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1. HapopHble npuMeThl,
COXpaHawLmeca B Hapoae u
nepegaBsaeMble 13 NMOKOJEHUSA B
NOKOJIeHNe cBeAeHUsA O Pa3INYHbIX
NpuU3HaKax, yKa3blBaloLLMNX Ha
npencrodLme ABneHnsa norogbl.

e «Ecnmn cobakm MHOro cnaTt 1 maJso
enaT — oyaeTt JoXKOb».

*  «CepeéxKn Ha KnéHax — ceun
CBEKY».

“2:- &
*  «3augena ¢mnanka — cen MOPKOBb “ "*

N MEeTPYLLKY».

Image: http://www.garshin.ru/travel/weather/folk-omen/index.ht



2. MeTteoponorusa Kak Hayka BO3HUKa rnocne
n3obpeteHns B XVII Beke TepMmomMeTpa anuneo
[annneem n ptyTHOro 6apometpa 3. Toppuyennn.

«Mbl HCUBEM HQ OHe 8030y WHO20
OKeaHa, u oneimel ¢
HeCOMHeHHOCMbH 00KA3bI8AHOM,
umo 8030dyx Umeem 8ec» - J.
Toppuyennu.



B XVII Beke 6b1n n306peTeHbl TMrpoMeTp, aoxaemep, enorep v
aHeMoMeTp.

[NepBoe nogobue cetn meTeoHabnogeH BO3HUKNO B EBpone B
1654 rogy. C6op nHpopmauum ocyLecTensanca go 1667 roga
Akagemuen penb YHnmeHTo BO DniopeHUUN.

B Poccuinckom nmnepumn perynapHbie HabngeHna 3a norogomn
nepBbIM NOMNbITANINCb YCTAHOBUTL Lapb Anekcenn Mmnxannosumy u
[MeTp L




B 1781 rogy B MaHrenme 661510 OCHOBaHO rnepBoe B MuUpe
MeTeoposiornyeckoe obuiectso. OHO cHabxano Habngarenen B
Pa3HbIX CTPaHax MUpa oAnHaKOBbIMU npubopamu. Mo ero
nporpamMmme 0encTBoBano 39 MeTeoCTaHUNIN, PacrofioXeHHbIX OT
Kembpunmka 0o Ypana ¢ 0ogMHaKOBbIMN MOMEHTaMN UamepeHun (B 7,
11,14 1 21 vao).
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3. MopennaBaHune n Bennkune
reorpapuyeckme oTKpbITUS: TOProBbIM
COBETOM AHINNNCKOIO KOPOJIEBCKOIO
obLectBa B 1854 1. yupexaeH
MeTeoponornyecknin genapTaMeHT C

O RSHUAYMRRCKIX

reHepan-rybepHaTop
HoBol 3enaHann Pobept
e LI

MMepBbili B NCTOPUY NPOrHO3 NOroAbl CuHonmu4eckas kapma
6bin onybnmkoBaH 1 aBrycta 1860 roga Egponeir 1887 2.

«MpakTRIEIEAGIETe0ponorus KoHTp-aaMMpana duLpos»: «Mbl XNBEM B
BO3/yLLIHOM OKeaHe, BCe M3MEHeHWS NOorobl 3aBUCAT OT COMTHEYHOTO
N3ny4YeHuns. Hy>KHO NOMHUTb, YTO COCTOSIHNE BO3/YLLIHOrO OKeaHa cKopee
roBOpUT 0 ByayLLel Noroae, YeM o Norofe B HaCTOALLMIA MOMEHT».



4. MatemaTtuka B rnoroge: B XIX Beke COCTOANOCH BypHoe

pa3BnTne TepMoanHaMnkKm n runapoanHaMmnKu.

«CTapuk-lNpenckasateno» Cleveland Abbe: «The physical
basis of long-range weather forecasting» (1901).

MBER, 1901.

