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™ AKYTanbHOCTb N

HUBMuMTI

[Iporpecc B mapamieabHbIX BIYUCIUTEIBHBIX TEXHOJIOTUSIX: TPEOYIOTCS allTOPUTMBI,
€CTECCTBEHHO OTOOpakalolpecs Ha IapajlleJbHbIC apXHUTEKTYphl (aHcamOJIeBBIC
aJITOPUTMBI, METOJIbI PACIIEIICHUS, JCKOMITO3UITUN U T.]1.)

[Iporpecc B MeTomax pericHUs HEIMHEHHBIX HEKOPPEKTHBIX YpaBHEHHH (pas3IMUHbBIC
MeTonbl peryisipu3anud, SVD, cXomuMoCTh U T.J1.) 1 METOAaX HCCIICIOBAHUS

*PazHooOpasue mnpuiokKeHU sl 3aaad OOpaTHOrO MOJEIUPOBAHHUS IMPOIIECCOB
anBeKIMU-TUPDy3un-peakiiuy, B TOM YUCIIC

*VccnenoBanue kadecTBa aTMoCdephl (IKOIOTHIECCKHUE TIPHIIOKCHIS)

*Teopus mopghozenos (buonozusn pazeumusi)

*EnnH000pa3HbIii MOAX0/ K Pa3IMYHBIM JAHHBIM U3MEPEHUM BKJIIOYas JaHHBIC THUIIA
n300pakeHuit (OopIre 00beMbl HH(DOPMAIIUU HEN3BECTHON IICHHOCTH)

Heab: IpdekTUBHBIE YHCTECHHbIE AJTOPUTMBI IJI PELICHUA 321a4 00PATHOIO
MOeJIMPOBAHUS MPOLUECCOB aABeKUMU-TU(PYy3uU-peakuuu ¢ JUHEHHBIMUA
oneparopamMu U3MepeHMHil.

KoHTakTbl ¢ aBTOpamm paboTbl: [eHeHko A.B. nab MMITIMNC, a.penenko@yandex.ru
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KauyecTBO BO31yX2

ONTHUKW ATMOC®EPKI

um. B.E. 3% CO PAH

UBMuMI

Table 1. Epidemiologic studies that have been used to estimate health effects used to develop the Environmental Benefits Mapping and Analysis
Program—Community Edition used in this project.

J
END POINT POLLUTANT STUDY REFERENCE AGE RANGE IN STUDY RISK ESTIMATE FOUND IN THE STUDY (95% 3
e S KOHOMMUYECKni apdekT oT

Premature mortality, PM, 5 Krewski et al*® >29 RR = 1.06 (1.04-1.08) for 10 pg/m® increase in

all causes average PM; 5 M3M€HeHMﬂ KaquTBa BO3,£I,yX8
[ Levy et al® All ages 0.43% (0.29%—-0.56%) change in mortality per 10
pg/m?® change in O;
Hospital admissions, PM; 5 Peng et al*? =65 0.68% (0.26%—-1.10%) change in daily admission
all cardiovascular for 10 pg/m? increase in average PM; 5
Hospital admissions, PM; 5 Zanobetti et al** =65 2.07% (1.2%—-2.95%) change in risk for 10 pg/m*
all respiratory increase in 2-d average PM; 5

(o Schwartz®* =65 RR = 1.07 (1.00-1.15) for 50 pg/m3 increase in B p eMﬂ n p e 6 bl Ba H M ﬂ

average daily O,

Emergency room PM; 5 Mar et al®s All ages RR = 1.04 (1.01-1.07) for 7 pg/m?3 in average daily H a 60]1 b H M LI H OM M

visits, asthma PM, ¢

(o Peel et al® All ages RR = 1.14 (1.09-1.19) CTO M MO CTb j-l eLI e H M ﬂ
Acute respiratory (o Ostro and 16-64 Effect estimate (§) = 0.00741 (0.00070)
symptoms Rothschild®”

