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Numerical Weather Prediction.
performance (mostly ECMWF)

The meteorological observation system
The problem of ‘Assimilation’

Inverse Problems. Bayesian Estimation

Present



Physical laws governing the flow

=  Conservation of mass
Dp/Dt + pdivU = 0

= Conservation of energy
De/Dt - (p/?) Dp/Dt = Q

=  Conservation of momentum
DU/Dt + (1/p) gradp - g+ 2 QAU=F

= Equation of state
fp.p,e)=10 (p/lp=rT,e=C,T)

= Conservation of mass of secondary components (water in the atmosphere, salt
in the ocean, chemical species, ...)

Dg/Dt + g divU =S

These physical laws must be expressed in practice in discretized (and necessarily

imperfect) form, both in space and time 3



Large-scale Numerical Weather Prediction 1s based on
the primitive equations, themselves based on a number of
simplifications, and  particularly the  hydrostatic
approximation

Climatic simulations are also built on primitive
equations, and contain a much more detailed description of
the oceanic circulation.

More costly nonhydrostatic models are used for small

scale meteorology, and are being developed for global
modeling.



- European Centre for Medium-Range Weather
Forecasts (ECMWF)

- Centre européen pour les prévisions météorologiques
a moyen terme (CEPMMT)

- Europaisches Zentrum flr mittelfristige
Wettervorhersage (EZMW)

As of 2023, 23 member states, 12 co-operating states



ECMWEF established in 1975. Has produced daily
forecasts since 1980

Headquarters 1n Reading (UK), Data Centre in
Bologna (Italy)

ECMWEF hosts part EU’s Earth Observation
Copernicus  programme. Moved to Bonn
(Germany)



Centre Européen pour les Prévisions Météorologiques a
Moyen Terme (CEPMMT, Reading, GB)

(European Centre for Medium-range Weather Forecasts, ECMWF)
Depuis mars 2016 :

Troncature triangulaire TCOI1279 / O1280 (résolution
horizontale = 9 kilometres)

137 niveaux dans la direction verticale (0 - 80 km)

Discrétisation en ¢éléments finis dans la direction verticale
(coordonnée hybride)

Dimension du vecteur d’état correspondant > 10°

Pas de discrétisation temporelle (schéma semi-Lagrangien semi-
implicite): 450 secondes

Intégré 2 fois par jour (00 et 12 UTC) a une ¢chéance de 10
jours 7



Base time: Mon 20 Mar 2023 00 UTC Valid time: Mon 27 Mar 2023 00 UTC (+168h) Area : Europe

Base time: Mon 27 Mar 2023 00 UTC Valid time: Mon 27 Mar 2023 00 UTC (+0h) Area : Europe
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850 hPa wind speed (ms**-1)

Mean sea level pressure (hPa)

Base time: Wed 16 Mar 2022 00 UTC Valid time: Wed 23 Mar 2022 00 UTC (+168h) Area : Europe




850 hPa wind speed (ms**-1)

Base time: Wed 16 Mar 2022 00 UTC Valid time: Wed 16 Mar 2022 00 UTC (+0h) Area : Europe
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00 UTC on 16 Aprll 2020 00 UTC on 19 April 2020

Synoptic situation
on 16 and 19 April.
Analysis of
geopotential height
at 500 hPa (contours)
and temperature at
850 hPa (shading) for
00 UTC on 16 April
2020 (left) and

00 UTC on 19 April
(right). The cross
shows the
approximate location
of Polarstern on

19 April.
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Maximum 2-metre temperature (°C)
N

® ENS median

® HRES

Climatology

. Observation

ENS

Evolution of forecasts for the 19 April warm air intrusion.
The plot shows ensemble forecasts with different starting times

for maximum 2-metre temperature for the Polarstern location on

19 April.

ECMWF Newsletter 164 -

Summer 2020
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60°W |-

Two-metre maximum temperature EFI. The chart shows the
5-day forecast from 00 UTC on 15 April 2020 of the EFI for
2-metre maximum temperature on 19 April.
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Results on site of ECMWF

In particular

e 09/2022. T. Haiden et al., 2021, Evaluation of ECMWF
forecasts, including the 2021 upgrade, Technical
Memorandum 902, ECMWFEF, Reading, UK.