MONTHLY WEATHER REVIEW.
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These forces may produce either uniform or
~~~~'~"ated direct linear motions and they may also produce
n on the part of the local masses of air.

mass of air,

—.on that for every

i weight of a eolumn of mercury 760 milli-
e:%;frnadiﬂgltohtgfing E temperature 0° C. and pulled down-
-ard by the normal foree of gravity at sea 1eve11 and latitude
I5°, where g, = 980 centimeters per second. For any othe;‘
ressure, p, and temperature, t, on the ceqtlgrade scallei 1(or
4 the absolute gcale, I'= 278° C, + t) this volume will vary
s is oxpressed by the formula—

]
po= RTorv = BT o -i—= density = Ij:i‘x a.
The constant B = 29.2713 for ordinary pure dry air, and
47.060 for aqueous vapor. The kilogram, the meter, and the
centigrade degree are the fundamental units. .
This equation merely expresses the laws of Boyle and Ma-
tiotte, Charles, and Gay Lussac, to the effect that every per-
fect gas expands in proportion to its absolute temperature
and in inverse proportion to its elastic pressure. !
" Tor the ordinary atmospheric mixture of air and vapor t }1?
harometric pressure is the sum of the elastic pressures of a
the components, and the density is the sum of the densities

f the components. )
: 'l‘l':e? morg complex equation deduced by Van der Waals,

and the day of the year, s |
and longitude (/) of the pl D@ 8ystem of equations:
of the place relative to t. . i i .
must, therefore, express t ad F 1 P o q AET:

. 1v: —_— iRl = —
cal formula, namely E. Do PP P 1 o
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and confirmed by laboratory experiment, may be substituted
for the above if considered necessary.
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in which the left-hand terms present the action of the exter-
nal forces, P, and the internal pressure, P, upon a unit volume
of air whose variable density is ». On’ the right-hand side,
fact that the change of force
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Vilhelm Bjerknes: «The problem of
weather forecasting as a problem in
mechanics and physics» (1904):

* 2 3Tana: AnarHocTtuKa v nporHos.

* 7 OCHOBHbIX NepeMeHHbIX,
OMUCLIBAOLLNX COCTOSIHME
aTMocdepsbl.



basoBbI BUA ypaBHEHUW MoAenin aTMocoepbl

dv
p—- + Vp + pVO® = pf, 3aKOH COXpaHeHuns
. NMMNYNbCa
dT  _
pc, o+ pV-v=p0. 3aKOH COXpaHeHUs Temnna
dp
s pV - v =0, 3aKOH COXpaHeHNs MaccChl

p =pRT. YPaBHEHWE COCTOAHUS

L. 5<Ui i ;i) + w?  Bua NosHON NPON3BOAHOW



Lewis Fry Richardson:

«Weather Prediction by Numerical Process»
(1922).

* [MpumeHeHne YNCNEHHbIX METOOO0B ANs
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Lewis Fry Richardson:

«Weather Prediction by Numerical Process»
(1922).

* [MpumeHeHne YNCNEHHbIX METOOO0B ANs

peLeHnsa ypaBHEHUN, COOPMYTMPOBAHHbIX
BepkeHcoM.
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Richardson’s Forecas
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«Hap pacyeTom norofgbl Ha KaXKAON TOUKOM 3eMNun TPYAATCS MUPUALbl BblUNCINTENEN,
OQHAKO KaXKAbl BblUMCNTENb peLLaeT TONIbKO O4HO YPaBHEHME Un Aaxe 4acTb