Stewart, D. R.; Saunders, E.; Perea, R. A.; Fitzgerald, R.; Campbell, D. E. & Stockwell, W. R. Linking Air Quality and Human Health Effects Models:
An Application to the Los Angeles Air Basin // Environmental Health Insights, SAGE Publications, 2017 , 11, 117863021773755
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OcC0o0eHHOCTH MATEMATHYECKOI0
MOJEJIMPOBAHHUS B 3aa49aX

UBMuMI
OXPAaHbI OKPY:KAIOLIEH cpeabl
* HeoOxoauMocTh noiry4ars 1
- N YTOYHSITH TIPOTHO3 10 MEPE
* HenuuelHOCTH, pasHOOOpazue MOCTYIUIEHUS TaHHBIX U3MEPEHUN.
BPEMEHHBIX MaCIITa00B U PaGora B

peajbHOM

poLeccoB, Becokast (10 10%2) Bpesen

pPa3sMEPHOCTh paccMaTpPUBAEMbIX

MOJEIIEN
\
Co:xKHOCTB
NPSAMOro
MOJ€/IUPOBAHUSA
e ~\ Bbicokas
* HensBecTHbIE ICTOYHHUKHN BBIOPOCOB, HeonpeeIeHHOCTh

HavyaJIbHBIE ¥ KPaeBbI€ YCIOBHUSI,
CKOpOCTHU TpaHcopMaluii u Apyrue
IapaMmeTpbl MOAETEH, CTPYKTYpa
MOJIETIEN.

» HeGonbI110€ KOJTMYECTBO JOCTYITHBIX

\ JaHHBIX U3MCPCHUUN

J

KoHTakTbl ¢ aBTOpamu paboTbl: [eHeHko A.B. nab MMITIMNC, a.penenko@yandex.ru



IMDAF.City: Cucrema MoaeJIMPOBAHUSA XUMHYECKOI0

cocTaBa arMoc(epbl ¢ YCBOCHHEM JTaAHHbIX
MOHUTOPHMHIA

ANroputmbl ycBO€HUA
AAHHbIX U peLeHnn
o6patHbIX 3apa4

b

Cucrema
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q} Hepapxusa 3aga4 (OLleHKAa Ka4yecTBA BO31yXa)
BN M BBIYMCIMTEIbHAA CJI0KHOCTD

BbluncnurenbHas
CITOXXHOCTb

*CucreMa 00paTHOro MOJeTUPOBaHUsl U ycBoeHus AaHHbIXx UBMuMI' CO PAH

ICM&MG Inverse Modeling and Data Assimilation Framework

3aaauu
yCcBOEeHuA
AAHHbIX

*TpedyeTcsi CTPOUTH IPOTHO3 B «PeajibHOM BpeMeHN», YTOUHSA
napaMeTpbl MOJIeJI HA OCHOBE NMOCTYNAIIIHNX JaHHBIX H3MepPeHHI.
TpebyeT pelieHHs MOCIeJ0BATEIbHOCTH CBSI3AHHBIX 00PaTHBIX 33124 C
Pa3JIMYHBIMH Ha0OpaMM JaHHBIMH M3MepeHuil. Pemenne nmpeabymmx
KaK anpuopHasi HHpopMauus 1Jsi cle1y0UuX.

06 aTHble *TpebGyercst HATH HEU3BECTHYIO (PYHKIHIO COCTOSIHUS MJIH
p HeM3BeCTHbIE MapaMeTPHhI N0 JOMOJTHUTEILHONH HHpOpMauM.

Mo:keT noTpeGOBATH pelieHHs MOCAeA0BATEILHOCTH 32124

3aAaq n ynpaBJieHus.

*Tpebyercst yTOUHMTH IapaMeTPbI Mo eJiei, YTO0bI
NpHUOJM3UTH MOJETbHbIE PACYETHI K IAHHBIM
usMepenuii. Tpedyer perieHust
MOC/1e0BATEIbHOCTH NPSIMBIX 32124 €
Pa3IMYHBIMH IAPpAMeTPAMHU MoJeJleil.

n p;I Mbl e/ con pﬂ)Ke HHbIE *TpebyeTcst cMoeIMPOBATh U HCCJIE0BATH

3a134uU pacnpe/ejieHue KOHIeHTPaLMii
A XHMHY€eCKHX BelIeCTB MPH 3a1aHHBIX

napamMeTpax Mo/eJIeil.

