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Additional material on numerical modelling of the
atmospheric circulation. Temporal discretization.

Numerical Weather Prediction. Present
performance (mostly ECMWF)

The meteorological observation system

Assimilation. Basics of statistical estimation.



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



A number of simplifications, in particular the hydrostatic
approximation, lead to the so-called primitive equations,
on which large-scale numerical weather prediction, and
climatic simulation, are built.

More costly nonhydrostatic models are used for small
scale meteorology, and are being developed for global
modeling.



Integrate equation
dx/dt = F(x)
(x state vector of the model).

Timestep Ar.

Computed solution at time nAf¢ denoted x,



Forward (Euler) scheme
n+l ~ xn)/At = F(.Xn)
X, =X,+ At F(x,)

(x

Implemented on equation

dx/dt = iox o real
Exact solution x(7) = x(0) exp (i)
Modulus [x(7)| conserved in time

Discretized solution according to forward scheme
X, =0+ iaAr) x,

Modulus |x V(1 + 2A2) x|
increases exponentially with time.

n+1| =

Forward scheme is unconditionally unstable for Eq. (1)

(1)



Leapfrog scheme

(X, —x,. )24t = F(x,)
X, =X, + 24t F(x,)

n+

Stable for equation (1) above (i.e. modulus remains constant
in time) provided

oAt < 1

Courant-Friedrichs-Lewy (CFL) condition



In a multidimensional system, the largest o will be the
highest frequency that 1s present in the system. In a
discretized system of travelling waves, the highest
frequency will correspond to the fastest wave that the
discretization can explicitly resolve. It will proportional to
c/Ax, where c 1s the phase velocity of the fastest waves in
the system, and Ax the mesh-size of the discretization

a = (1/B) ¢/ Ax

where [ 1s an O(l) numerical coefficient depending on
the particular discretization scheme under consideration.



CFL condition then becomes
At/ Ax < B/ c

Significance : numerical propagation of signal must be at
least as fast as physical propagation.

CFL condition generally applies to explicit schemes of
temporal discretization



In hydrostatic atmosphere, fastest propagating wave
gravity wave with largest scale height, ¢ = V(rT) = 300
m.s!,

Ax=30km = Ar=100s

The use of semi-implicit schemes allows to get rid of the
CFL condition, and to use longer timesteps.
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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 B



850 hPa wind speed (ms**-1)

Base time: Sat 20 Mar 2021 00 UTC, Valid time: Thu 25 Mar 2021 00 UTC, - T+120 h, Area : Europe
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850 hPa wind speed (ms**-1)

Mean sea level pressure (hPa)

2021

Base time: Sat 20 Mar 2021 00 UTC, Valid time: Sat 20 Mar 2021 00 UTC, - T+0 h, Area : Europe
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Geopotential 500 hPa and temperature at 850
hPa

Base time: Fri 02 Apr 2021 00 UTC, Valid time: Wed 07 Apr 2021 00 UTC, - T+120 h, Area : Europe

850 hPa temperature (C)
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500 hPa geopotential (dm)



ENS Meteogram
48.99°N 2.13°E (ENS land point) 177 m
High Resolution Forecast and ENS Distribution Thursday 1 April 2021 12 UTC

Total Cloud Cover ( okta)

AR

Total Prec:putatnon(mmlﬁh) 7 889555
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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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ECMWF Newsletter 164 +« Summer 2020
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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

100°W fo i

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

T. Haiden et al., 2021, Evaluation of ECMWF forecasts,
including the 2020 upgrade, Technical Memorandum 880,
ECMWEF, Reading, UK.

Available at the address :

https://www.ecmwf.int/en/elibrary/19879-evaluation-ecmwi-
forecasts-including-2020-upgrade
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12mMA reaches 90%
12mMA reaches 85%
12mMA reaches 80%
12mMA reaches 75%
12mMA reaches 70%
12mMA reaches 65%
12mMA reaches 60%

500hPa geopotential
Anomaly correlation
NHem E xtratropics (iat 20.0 to 90.0, lon -180.0 to 180.0)
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500hPa geopotential
Anomaly correlation
SHem E xtratropics (iat -90.0 to -20.0, lon -180.0to 180.0)

12mMA reaches 90%
12mMA reaches 85%
12mMA reaches 80%
12mMA reaches 75%
12mMA reaches 70%
12mMA reaches 65%
12mMA reaches 60%

10

day

I l I I
1998 2000 2002 2004 2006

Lead time ACC reaching thresholds

i
2008

I
2010

T
2012

T T
2014 2016

I
2018

I
2020




ECMWF HRes
ACC 500hPa geopotential height (12-month running mean)
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Figure 4: Root mean square (RMS) emror of forecasts of 500 hPa geopotential height (m) at day 6 (red), verified
against analysis. For comparison, a reference forecast made by persisting the analysis over 6 days is shown (blue).
Flotted values are 12-month moving averages; the last point on the curves is for the 12-month period Aungust 2019-
July 2020. Results are shown for the northem extra-tropics (top), and the southem extra-tropics (bottom).
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12mMA reaches 90%
12mMA reaches 85%
12mMA reaches 80%
12mMA reaches 75%
12mMA reaches 70%
12mMA reaches 65%
12mMA reaches 60%