ypaBHeHUs. PaboTa Lenoro pervoHa KoopanHupyetcs obuumanbHbIM INULOM BbICOKOIO
paHra. MHOrouYncneHHble NHANKATOPbI HENPEPbIBHO OTPAXXAlOT pe3ynbTaTbl BblUNCIEHWI
Takum 06pa3om, 4Tobbl cocegHme BbIYUCANTENN MO UCNOMb30BaTb UX. Tak
nocnefoBaTeibHO BbIMOAHAGTCA MOJHbIN pacyeT OT ceBepa K tory. Ha nony ctout
rpoMagHas KoIoHHa, MO BbILUMHE B MOSIOBUHY BCEro 3aa, Ha ee BepLUHe PacrosioXeHa
Kadenpa. Ha saton kadenpe BoccegaeTt YenoBeK, KOTOPbIA PyKOBOAUT BCEM TeaTPOM, OH
OKPY>XeH MHOIOYMCI@HHLIMY MOMOLLHNKAMW U MNOCAaHHMKaMW. [NaBHas ero



InckpeTnsaumsa npon3BogHON

df(xz,t) Af(x,t) flx+ Az, t) — f(z,1)

= i A (e
dx ﬂ.;-lﬂﬂ Ar Axr + ey(x, Az, t)
df(z.t) . Af(x.t)  flz.t+Af) — f(zt)
dt jl.ililn At At + ez, t, At)

df(x,t) N df(x.t)

dt dx

= F(x,t)

flz,t+ &;i —fl@t) | fla+ 512 —S@D |\ et Ar. A = Pz, 1)

E(X,t) yMeHbLUaeTCcs C yBennyeHnem getanmsaumm cetku!



AnckpeTtnsaumns ypaBHEHUS MaSTHUKA

X" (1) + @* sin x(t) = 0, f X' (1) = o),
x(0) = xy, x' (0) = 0. ﬁ J v (1) = —w" sin x(1),

x(0) = xo,
L 0(0) = 0.
[pubnwmkeHHoe Bbluncnenue f'(t)
 Npes:
oy = 1 LEH80 ~ £ (x(t 4+ A1) = x(1) + Arv(D),
f@) = lim At ) o+ AD = () - Ata? sin x(1)
=] x(0) = x,
f,(t)zf(HAt)—f(t) | v(0) = 0.

At



AnckpeTtnsaumns ypaBHEHUS MaSTHUKA

2.0 2.0

1.5 - 15

x" (1) + w” sin x(7) :
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[pubnwmkeHHoe Bbluncnenue f'(t)
 Npes:

O = lim f(t+At) — f(t) [ x(t + At) = x(t) + Ato(d),
~ At—0 At ) 0+ A = 0() - Atw? sin x(1)
=] x(0) = x,
ft+At) - (1) L v(0) = 0.

f1O) ~ ——F,
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UcmoyHuk: http://fizmat.by/kursy/kolebanija volny/qgarmonicheskoe



http://fizmat.by/kursy/kolebanija_volny/garmonicheskoe
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[lpegcKkasaHne TpaeKTopum yparaHa

-\ HeonpepeneHHOCTb
TeKyLliero
COCTOAHUSA

OueHKa HeonpeaeneHHOCTH

HeonpeneneHHOCTb (Ancnepcnn) — BaxkHas
6yayLiero COCTaBnAOLLAA NporHo3al
COCTOAHMNSA

aTMmocdepbl
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OTKNOHEeHNe cpeaHerogoBoW Npnu3eMHoON TemMnepaTypbl BO3ayxa Mo
OTHOLLIEeHUIO K cpeaHerogosou temnepatype 2014 roga no pesynbratam
mMoaenmonoaHuda no INMCM.



YTO Takoe NPorHos?

MHoromepHoe ¢a3oBoe
NPOCTPAHCTBO

TpaekTopud
MoLenmpyemMmoun cpegbl




YTO Takoe NPorHos?

MHoromepHoe ¢a3oBoe

NMPOCTPAHCTBO

OeHb
>0,

7
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/

[ngpoamHamunyeckad
HeyCTOUYNBOCTb NPUBOOUT
K «pa3beraHunio»
MOLeNbHbIX TPAEKTOPUN
CUCTEMBbI.




YTO Takoe NPorHos?

MopennpoBaHue
N3IMeHeHNN KJImmMaTa

']|pOrHo3
FEACOObI

- Hepens

&—~

L

= ATTpaKTop

ro

[Touemy mpaekmopusi ModesibHOU cucmemsl He NOKUHem ammpar



dx/dt=0o(y-Xx)

dy/dt=x(p-2)-Yy

dz/dt =xy -z

Ammpakmop JlopeHya, 1963
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Cumulative number of natural disasters/extreme
weather events in Europe since 1923, by type

2019
= Floods 1 1,452
r

== Storms

Extreme temperatures
== Droughts
B Cumulative total

1923 1930 1940 1950 1960 1970 1980 1990 2000 2010 2023

As of June 14, 2023. A disaster is classified here as at least one of the following:
10+ killed/ 100+ impacted/a state of emergency/a call for international assistance.

(EM-DAT)