(oueHKa 4yyBCTBUTENIbHOCTH)

Heob6xoaumo rmbkoe ynpaBneHue CrIOXHOCTbLIO noA3sagay 6

KoHTakTbl ¢ aBTOpamu paboTbl: [eHeHko A.B. nab MMITIMNC, a.penenko@yandex.ru
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*
E IlocTanoBka 3agaun YCBOCHUA JaHHDbIX N

UBMuMTI
t

>

OGpaTHasa 3apayva

MoncK dyHKUMM 3apaya ngeHTudmkaumm

HeonpeAeNeHHOCTH NCTOYHUMKA, KO3 dULUMEHTa,
«C 0bpaTHbIM BPEMEHEMY, ...

ObpaTHble 3aaa4u

3agada npoaormkKeHus
C «TOYEK» M3MEPEHUS
Ha BCK obnacTtb

NMowncKk pyHKLU MU
COCTOAHMUA

3apaya ycBOeHUA AaHHbIX (C HenepeceKaloWMNCH OKHaMU YCBOEHUS)

Il AaHHbie NCKOMble Bl JaHHble MCKOMble ot

ObpaTtHas 3agava ObpaTtHas 3agava

OKHO YCBOEHMS

v

A



AJIFOpI/ITMbI VYCBOCHUA JAHHDBIX

*

CTadWIN3aTOP.

UBMuMI
00630psI [Sandu,Chai,2011],
model AJITOPUTMBI YCBOECHHSI TAHHBIX [Bocquet et. al. 2014], [Carrassi,2018]
state
Xy I-"", r"'-.’.-. >
X .¢ ’ ! L] P -
A7 2 S JleTepMHUHHPOBAHHDIE CroxacTuieckue
. — . I'mOpuanbIe
<«—assimilation window—— BapHaHHOHHbIe
([Sasaki,1955]), [Penenko, Obraztsov, 1976], 4D I P
N Udg | ng [Dimet, Talagrand, 1986],
[Talagrand,Courtier,1987]
— 4DVar
3 Ovar /\

O3 oOpamenns oneparopa «3 ) 5 Dvar» CHJ]I)H])Ie Cﬂaﬁble
M3Mepenuii (MPoa0JKeHUsE 03 wrenrrnduramm OIrpaHHYICHHUSA OrpaHnYCcHUA
C IOCTOB MOHUTOPUHIA) HA

O/THOM IIIare 1Mo EpeMeHl/I HCTOMHMKA HA OIHOM 03 o noucke HaYAJIbLHBIX O3 o noucke HaAYANBHBIX

JUCKPETHOI MOIeH, tare no BPeMeH“ JAaHHBIX, peliaeMasi JaHHBIX M HCTOYHHUKA,

pelaeMasi BApHAIMOHHBIM JICKPETHON Moje.n BapHANMOHHBIM METO/I0M peliaeMasi BApHAIIMOHHBIM
meToaoM. Mojenb BXOOUT B (MeTeopoJiorust) MeTOoA0M (B XUMHMHU

armocdepsr: [Fisher, Lary,
1995], [Elbern, Schmidt,
1999],[Fisher et al. 2005],

H [Elbern et al. 2007])
HHAMUYeCKas .

Peryasipusamus «HessBHBIID) ] _IH | ) ) _
[Ocunos, 1999] 3DVar (p.1) = H P “ + aHrH — min

Ha orpaHunyeHusx mogenu



% *
‘!.Ej( 3a4a4M OLUEeHKU YYBCTBUTE/IbHOCTU N

HUBMuMTI

ToxxmecTBo Tuia Jlarpamixka (COOTHOIIICHNE YyBCTBUTEIHHOCTH)
)

1)