Available at the address :

https://www.ecmwf.int/en/elibrary/81235-evaluation-ecmwi-
forecasts-including-2021-upgrade
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12mMA reachas 9076

12mMA reaches 85%

500hPa geopotential 12mMA reaches 8%

Anomaly correlation 12mMA reaches 75%

NHem Extratropics (iat 20.0 © 90.0, lon -180.0 o 180.0) 12mMA reaches 70%

12mMA reaches 65%

12mMA reaches 6%
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12mMA reachas 90°%6

12mMA reaches 85%
500hPa geopotential 12mMA reaches 80%
Anomaly correlation 12mMA reaches 75%
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12mMA reaches 60%
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ECMWF HRes
ACC 500hPa geopotential height (12-month running mean)

9851 — Day10Nhem ~—— Day7Nhem ~—— Day5Nhem =—— Day 3 Nhem
~—— Day 10Shem  —— Day 7 Shem - Day 5 Shem - Day 3 Shem

1985 1990 1995 2000 2005 2010 2015 2020
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Figure 5: oot mean square (EMS) error of forecasts of 500 hPa geopotential height (m) at day & (red), venfied

against analysis. For comparison, a reference forecast made by persisting the analysis over 6 days is shown (blue). 18
Plotted values are 12-month moving averages; the last point on the curves is for the 12 -month period Augunst 2021

July 2022, Results are shown for the northemn extra-tropics (top), and the southern extra-tropics (bottom).



2020

Dl Ttk

Verification to WMO standards — A Tain [Trrep
geapoantal WhPE e R PO e HGEF TR
Fleay! i S50 ained snmmme DN To 148 smmmme RO TSR
NHom Eviralropios s Sedesbd on Mo oy 00 e ol T T — O To4d
— A, Te144 e il T+
O Ta1dA M Taan
0
| B

ad L] ! } i ; 4 : | . +
F e HAD Erii T o w4 18 e a7 o
o - e
Varification ta WMO standards ——— i T Binda Van
gesmientl P 0000000000 === R P . = Ll !
Aool mean squam e 0000 memees VEMD Toldd  mmweee R T
SHom EXFaiiopicn j s sk e 800 K ORI TFISE ‘— el 7+48
—_— AT —_— BT
Dot Tarda — e T
193
L} B
B
|
m
W
L
[ B
&
X
=
%4
a+ - . - - - - v B - v
F ) A i I e B4 FT A 7 AT

Fipwe 4 B crchanged seores fom global fhrecasr cenmes. RS ervor of 300 kPa peoporential Aekghr

over Rorshern (Topd amd southers (bomoe) cxrrarapics. fn each pamed, te apper curves show the six-day faroast

ervor aud the lower carves show the neo-day eecan error of model russ Delnased ar 12 UTC. Eack model s

vergled againt tor own analyrte A = Japar Meseorological Agency, CMC = Canadian Mesorologioal 19
Contre, UKMD = the UK Mer Offfce, NCEP = [LE Matiomy! Cenrers for Emdronments! Predieon, M-F =

Mégto France, DFTY = Destscher Fenerdiomst



wirl Fealion gain radosendes

peopotantial 500N —
Fiaot moan square oror — r
m_hmﬂwum-nm- - — e TR

i hoalie i ne rdossnces

vl | e ah
FO D MaBn squere erer — —
Mmmﬁu- miuKL e - e




12mMA reacheas 905

12mMA reaches 85%

850hPa vector wind = 12mMA reaches 80%

Anomaly correlation = 12mMA reaches 75%

NHem Extratropics fat 20.0 © 90.0, lon -180.0 1 180.0) 12mMA reaches 70%

12mMA reaches 65%

12mMA reaches 60°%
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12mMA reaches 907
12mMA reaches 85%

850hPa vector wind e 12mMA reaches 80%

Anomaly correlation 12mMA reaches 75%
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12mMA reacheas 60°%
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12mMA reachas 90%
12mMA reacheas 85%

850hPa temperature 12mMA reaches 80%
Anomaly correlation 12mMA reaches 75%
Tropics (lat -20.0 1 200, lon -180.010 180.0) 12mMA reaches 70%
12mMA reaches 65%
12mMA reaches 607
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Figure 14: Forecast performance in the tropics. Carves show the monthly average EMS vector wind errors at
200 hPa (top) and 850 hPa (bottom) for one-day (blue) and five-day (red) forecasts, venfied agamst analysis. 12-
month moving average scores are also shown (in bold).
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Remaining problems

- Water cycle (evaporation, condensation, influence on absorbed
or emitted radiation)

- Exchanges with ocean or continental surface (heat, water,
momentum, ...)