[lporHocTnyeckme TexHonorny f'magpomeTueHTpa
Poccuin

Hayie@amMBHOCTb MPOrHO3a HaslaraeT OrpaHNYeHnst Ha BPeMS CYeTa.
-

bchokos
MJ1AB INMCM
COSMO o

3a5ﬂaaoepeM6HHocmb npo2Ho3a

YacC neH Heaend MeCHALL nosrog 10 net
b dabnaroBpeMeHHOCTb NPOrHO3a

KpaTKkoCcpo4Hbin, CpegHecpoYHbll, [JOAroCpoYHbIN, KnnmaTtnyeckuni,
0o 3x aHen, ot 1 go 10 gHen, OT 2X Hegenb OO0 6 MecaALeBT 2X neT
10° n 6onee 108 ayeex, 107-108 queek,
A4yeek, 2000 apep -2 1000 apep - 12 yacos.

4000 apep - 1 Yyaca. >
HuEna ykasaHbl Ans rnobanbHbIX Mogenen, B TOM Yuncne:

TN 1 3a61aroBpeMeHHOCTb NPOrHoO3a,
XapaKTepHas C/IOXHOCTb MOAenu, TpebyemMas MOLLHOCTb BbIYNCUTENbHOW
CUCTEMbI 1 BPEMS pacyeTa NpPorHosa.



[lporHocTnyeckme TexHonorny f'magpomeTueHTpa
Poccuun

OnepaTVBHOCTb NPOrHO3a HaNnaraeT orpaHNYeHNs HA BPEMS CYeTa.

[MJ1AB
3a6/10208peMeHHOCMb NPO2HO3A
yac  OeH Hegens MecsiL, nonrog 10 net
b 3a611aroBpeMeHHOCTb NPOrHO33

Konnektus pa3pa60TL||/|KOB mogenwu MNJ1AB




[1JTAB - MHOromacLutabHoe MmogenmpoBaHume
aTMocdepbl

1.  OpgHa nporpaMmHasg peanusauus, pasHble KOHPUrypaumu.

2. [puHumnmnanbHble kKoOHOUrypauum MJ1AB:
[J1ABO72L96:

- AONITOCPOYHbI NPOrHo3 (onepaTtmsBHoO, 1-4 MmecA

- CyB6Ce30HHbIN NPOrHO3 (oNnepaTuBHO, 2-6 Heaenb);

- aHcamMbneBbIV CpeHeCPOUHbIN (onepaTmnBHO, 3-14 oHen);

[JTAB20: - aHCcamMbneBbl cpegHeCcpPOYHbI (OnepaTuBHbIE
NCNbITAaHUSRA);

[J1AB10: - CpeAHeCpOoYHbIV NPOrHO3 BbICOKOW AeTann3auunu
(onepaTunBHO);

- KPaTKOCPOYHbI NPOrHO3 AN rpaXkaaHCKon asmaumnm
(onepatuBHO, 1 OeHb).

* COI'IyTCTByI'OLLI,I/Ie TEXHOJIOrMN: reHepauund aHcambns, ycBO€HWE MNMOYBEHHDIX
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[1J1IAB: KauecTBO CpegHeCcpo4YHOoro
I-I p O r H 03 a Step: 120 RMSEF 850 hPa t/n.hem/observations

=+x+ BOM 00 ——BOM 12 =+ CMC 00 ——CMC 12 +++= ECMWF 00
——ECMWF 12 se+s JMA OO —]MA 12 cees KMA OO ——KMA 12

BOM - Bureau of Meteorology, Australia; RUMS 12
CMC - Canadian Meteorological Centre, Environment Canada

ECMWEF - European Centre for Medium-Range Weather Forecast

DWD - Deutscher Wetterdienst, Germany

KMA - Korea Meteorological Administration

MetOffice - Met Office, United Kingdom

NCEP - National Centers for Environmental Prediction, USA

Meteo-France - Meteo-France

JMA - Japan Meteorological Agency

F.IlJﬁli\é-i drometeorolo cal Centre of Russia
adKo>kKe L-IE-] yET B

MeXOYHapPOoAHbIX MPOEKTax Mo

CpaBHEeHUI0 Moaenen:.

The YOPP site inter-compa rison Step: 120 RMSEF 500 hPa z/n.hem/observations
project, WMO Lead Centre for s BEwE, ooes wees o

—KMA 12 RUMS 00 RUMS 12

Deterministic Forecast Verification
(WMO-LCDNV), MOSAIC-NRV s
Teleconnection MIP u gp.

KapTunHku ¢ canTa:

https://wmolcdnv.ecmwf.int/scores/time series/850 t



https://wmolcdnv.ecmwf.int/scores/time_series/850_t

O konnekTmee pa3pabotyumkos mogenu MNJ1AB

Poccuninckasa Fa3ET
Ton-10 Hay4YHbIX OTKPbITUN

POCCUNCKNX yUeHbIX B 2022
rogy

«[1o4Bbl YRAyydwinin nporHos3
dHOMAJIbHbIX TEMNEPATYP»

Httpls://rg.ru/2022/1 2/22/top-10-nauchnyh-otkrytij-rossijskih-uchenyh-v-2022-godu.
tm



https://rg.ru/2022/12/22/top-10-nauchnyh-otkrytij-rossijskih-uchenyh-v-2022-godu.html
https://rg.ru/2022/12/22/top-10-nauchnyh-otkrytij-rossijskih-uchenyh-v-2022-godu.html