(h,59),  ={(5r, ‘P[h]|>R +(u, Ve V¥[h] ) 5o =¢? —¢
\ / 0" =o[r™, 1™]
DyHKIMHN 9yYBCTBUTCIHLHOCTH
Conpsikennas 3agava Jlano h,(p(m),u(m), m=12, Hahtu . Y
—%—u VY, -V (diag(n”)V¥)) + (G(t.¢?,e")¥), = h,
G(t, (p(z) , (p(l)) = diag (P (t, (p(z) )) + V -omeparop
) pa3IeIICHHBIX
VP (t 02,0 ) diag ( ) VII (t (p(z),(p(l)) , pa3sHoCTEN
+ KpaeBbIe YCIIOBUS CONPSKEHHOM 3a1a4u TC: Y(T)=0,

Jlunelinpie mapamMeTpusauu ~ of = Z B.or, (h, 5(|) Z B ( T[h]
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% TlpaaueHTHble anroputmbl  N*

HBMuMT (npeHTMPUKALMA NCTOYHUKOB)

3ajaH 1eaeBor (hyHKIIMOHAI

2. llelrl-1, ”i(QT) Pr-

IELmeS
Ecau nmapaMmeTpbl 10CTAaTOYHO IIAJIKUE, TO

[r] le L,
o) = (20T } =) V() = ¥[oir]. ¢lr. ]

mes

Hanpumep, aaropurMm Ilonaka-Pudnepa, PacnapajieiuBaHue:.
peanu3oBaHHbIi B GSL « CxeMa paciueIuieHus JJs NPAMbIX
r(k*1) .= (k) _ (k)S(k), M CONPSKEHHBIX 3a/124.

o™ = argmin J (r( )~ as™ )» » Ensemble approach in the special
0(‘;)0 (0. (k 1) case when adjoint is independent on
) =9 LTS K >1, the direct problem solution
g, k=1 [Karchevsky, A., Eurasian journal of
) () (k) mathematical and computer
A = <g 99 > 0¥ = v 3(r) applications, 2013, 1, 4-20] (~2x

<g(k-1) g > speed-up)



IMDAF Classes

N*

UBMuMI

YnpasaeHne namaTbio
Bsoa-BbiBOA,
CeTKu (npocTpaHcTBa)
MpeameTHaa obnactb: leorpadua, buonorua

ANroputmbl C
ANropuUTMbl C YCBOEHUEM NPOWU3BO/IbHbIMMU

YnpasneHue
Ha OAHOM Llare A/IMHAaMKM OKOH YCBOEHMUA
YUCI€HHbIM

ANCKPETHON MOAENN U (B TOM Uncne Ha ocHoBe

OTAEeNbHbIX CTaANAX ?KCHEpMMEHTON; aHcambnewn
oyepeab 3a4a4 , o
CXeMbl paclienneHna COMPAXKEHHbIX GYHKLNINA)

BHewHne 6MGNMoTeKHU:

 NetCDF (BBOA-BLIBOA)
« Eigen (SVD, anrebpa)
ANrOPUTMbI « GSL (ontumnsaums)

peweHunn  Boost
NPAMbIX 33434

12




ANTOPUTMbI C YyCBOEHUNEM
Ha OAHOM LUare ANCKPETHOU
MmoJenn N oTaenbHbIX CTaANAX
CXembl paclienneHua



=

Sequential Data Assimilation at the
Splitting Stages (inverse problems ensemble)

N*

HBMuMT
Splitting scheme on the interval )™ <t <t’ ([Gordeziani,Meladze,1974]),
e 7t
K-Transport \
0P Direct
Ve E+L§¢§:7§(f +r§), Variational Algorithm
(gel0X s [ PAWRTE N
/ () =g[t), 1 Next step
¢(tj‘1] QE Xy, 2} J [ Measurements | ] (') = ge{gz 0}75 #(t").
s /" “Transformation ) > Yetye=t
o(¢,) ) ¢ sefx .z}
\ yo—=—+hR (t,(ﬂc)(ﬁﬂc). Variational /
. DAWRT T,
:Hl(t’gac)+7/c(fl+(rc)|)7 !
Lo
<€ | I ] ] | I | ] I —

Penenko, A. et al. Sequential Variational Data Assimilation Algorithms at the Splitting Stages of a Numerical Atmospheric Chemistry Model // Large-Scale