28



ECMWEF data coverage (all observations) - SYNOP-SHIP-METAR
2023032621 to 2023032703
Total number of obs = 256314

® Automatic Land SYNOP (16852 + Manual Land SYNOP (8289) A METAR (17213) v Automatic SHIP (2964)

» SHIP (1247) ) Abbreviated SHIP (309) ® Aulomalic MET AR (38362) & BUFR SHIP SYNOP (4750)

A BUFR LAND SYNOP (166328)




ECMWEF data coverage (all observations) - RADIOSONDE
2023032621 to 2023032703
Total number of obs = 1128

@ TEMP SHIP (1) & Land TEMP (520) A High Reso land (554) W High Reso sea (5)

< BUFR TEMP DESCENT (48)

—




ECMWF data coverage (all observations) - PILOT
2023032621 to 2023032703
Total number of obs = 4800

@ Land PILOT (285) + European Wind Profiler (3043) Japanese Wind Profiler (1333) W BUFR LAND PILOT (129)
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ECMWF data coverage (all observations) - AIRCRAFT
2023032621 to 2023032703
Total number of obs = 671317
¥ WIGOS AMDAR (180032)

® AIREP (6246) + AMDAR 9903) TAMDAR (5167)
Mode-S (445560) W ADS-C (21000) ® AFIRS (3409)
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ECMWEF data coverage (all observations) - AMSUA
2023032621 to 2023032703
Total number of obs = 102504

® NOAA-15 (15722) + NOAA-18 (22868) 4 NOAA-19 20092) v METOP-B (22314)

METOP-C (21508)
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ECMWEF data coverage (all observations) - IASI
2023032621 to 2023032703
Total number of obs = 170662

METOP-B (87198) & METOP-C (83464)




ECMWF data coverage (all observations) - AMV WV
2023032621 to 2023032703
Total number of obs = 1060249

® METEOSAT-9 (125528) * METEOSAT-10 (144494) 4 INSAT-3D (13332) v FY-2G (33104)
» GOES-16 (250168) ® HIMA WA RI-9 (230419) » GOES-18 (263204)
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ECMWF data coverage (all observations) - AMV VIS
2023032621 to 2023032703
Total number of obs = 1625469

® METEOSAT-9 (29807) + METEOSAT-10 (2437) A INSAT-3D (155) ¥ GOES-16 (398392)

< HIMAWARI-S (100673) ®m GOES-18 (1093945)
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ECMWF data coverage (all observations) - GPSRO
2023032621 to 2023032703
Total number of obs = 59277

() TerraSAR-X (637) + METOP-B (3580) A TanDEM-X (418) KOMPSAT-5 (112)
< METOP< (3377) || GRACE (0) * FY-3D(2711) PAZ (84)
¥ COSMIC2-E1 (5722) * COSMIC2-E2 (5378) W COSMIC2-£3 (5377) ® COSMIC2-E4 (5291)
+ COSMIC2-E5 (7419) A COSMIC2-EG (8455) ¥ SPIRE (8657) Sentinel (6049)




ECMWF data coverage (all observations) - AEOLUS
20230325 00
Total number of obs = 213960

® Aeolus (213960)
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Satellite ADM-Aeolus was launched on August 22 2018. It
carries a Lidar-Doppler instrument, called Aladin
(Atmospheric LAser Doppler Instrument), that makes side
measurements of wind in the volume of the atmosphere.
These new observations have been shown to have a positive
impact on the quality of the previsions, especially in the
tropics and in the Southern Hemisphere.
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Figure 21: The ADM-Aeolus measurement and sampling concept (image credit: ESA)




ECMWEF data coverage (all observations) - BUOY
2023032621 to 2023032703
Total number of obs = 1723

@ DRIBU 53) @ MOORED BUOYS (355) 4 DRIFTING BUOYS (1305)
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Synoptic observations (ground observations, radiosonde observations),

performed simultaneously, by international agreement, in all meteorological
stations around the world (00:00, 06:00, 12:00, 18:00 UTC)

Asynoptic observations (satellites, aircraft), performed more or less
continuously in time.