O konnekTmee pa3pabotyumkos mogenu MNJ1AB

e p 0 C C W g PykosoguTtenio ®efeparnsHoro
ARIIGHEPHOE OBIECTBES ABVARGMAAN A “POCCT A

areHTcTBa CNy>6bi no
TMAPCMETEOPOrory 1 MOHUTOPUHIY
OKpy>Kaloulen cpebl

Lymakosy M.A.

HosoBaraHbkoBckuii nep., 4. 12

05 0357 2Ot L pou SEL r. Mocksa, 125993
= Ne

Ha mex. Ne

O6 aHannse MEeTEeOPONOrNYecKnx

AaHHBIX

Yeadkaembii Mrops AHaTtonbesm4l

BOYUWHBIX cynos pal CXO)KAEHMH AaHHbIX He OTMe4YeHO.
Mpepocraensemas rpadmyeckas MeTeoponorMyeckas UHEOPMAaLMS MOXET UCHOMNbL30BaTLCHA
npu nnaH pPOBaHMUU 1 BbINONHEHUW NOMNETOB.

JNeTHbin gupekTop / M I.B. BapuHos

Poccuninckasa rasera

Ton-10 Hay4YHbIX OTKPbITUN

DOCCUINCKUX yYeHbIX B 2022 [loneTt Ha cBoeM nporHose (PbK)
Poccus nepelusia Ha CO6CTBEHHYIO CUCTEMY

rogy MeTeonporHo3mpoBaHuUs ANs aBuaLmn
«loyBbl yny4LUNAV NPOrHO3 Pocruapomety BblaensaT 1,6 mnpa py6. B 2024~
dHOMaJlbHbIX TEMNepaTyp» 2026 rogax Ha cynepKommnboTep N POCCUNCKYHO

CNCTeMY 30HAJIbHbIX MPOrHO30B AJ14 aBUaLUUn
B3aMeH OTK/toYeHHON rnobanbHOM CUCTEMBI.

Httpls ://rg.ru/2022/12/22/top-10-nauchnyh-otkrytij-rossijskin-uchenyh-v-2022-godu.
tm

https.//www.rbc.ru/newspaper/2023/10/09/651297239a79476fb5ad3fb3?ysclid=Iqp

p— — gy g g



https://rg.ru/2022/12/22/top-10-nauchnyh-otkrytij-rossijskih-uchenyh-v-2022-godu.html
https://rg.ru/2022/12/22/top-10-nauchnyh-otkrytij-rossijskih-uchenyh-v-2022-godu.html
https://www.rbc.ru/newspaper/2023/10/09/651297239a79476fb5ad3fb3?ysclid=lqp84ap57x7322117
https://www.rbc.ru/newspaper/2023/10/09/651297239a79476fb5ad3fb3?ysclid=lqp84ap57x7322117
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TexHonorns NPOrHO3a norobil

MaTeMaTI/ILIECKle Monaes/ib MOXXHO

C6op n aHanus
KOPOTKO 3anncaTtb B BUAE CUCTEMDbI

OAHHbIX
Habo4eHNN YpaBHEHNI C HaYaNbHbIM YC/TOBUEM:
i % = M(x,t), te€(0,T)
{ Xle—o = xo;
\,
X — BEKTOP NPOrHOCTUYECKUX
nepemMeHHbIX,
M - onepaTtop moaenwu.
X, — BEKTOP MPOrHOCTUYECKUX
nepemMeHHbIX B Ha4anbHbIN
MOMEHT BpPeMeHMW.
NpPoOrHo
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TexHonornga n POrH03a norobl

ata coverage - SYNOP/SHIP - 2017/06/05 00H UTC long cut-off
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TexHoniorna n POrHO3a noroAbl

MaTeMaTI/ILIECKle Monaes/ib MOXXHO

C6op n aHanus
KOPOTKO 3anucaTthb B BUAE CUCTEMDbI

OAHHbIX
HabnoaeHUn YpaBHEHNI C HaYaNbHbIM YC/TOBUEM:
9 = M(x,t), te(0,T)
YcBoeHue
OAHHbIX X|¢—o = X0,
HabnoaeHum J(x0) = inf J(v).
X — BEKTOP NPOrHOCTUYECKUX
nepemMeHHbIX,
M - onepaTtop moaenwu.
X, — BEKTOP MPOrHOCTUYECKUX
nepeMeHHbIX B HaYasibHbI
MOMEHT BpPeMeHMW.
MPOrHO J - HeKoTOpPbIN QYHKLMOHAaN.
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CpenHekBagpaTnyeckas owmnbka NporHosa
onepatnBHou Bepcumn MNJTAB ona pasnmnyHbIxX

AHB3PAYRIPbHbIX JAHHbI X

lO>kHOe nonyLlapue creBa,
ceBepHoe - CcripaBa.

[lone H500 - cBepxy,
none BeTpa - CHU3Y.

YMeHbLLeHne owmnbKn
nporHo3a J1AB Ha 72
Yyaca B none H500 - 2-4
MeTpa, Nong BeTpa -

nizunnn N Q nalr

YMeHbuweHue owubKu
npo2Ho3a 30 cHem
npuMeHeHUs! HaYa1bHbIX
OaHHbIX E8ponelickozo
yeHmpa no cpedHeCPOYHbIM
Npo2HO3aM N0200bI
conocmasumo ¢ 2 200amMu

coeeEpWeEHCITIeO6URUA mooenu