850hPa vector wind
Anomaly correlation
NHem Extratropics (iat 20.0 to 90.0, lon -180.0 to 180.0)
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12mMA reaches 90%
12mMA reaches 85%
12mMA reaches 80%
12mMA reaches 75%
12mMA reaches 70%
12mMA reaches 65%
12mMA reaches 60%

850hPa temperature
Anomaly correlation
Tropics (at -20.0 to 20.0, lon -180.0 to 180.0)
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850hPa vector wind
Anomaly correlation
Tropics (at -20.0 to 20.0, lon -180.0 to 180.0)
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P | 200 hPa
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Figure 12: Forecast performance in the tropics. Curves show the monthly average EMS vector wind|errors at 200 27

hPa (top) and 850 hPa (bottom) for one-day (blue) and five-day (red) forecasts, verified against analysis. 12-month
mMOoving average scores are also shown (in bold).
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Figure 9: Ensemble spread reliability of different global models for 500 hPa geopotential for the period Augnst
2019-July 2020 in the northem hemisphere extra-tropics (top) and in Europe (bottom) for day 1 (left) and day 6
(right), verified against analysis. Circles show error for different values of spread., stars show average ermor-spread
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relationship. Due to random outages in the data supply, NCEP curves are based on a reduced data set (70%).
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Observed frequency

Forecast day : 4, Parameter : 24h precipitation

— value >20.0

total precipitation value >10.0
Europe (iat 35.0t0 75.0, lon -12.5to 42.5) value >5.0

20201201 12UTC to 20210228 12UTC T+96 I
opir_ob od enfo 0001 12UTC | Mean method: fair
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31



ECMWF

Fic. 3. Evolution of forecast errors from 1981 to 2012 for N.Hem (a and c) and S.Hem (b
and d). Operational forecasts (blue) and ERA Interim (green). Note that before 1986 the

operational analysis is used to verify the operational forecasts, after 1986 ERA Interim is

a) 24-hour Ermor N. Hom b) 2¢-hour Emor 5. Hem
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used for the verification (with an overlap of 6 months present).

Magnusson and Kéllén, 2013, Mon. Wea. Rev., 141, 3142-3153
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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, ...)

33



o'N

ECMWF data coverage (used observations) - SYNOP-SHIP-METAR
2021033121 to 2021040103
Total number of obs = 78182

® Automatic Land SYNOP (2472) & Manual Land SYNOP (3134) A METAR (16390) v Automatic SHIP (574)
“_ SHIP (4) . Abbreviated SHIP (0) ® Automatic METAR (28320) 4 BUFR SHIP SYNOP (2315)
A BUFR LAND SYNOP (24973)

1507 120 arw 60w 30w e 30°E B0°E 90°E 12rE 150°E
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ECMWEF data coverage (used observations) - RADIOSONDE
2021033121 to 2021040103
Total number of obs = 618

@ Land TEMP (257) 4 High Reso land (349) A\ High Reso sea (2) BUFR TEMP DESCENT (10)




ECMWEF data coverage (used observations) - AIRCRAFT
2021033121 to 2021040103
Total number of obs = 180186

@ AIREP (2142) 4 AMDAR (5447) TAMDAR (3028) ¥ WIGOS AMDAR (109373)

< Mode-S (46145) B ADS-C (9295) ® AFIRS (4756)

4N W
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ECMWEF data coverage (used observations) - AMSUA
2021033121 to 2021040103
Total number of obs = 76158

® NOAA-15(12423) & NOAA-18 (8852) A NOAA-19 (13397) ¥ METOP-A (12845)

METOP-B (15680) ' METOP-C (12961)




ECMWF data coverage (used observations) - |ASI
2021033121 to 2021040103
Total number of obs = 35313

® METOP-A (10882) ¢ METOP-B (12530) A METOP-C(11901)




ECMWF data coverage (used observations) - AMV WV
2021033121 to 2021040103
Total number of obs = 31607

® METEOSAT-8 (5980) & INSAT-3D (0) A HIMAWARI-8 (10487) WV Fyv2G(0)
< METEOSAT-11 (6069) GOES-16 (4051) ® GOES-17 (5020)
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ECMWF data coverage (used observations) - GPSRO

2021033121 to 2021040103
Total number of obs = 33803

W' TanDEM-X (36)

A METOP-B (3263)
@ Fv30(0)

< TemaSAR-X (338)
B METOP-C (3234)

® METOP-A (2853)

PAZ (0)
Il COSMIC2-E4 (4363)

KOMPSAT-5 (778)

A COSMIC2-E1(75)

~ COSMIC2-E3 (4981)

¥ COSMIC2-E2 (4973)

¢ COSMIC2-E6 (4548)

@ COSMIC2-ES (4361)




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.
Preliminary tests have shown that these new observations
have a positive impact on the quality of the previsions,
especially in the tropics and in the Southern Hemisphere.
Aladin observations are now used operationally at ECMWF
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Figure 21: The ADM-Aeolus measurement and sampling concept (image credit: ESA)




ECMWF
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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)
44



ECMWEF data coverage (used observations) - SEA LEVEL ANOMALY
20210330 00
Total number of obs = 4824

@ CRYOSAT-2(1458) 4 SARAL (1658) A JASON-3 (1708)
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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. 47

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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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
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Cours a venir

Vendredt 26-mars
Vendredi 2-avril
Vendredi1 9 avril
Vendredi 16 avril
Vendred: 7 mai
Vendredi 14 mai
Vendredi 21 mai
Vendredi 28 mai