Scientific Computing, Springer International Publishing, 2018 , 536-543
Penenko, A.; Mukatova, Z. S.; Penenko, V. V.; Gochakov, A. & Antokhin, P. N. Numerical study of the direct variational algorithm of data assimilation iturban

conditions // Atmospheric and ocean optics, 2018 , 31, 456-462



HUBMuMTI

2

\\

Direct variational data assimilation J&. N*
algorithms for transport processes

2

— min

+ﬁz |+1 i

¢‘ 1+Tf‘+2'l’J

3@ =3 | A I\/Iij+ai(rij

_Li¢ij—1 + Ci¢ij B R |+1

Three-diagonal matrix system (with 2x2 and 3x3 matrices)

—R (DIJ+1 +Ciq)ij — LiCDiJ_l — Fija (Dij = ZI e
]

WRT constraints:

Can be solved with the direct algorithm

Penenko, A. V.; Penenko, V. V. & Tsvetova, E. A.

¢ ¢
7 b 10000 B 1000 Sequential data assimilation algorithms for air quality
A s = . 2% 7 . . _ .
L '»?’; = = = = momtgrmg mc_Jde_Is based on a_weak consFramt
; iy’ ST sicd ﬁ[{"} S variational principle // Numerical Analysis and
X #" ..‘,f G B [ ) - Applications, Pleiades Publishing Ltd, 2016, 9, 312-
& - _ - |
a 3 e L, o . a b admp s 325
B :_* /{-": 2 -+ d 6000 = — :: /f:. :_ 5§
s N Fre AR ) i
- f"‘ A "" e & Penenko, A.V.; Khassenova, Z.T.; Penenko, V.V. &
TRLL e T At Pyanova, E.A. Numerical study of a direct variational
X i data assimilation algorithm in Almaty city conditions //

2000

(6)

Eurasian Journal of Mathematical and Computer
Applications, L. N. Gumilyov Eurasian National
University, 2019, 7, 53-64
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AQEB‘ Variational data assimilation on the N*
HBMuMT transformation stage

Direct problem Adjoint problem
do, . ~ _ _ _
d—t':—P,(t,(p)(p|+H|(t,(p)+r|, I=1...,N, y_jj_l (WJJ W ‘+hlj=1.. N, -1, Nt =h",
Discrete-analytical scheme of the 1st order
. - L . . L . d L —’J —»
47 = LR, 4 +GRE .4 M, §) +1), = dagL(R (1)) +{s.(¢ s
0 PAt> ¢, 1/p PAt> ¢, SI (t,é,?) (P(t (D))VH (t (D)
—J) a-Pat c = 1-e™ ele & |. ' —
LE)= em  Ptfiumntya] . G pa 2t PAtE L Era] (4L (R(t.7)+G (R(L.&))(IL, (L&) + 1)) VR (L.5),
1-PAt O0<PAt<eg,, <1 At O<PAt<eg,, <1
Nt — . . — Nt_l . . — . .
Z5¢J h=69°-° + Z5FJ R(t’, ¢ W' Lagrange type identity
j=1 j=1
.. . N1 .
Optlmlzatlon problem V.J(r)= zaZ(F ] +2diag (R))T,
I=1,..,N,
N : .
t— + R * > min -
O‘ZM ) Z = diag ( ))
T [=1,..,N,
I =1...,N,, J= Nt. )

=i (h), h=2M.[¢.Nt—|.j,

A priori data inclusion: gradient projection method or weights in the stabilizer

Penenko, A. et al. Sequential Variational Data Assimilation Algorithms at the Splitting Stages of a Numerical Atmospheric Chemistry Model // Large-Scale
Scientific Computing, Springer International Publishing, 2018 , 536-543

Penenko, A. Consistent numerical schemes for solving nonlinear inverse source problems with the gradient-type algorithms and the Newton-Kantorovich
methods // Siberian J. Num. Math. / Sib. Branch of Russ. Acad. of Sci., Pleiades Publishing Ltd, 2018 , 21, 83-99.