[1/IAB.

40
30 1
20
10 -

o -

H500(m) I0Ox.
0. 9/o-12.3°/o—12.8°/o—12.5%
1 1 1

fa)
50 A

W250(m/c) 10x.
-74% -8.7% -9.8% -8.9% -9%
1 1 1 1 1

96

120

60

40 4
30 A
20 -

10 3

15

H500(M) Ces.

1.8% -6.1% -7.5% -7.3% -5.1%
1 1 1 1 1
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50 3

1n

12 4

AHanm3

ML

AHanm3

ECMWE

24 48 72 96 120

W 250(m/c) Ces.
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Forsythe, M., Saunders, R., 2008a. AMV errors: a new approachin
NWP. Proceedings of the 9th International Wind Workshop,
Annapolis, Maryland, USA, 14-18 April 2008 EUMETSAT P.51

LUeneBan
AYEMNKa
24X24
nUKCena
1NUKCenb
—1-3 KM

T T+ 15 min

ObnacTb NOUCKA
80x80 nNuKceneu BOKpyr
LeNeBOMU AYEUKH

BoccTaHOBNEeHMe CKOPOCTM BeTpa no
doTorpacdum obnakos.

B yem noosox?
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TexHonorma n POrHO3a norobil
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basoBbI BUA ypaBHEHUW MoAenin aTMocoepbl

dv
p—- + Vp + pV® = pf, 3aKOH COXpaHeHus
N NMMNYNbCa
dT
pc, -+ pV-v=p0.  3aKOH COXpaHeHns Tenna
dp
s pV - v =0, 3aKOH COXpaHeHNs Macchl

p =pRT. YpPaBHeHNE COCTOAHNSA

L. S(Ui % ;i) + w?  Bua NosHON NPON3BOAHOW



MpHUMNManbHas cxema Moaenn atMmochepbl

Ha ceTke pa3peLuatorcs
KpynHomMacLuTabHas

UMPKYyNAUMA BO34YLLIHbIX MacCC.

Bknag npoueccos
noaceToyHoro macutaba
YUYNTbIBAETCA B MPaBOU YacTun
MPOrHOCTUYECKNX YPaBHEHU:

A +BZ=F.
or TP T BY

. OO
s, 1 o SeTSRl

Non-orographic

wave drag '
N\f\ x 03 Chemistry

Long-wave Short-wave CHg Oxidation
radiation radiation
Cloud '
e
‘n‘ . D)
L) 4 Cloud Subgrid-scale
l‘l 4 L 4y 4 orographic drag
dgd 444
D ‘ “l‘ P
eep. ] ““ 4
convection 4 R

Turbulent diffusion

Shallow
convection 1 f

30 .il 4 .‘ Long-wave Short-wave heat
A l.‘ [ .‘ Wind Waves flux flux flux Suriace

Ocean model

B KaXX4omn a4eiike C y4eToM TUNa
NOBEPXHOCTN MOLENVNPYIOTCH JTIOKasIbHble
npoLecchl:

O6naYyHOCTb: KpynHOMAacLUTabHas, MenKo-KOHBEKTMBHAs N KOHBEKTUBHAS,
BOAHOCTb 061akoB 1 6ann obnavyHocTn no sipycam; Mukpodusndeckue
npoLecchl: BbiNageHne 0cafkoB, Ga3oBble Mpeobpa3oBaHUs, OCAKAEHME,
cnnnaHve, aBTOKOHBepPCUS, nNpoLecc BereHepa-bepxepoHa-PuHaenseHa, yuert
reomeTpuin 061akoB 1 MCNapeHne 0CafakoB; PacnpocTpaHeHne
KOPOTKOBOIHOBOTIO W A/IMHHOBO/IHOBOr0 U3Nly4eHns B aTMocdhepe 3emnu:
nornoLleHne, paccesHue, nepemnsnyyeHue c y4etom 06navyHoOCTH, MasnbixX
ra3oBblX COCTaBMAAIOLLMX, O30HA M aspo3oneit; Fnybokas KOHBEKLMS: BOBNeYeH e
OKpY>KaloLLLero Bo3ayxa, nepepacnpegeneHe MOMEHTa ABKEHNS 1 KONMYECTBa
B/laru C y4eTOM BOCXOOALLMX U HUCXOASLLIMX MOTOKOB BO34yXa; TypbyneHTHble
npoLecchbl B NOrpaHM4YHOM crioe atmocdepsl; MNMpoLeccbl Ha NOBEPXHOCTY 3eMn
C Y4eToM TUHa pPacTUTeNbHOCTU U CHEXXHOIO NOKPORBa; [1poLiecchl B NOYBe;
Mpouecc rpaBUTaLMOHHO-BOTHOBOIO COMPOTUBIIEHNS 1 y4eT MenKoMacLUuTabHow
HeogHopoaHOCTY penbeda; Me3ocdepHoe CONPOTUBNEHME; U MHOTME ApYyTrue.




The quiet revolution of numerical weather prediction

— Day3NH — Day 5 NH Day 7 NH —— Day 10 NH wave drag & L P
Day 3 SH Day 5 SH Day 7 SH Day 10 SH @ X ) 4 0, chemistry
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[ToBblLLEeHWEe TOYHOCTU ONNCaHnA

