (Tablel, right columns), the MGPS runs

issued from the two sets of MESO-NH runs. FiglBe g6 ais0 found better. Note that the BIAS is weaker on that
shows the bias and Root Mean Square error (RMS) computed
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FBIAS of 12H accumulated precipitations 1. For all the thresholds, the MGPS experiment shows an
11 improved skill compared to the MCTRL, especially for the
' T P higher precipitation events. FBIAS for the two experiments
r * indicate a tendency to under-forecast the events for weak
1.05- _ thresholds.

5 Conclusions

The impact of assimilating Zenith Total delay (ZTD) ob-
servations from a dense GPS network has been evaluated
for the high-resolution forecast of the heavy precipitation
0.1mm 0.5mm 1mm 5mm 10mm 20mn event of 5-9 September 2005 over Mediterranean northwest-
ern coasts. Using as initial conditions the analyses in which
) o GPS ZTD data have been assimilated leads to a weak posi-
Fig. 5. FBIAS for 12-h accumulated precipitation forecast from e impact on the quantitative precipitation forecasts issued
the MGPS and MCTRL MESO-NH experiments against ObserVedby the convective scale MESO-NH model. A better forecast

precipitation. FBIAS is computing gathering all the 12-hourly fore- . .
casts (i.e. 0-12 h and 6-18 h forecasting ranges) of all the MESO—Of the model equivalent ZTD and thus of the tropospheric

NH 00:00 UTC and 12:00 UTC runs covering the period from Water vapour are also found.

12:00 UTC, 5 September 2005 to 18:00 UTC, 8 September 2005.  The impact of the formulation of the observation operator
has also been studied through a single observation experi-
ment. Two slightly different observation operators showed

subset than on the whole GPS data-set because the scores #@t the assimilation of ZTD modifies mainly the low to mid-
computed on the biases-corrected ZTD values used for thOPOSphere moisture. The main difference between the two
3DVAR assimilation. So, using as initial conditions an anal- OPerators lie in the amplitude of the relative humidity incre-
ysis in which ZTD data have been assimilated improves theMents, only reflecting larger first-guess differences in one op-

forecast of zenith total delay and thus of tropospheric watef€rator (some of these differences are explained by a constant
vapour. model top contribution). Almost no difference is found for

the vertical distribution of analysis increment of relative hu-
midity in both cases.

The impact of assimilating GPS on the high-resolution
quantitative precipitation forecast is also found slightly pos-
itive. Figure4 shows the 12-h accumulated precipitation re- A more comprehensive analysis of the 3DVAR ALADIN
sults of MGPS and MCTRL runs issued from the correspond-ZTD assimilation over the whole September 2005 month is
ing GPS and CTRL Aladin analysis at 00:00 UTC, 6 Septem-the subject of a companion paper. Work is in progress to
ber 2005. Compared with the raingauge data (Fig), assimilate ZTD data directly at the convective scale using a
we could see that MGPS run locates better the heavy pre2-5-km data assimilation system and evaluate its impact on
cipitation region over the GARD department while MC- the quantitative precipitation forecast. A finer scale model is
TRL run misplaces the heavy precipitation area over theexpected to reduce the height differences between the GPS
BOUCHES-DU-RHONE department. The differences reachstation and the model orography, and therefore to improve
more than 80 mm in some locations(Fitgl) between these the accuracy of the observation operator.
two runs (MGPS-MCTRL). Tabl® shows the BIAS and
RMS computed over every 12-h accumulated precipitation
totals (i.e. 0h—-12h and 6h-18h forecast ranges) for theAcknowledgementsThe authors would like to thank the E-GVAP
MGPS and MCTRL runs. Scores are computed against rainproject for their efforts in making European ground-based GPS
gauge observations in the 2.4-km MESO-NH domain, whichdata avai.lable in near real time. The authors are grateful to the
counts about 220 raingauges. The MGPS set improves thgenstructive comments made by Romu Romero. The OHM-CV
BIAS whereas the RMS is slightly weaker for the MCTRL CPS network and this study benefited from support from the
runs. Figures shows the Frequency Bias (FBIABougeault natlo’nal_research program LEFE, the Institut N_atlt_)nal des Sciences

L . de I'Univers, and of the European Commission through the
(2003) f_or precipitation events with observed 12-h accumu- cpe/pREVIEW project.
lated rainfall above 0.1 mm, 0.5mm, 1 mm, 5mm, 10 mm
and 20mm. FBIAS indicates whether the experiment hastgited by: A. Mugnai
a tendency to under-forecast (FBIAS) or to over-forecast Reviewed by: R. Romero
(FBIAS>1) precipitation events, with a perfect score being
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Assimilation of GPS data
for the deep convection forecasts

Xin YAN

ABSTRACT :

The aim of this thesis work is to exploit the potential of ground based GPS ob-
servations for mesoscale data assimilation and high-resolution numerical weather pre-
diction. Our main interest lies in the investigation of the impact of GPS observation
assimilation in improving the forecast of convective scale weather phenomena such as
convective storms. The data assimilation systems we have used are the Météo-France
3DVAR/ALADIN and 3DVAR/AROME systems. Two case studies were conducted
with large numbers of GPS observations being assimilated. The cases selected are
both convective rainfall events. For the first case (5-9 September 2005) with heavy
precipitation over the French Mediterranean regions, the system we used is the 9.5km
3DVAR/ALADIN assimilation system. Analyses produced by one month of assimi-
lation cycle experiments are used later as the initial and boundary conditions for
starting the simulation of the 2.4km high resolution research model MesoNH. For
the second case study (18-20 July 2007), high density GPS observations obtained
from the COPS observations field campaign together with GPS observations coming
from the European operational E-GVAP network are assimilated directly into the
3DVAR/AROME assimilation system with 2.5km horizontal resolution. Special at-
tentions have been paid on the selection and pre-treatment of the GPS observations
before they enter in the assimilation system. Such procedure can be viewed as a qua-
lity control for the observations. For both cases, results of twin experiments with
and without assimilating GPS observations have suggested a positive impact on the
prediction of heavy precipitation, the impact being more significant on the second
case.

KEYWORDS : GPS ZTD Assimilation
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