Direct observations (temperature, pressure, horizontal components of the wind,
moisture), which are local and bear on the variables used for describing the
flow in numerical models.

Indirect observations (radiometric observations, ...), which bear on some more
or less complex combination (most often, a one-dimensional spatial integral)
of variables used for for describing the flow

y = H(x)

H : observation operator (for instance, radiative transfer equation)
43



ECMWEF data coverage (all observations) - SEA LEVEL ANOMALY
20230325 00
Total number of obs = 4806

» CRYOSAT-2 (2238) + SARAL (2568) A Sentinel (0)
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Argo National contributions - 3881 Operational Floats February 2018
Latest location of operational floats (data distributed within the last 30 days)
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Longitude

N
<
1

38 ¢

Latitude

FiG. 1 - Bassin méditerranéen occidental: réseau d’observation tomographique de [’ex-
périence Thétis 2 et limites du domaine spatial utilis€ pour les expériences numériques

d’assimilation. 46

E. Rémy, Doctoral Dissertation, 1999



Purpose of assimilation : reconstruct as accurately as possible the state of the
atmospheric or oceanic flow, using all available appropriate information. The latter

essentially consists of

» The observations proper, which vary in nature, resolution and accuracy, and

are distributed more or less regularly in space and time.

= The physical laws governing the evolution of the flow, available in practice in

the form of a discretized, and necessarily approximate, numerical model.

= ‘Asymptotic’ properties of the flow, such as, e. g., geostrophic balance of middle latitudes. Although
they basically are necessary consequences of the physical laws which govern the flow, these

properties can usefully be explicitly introduced in the assimilation process.
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Both observations and ‘model’ are affected with some uncertainty =

uncertainty on the estimate.

For some reason, uncertainty is conveniently described by probability
distributions (don’t know too well why, but it works; see, e.g. Jaynes,
2007, Probability Theory: The Logic of Science, Cambridge University

Press).

Assimilation i1s a problem in bayesian estimation.

Determine the conditional probability distribution for the state of the

system, knowing everything we know (see Tarantola, A., 2005, Inverse
Problem Theory and Methods for Model Parameter Estimation, SIAM).

48



Assimilation is one of many ‘inverse problems’ encountered
in many fields of science and technology

* solid Earth geophysics
e plasma physics
* ‘nondestructive’ probing

* navigation (spacecraft, aircraft, ....)

Solution most often (if not always) based on Bayesian, or
probabilistic, estimation. ‘Equations’ are fundamentally the

Same.
49



Difficulties specific to assimilation of meteorological observations :

- Very large numerical dimensions (n = 10°10° parameters to be
estimated, p = 4-5.107 observations per 24-hour period). Difficulty
aggravated in Numerical Weather Prediction by the need for the forecast to
be ready in time.

- Non-trivial, actually chaotic, underlying dynamics

50



HPC SBU Usage during current ISO 8601 Year: 2022
Medium-range forecast (ENS): 30.66%

Exiended-range (monthly) forecast

Medium-range forecast (EDA)
20.06%

22 33%

Medium-range forecast (HRES)
7.74%

Medium-range forecast (4DVAR)

16.53%

\

= Forecast Sensitivity to OBS
Medium-range forecast (ENNS) 1.46%

30.66%

ist

Courtesy J.-N. Thepaut



Bayesian Estimation

Determine conditional probability distribution of the state of the
system, given the probability distribution of the uncertainty on the data

=X+ C1=MO>S1]
density function p,(&) « expl[ - (&%)/2s]

Z2=)C'|'C2 C2=MO,S2]
density function p,(&) o expl[ - (£?)/2s,]

* , and &, mutually independent

What is the conditional probability P(x = 1 z,, z,) that x be equal to some
value & ?
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71=x+ ¢ density function p,(8) « exp[ - (£?)/2s,]
2,=x+ &, density function p,(&) x expl - (&%)/2s,]
&, and &, mutually independent

x:& < §1=Z1-§ and§2=Z2-§

* P(x=E1z),2) * pi(24-8) py(z,-5)
o expl - (§-x)*/2p“]
where 1/p% = 1/s, + 1/s, , x*=p(z,/s, + 2,/5,)