TOYHOCTb NPOrHo3a ¢ NPOLLECCOB B aTMOCHEPE U CMEXHbIX
3a6naroBpeMeHHoCTb0 3,5, 7 1 10 cpenax
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Initial condition
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A !
Ensemble analysis Ensemble forecast
4D-Var trajectories I o o Tm;_ —
- First
irs guesseS;// 2 ; / 3;:
/ i A% F L
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Forecast .~ Probability of
uncertainty y precipitation (%)
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| T T T T >
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Assimilation window Forecast

YcBoeHue JaHHbIX HabnogeHun

Image from: Bauer, P., Thorpe, A. & Brunet, G. The quiet revolution of numerical weather
prediction. Nature 525, 47-55 (2015). https://doi.org/10.1038/nature14956
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Google Al Blog
Using Machine Learning to “Nowcast”

Precipitation in High Resolution
Monday, January 13, 2020

Posted by Jason Hickey, Senior Software Engineer, Google
Research

“We treat weather prediction as an image-to-image
translation problem, and leverage the current state-of-the-art
in image analysis: convolutional neural networks (CNNs).”
https.//ai.googleblog.com/2020/01/using-machine-learning-t

[lporHocTnyecka
9 MoJenb

o-nowcast.html

-

CHONTUK

\

NPOrHo
3



https://ai.googleblog.com/2020/01/using-machine-learning-to-nowcast.html
https://ai.googleblog.com/2020/01/using-machine-learning-to-nowcast.html

S Moropa

MeTteopapgapbi

«Bupat» ocapku B paguyce 250 knnoMeTpoB.

[aHHble obHoBnAwTCA pa3 B 10 MUHYT.

MeTeocnyTHUKMN

Bucar Ha reocTaumoHapHoil opbute
1 doTorpapupyioT onpenenéHHbIA y4acToK
3emnu kaxabie 10-15 MuHyT.

MNMonb3oBarenu AHpeKca

MNepepatoT ToYHbIE AaHHbIE 06 ocagkax,
Haxxuman «Joxab naét» 1unn «Het goxaa».

LecTb MOpenen

MaTe Mopeneit BeayLMX MUPOBLIX
METEOPONOrMYeCKMX MHCTUTYTOB

1 cobcTBeHHaa mogenb. Kaxaaa xopolua
B CBOEM pErvoHe.

x.ru/poqoda/technolo

MNMoropa gna 6busHeca CkauyaTb NpUNoXeHue



https://yandex.ru/pogoda/technology

Convolutional neural network

Recurrent neural network
Transformer-Based Neural Network
Earthformer, 2022;

Pangu-Weather, 2023; https://charts.ecmwf.int/?2query=PANG

U

+subseasonal using teleconnection-informed transformer

FengWu, 2023; Fengwu-GHR, 2024 (0.09°);
FuXi, 2023;

AIFS, 2023;

ClimaX, 2023;

Aurora, 2024.

Graph Neural Network

Problems: over-smoothing, sensitive to noise and input data’s graph
structure.

GraphCast, 2023;

encoder transformed data from latitude and longitude grids into multi-
grid graph nodes to extract relevant features.

DG Former, 2024; station-level weather forecasting

Deep Generative Methods

Ravuri et aI, 2021 - predicting medium-to-heavy rain events;
NowcastNet, 2023;
FuXi-Extreme, FuXi-ENS, FuXi-S2S, 2024;

Transformer

Input

!
v

Sampling Operator

v/Recurrent/Att

—>  Generator

GNN Layer

Con

}

Skip Connection

ention/etc. Operator

Z
X

—

5

Pooling Operator

Output

Node Embedding
Edge Embedding
Graph Embedding
ele.

Discriminator ——>


https://charts.ecmwf.int/?query=PANGU
https://charts.ecmwf.int/?query=PANGU

Task specific

Foundation model
models

From: UK MetOfiice Machine Learning Activities presentation



A data-driven climate model

Fine-tuning

Emissions
trajectories

Selected High- . Foundation
resolution Model
Observations

Bespoke

Simulations

From: UK MetOfiice Machine Learning Activities presentation

Impacts
understandin

9

Emissions to
impacts
projections

Downscaling



AIFS - Artificial Intelligence Forecasting System

First implementation (~ 1deg resolution) in 2023, following
Keisler 2022 and Lam et. al 2022:

Update beginning of 2024, update to ~0.25 deg:
* Attention based GNN for encoder, decoder
* Transformer backbone in processor
* Trained on 64 GPUs ~ 1 Week

Why GNN Encoder / Decoder: can handle arbitrary input /

output grids, local and ad hoc grid refinement, changing
grids etc.

Lang, s. et. Al AIFS - ECMWF's data-driven forecasting system,
2024. https://arxiv.org/abs/2406.01465

From: Al activities at ECMWEF presentation



How costly is AIFS?

ERAS:
15 billion (one off)

Hersbach, H et al. (2020)

From: Al activities at ECMWEF presentation

ECMWF HRES:
180 000
per forecast

Al model:
0.3
per forecast
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From: Al activities at ECMWEF presentation
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precipitations in the UAE region

(16 April 2024)

Day 3 forecast

From: Al activities at ECMWEF presentation
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Pathways to online bias correction

1. Train a column neural network to predict short time-scale flow-
dependent systematic errors. Couple NN to NWP model.

2. Relax physical NWP to the outputs of AI/ML NWP for large
scales.

Why? ML NWP model is known to perform better on the large-
scales

Use spectral nu Eﬁ?g for both pathways to: A) form m_lodel error estimates,

OR, B) nudge to AIFS: v - Va + 0! - — Cobs
T T=12 hours
-\T- a,,. = ERA5 (wavenumbers O-
l 21)
_nme Model R

nudging l

AQ, state a
tendency \ AIFS (wavenumbers 0-2
_ Q= Qpps _
AQq= — T ML target Observational rrom watt-Meyer et el.

analysis asps  (2021)

From: Online bias corrections at ECMWF: what do we gain? presentation



Summary: what do we gain?

By applying flow-dependent online bias correction :

* Improve mean biases up to monthly time-scale.

* Improve anomalies by 2%, but only in week 1-2.

* Improve MJO and QBO.

BUT, online application and training is expensive. Need to generate
10-20 years of training data for every model cycle.

By nudging IFS to AIFS on large-scales:

* Improve medium-range scores by up to 15%.

* Improve tropical cyclone track error by 50 km at day 5.

* Retain amplitude in small scales, unlike ML AIFS that damps
small scales.

Very cheap.

From: Online bias corrections at ECMWF: what do we gain? presentation



B yem oTnnumne UrpoBoro ABMXXKa OT Hay4HoOW
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B yem oTnnumne UrpoBoro ABMXXKa OT Hay4HoOW
mMmopenwun?

Bocnpovu3sBeneHue
OKpYy>XatoLLlero Mmmpa
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MeToanyeckoe pykoBoaCcTBO 0b6pasoBaTenlbHOM
nporpammon MMTY ocyLiectensier OmaoesieHue
Mamemamu4eckux Hayk PAH.
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