Conditional probability distribution of x, given z, and z, N [xe, p]
p* < (sy, s,) iIndependent of z, and z,
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prorx -~ N0 3)
Ikathocodpiyoix) ~ N3 1)
postenorx -~ N2 25 075)

pricex ~ N(0.3)
Wathood pdyodd ~ NS, 1)
posieriorx ~ NATS075)

peorx - NiD2)
Ikaihocod piyoix) ~ N7 1)
pogtenorx ~ NS 25 075)

peicex ~ N(0.3)
athood pdyod ~ N9 1)
poskrirx ~ NE75,075)

Fig. 1.1: Prior pdf p(z) (dashed line), posterior pdf p(z|y®) (solid line), and Gaussian
likelihood of observation p(y°|z) (dotted line), plotted against 2 for various values of

y°. (Adapted from Lorenc and Hammon 1988.)
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Conditional expectation Xx“ minimizes following scalar objective
function, defined on &-space

E—= J& = 112)[(z- 8%/ s1+(z- 8/ s, ]

In addition

p*=1/7"(x%
Conditional probability distribution in Gaussian case

P(x= &1z, z,) * expl - (§-x*)*/2p]

J

I

(&) + Cst
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Estimate
x4 =pa (Zl/sl + ZZ/S2)
with error p“ such that

1/pt=1/s, + 1/s,

can also be obtained, independently of any Gaussian hypothesis, as

simply corresponding to the linear combination of z, and z, that minimizes
the error E [ (x%—x)?]

Best Linear Unbiased Estimator (BLUE)
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Z1=x+ ¢
L,=x+G&,

Same as before, but &, and &, are now distributed according to exponential law
with parameter a, i. e.

p (8 x exp[-ICl/a] ; Var({) =2ad?

Conditional probability density function is now uniform over interval [z, z,],
exponential with parameter a/2 outside that interval

E(x 1z, 2,) = (z442,)/2
Var(x | z;, 2,) = a®> Q&3 + &+ 6 +1/2) / (1 + 26), with 6 = | 21" | /2a)

Increases from a?/2 to « as d increases from 0 to o. Can be larger than variance 2a?
of original errors (probability 0.08)
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Bayesian estimation

State vector x, belonging to state space S (dim.$'= n), to be estimated.
Data vector z, belonging to data space 77 (dimZ) = m), available.

z=F(x, ) (1)

where £ is a random element representing the uncertainty on the data (or, more
precisely, on the link between the data and the unknown state vector).

For example

z=Ix+ ¢
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Bayesian estimation (continued)
Probability that x = & for given & ?
x=§ = z=F(§ 0
P(x=§lz)=Plz=F( 9]/ [z Plz=F(&, §)]
Unambiguously defined iff, for any C, there is at most one x such that (1) is verified.

< data contain information, either directly or indirectly, on any component of
x. Determinacy condition. Implies m > n.
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Bayesian estimation 1s actually impossible in its general theoretical
form in meteorological or oceanographical practice because

It 1s impossible to explicitly describe a probability distribution in a space
with dimension even as low as n = 10°, not to speak of the dimension n =
10 of present Numerical Weather Prediction models (the curse of
dimensionality).

Probability distribution of errors on data very poorly known (model errors
in particular).
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One has to restrict oneself to a much more modest goal. Two
approaches exist at present

= Obtain some ‘central’ estimate of the conditional probability
distribution (expectation, mode, ...), plus some estimate of the
corresponding spread (standard deviations and a number of
correlations).

" Produce an ensemble of estimates which are meant to sample the
conditional probability distribution (dimension N = O(10-100)).
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- Reminder on elementary probability theory.
Random vectors and covariance matrices,
random functions and covariance functions

- Optimal Interpolation. Principle, simple
examples, basic properties.

- Best Linear Unbiased Estimate (BLUE)
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Cours a venir

Mardi21-mars-
Mardi 28 mars-
Mardi 4 avril
Mardi 11 avril
Mardi 2 mai
Mardi 9 mai
Mard1 23 mai

Mardi 30 mai