Advection-
diffusion- direct
DA
Splitting DA

=%  |IMDAF Direct & Splitting DA
e problem solvers

N*

Splitting Reaction-direct
scheme DA DA

Reaction-
iterative DA

Direct

Advection-
diffusion-solver

TpexauaroHanbHas
CIHAY

Discrete-analytic Upwind
scheme scheme

Pewartenn npsAMbIX 3a0au.

Splitting » [lpaAmasa 3agava

scheme solver « ConpsikéHHas 3agada

* YpaBHeHMe B Bapmaumnsax
Discrete-analytic
scheme for reaction rates
RADM?2 Smolukhovsky

17




Zﬁf Pa3paboTraHHbIe aJropuTMbI N*
“==  BapHAIMOHHOI0 YCBOECHHUSI JAHHBbIX

YcBoeHue ¢ eIMHUYHBIM OKHOM HA
OTAEJbHBIX CTAAUSAX CXEMBI
paciuernyieHust

/\

KoMIo3uTHBIN aJropurm (npsimMsie
AJITOPUTMBI VISl CTAUH IIepeHoca u

Ipsimbie anropurMsl (03 HTEpaALIA)

MHoromepHasi MoJeJIb UTEPANMUOHHBIN JIA CTATUU
anBekuuu-1uddysuu ¢ TpaHcpopmalmn)
YCBOCHHEM

» OOMeH nHopmaunen mexay
cTagMaMm yCBOEHMSA TOMbKO Yepes

MHoroMepHasi MOI€Ib npsiMyto 3apaqy (BHyTpU +
aaBeKIUN-THPPYy3UH-PEAKIUH C CONpsiKEHHast)

YCBOCHHUEM Ha CTAAUH IICPECHOCA
« [lpsiMble anropuTMbl Ans

KOHTAKTHbIX I/|3mepeHvu7|

MHoromepHasi MOIeJIb a/IBEKINH-
au¢Py3nu-peakiun ¢ yCBOEHHEM « PacnpeneneHvne namepeHnn rno
NPAMBIMH AJTOPUTMAMH CTaAnsAM paclienneHns 18




UBMuMI
55.1°N b
55°N [
«Exact |
solutiony >0

& & ’ 2

"c;ontact: a.penenko@yandex. i gag:.
82.85°E 83.05°E

55.1°N (&8

Data assimilation
Routine pollutants
modification

Novesibirse *

54.9°N

N

54.8°N |§

E.ontact: a.penenko@yandex. i giu:. :

82.85°E 83.05°E

o

83.25°E

\‘.J ‘:‘ >

83.25°E

Data assimilation
3D model ith chemical trnsfrmation

55.1°N

Novesibirse”,
55°N J& '

54.9°N

54.8°N [t
';;ontact: a.penenko@yandex. gsy::
82.85°E 83.05°E

55.1°N &8

4. UNovesibirscs
55°N & ‘

54.9°N

2N
\.i‘l

54.8°N |§

I;ontact: a.penenko@yandex. i gsu:. 3

82.85°E 83.05°E

\‘uf ‘:‘ &

83.25°E

: \‘J -1‘ 2

83.25°E

CCKU

«NO
DA

Data assimilation
Rare pollutants
modification
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ANTOPUTMbI C MPOU3BOJIbHbIMMU
NIMHAMMN OKOH YCBOEHMA (B TOM
4yncie Ha OCHOBe aHCambneu
COMPAXKEHHbIX PYHKLUUN)



% TlpaaueHTHble anroputmbl  N*

HBMuMT (npeHTMPUKALMA NCTOYHUKOB)

3ajaH 1eaeBor (hyHKIIMOHAI

2. llelrl-1, ”i(QT) Pr-

IELmeS
Ecau nmapaMmeTpbl 10CTAaTOYHO IIAJIKUE, TO

[r] le L,
o) = (20T } =) V() = ¥[oir]. ¢lr. ]

mes

Hanpumep, aaropurMm Ilonaka-Pudnepa, PacnapajieiuBaHue:.
peanu3oBaHHbIi B GSL « CxeMa paciueIuieHus JJs NPAMbIX
r(k*1) .= (k) _ (k)S(k), M CONPSKEHHBIX 3a/124.

o™ = argmin J (r( )~ as™ )» » Ensemble approach in the special
0(‘;)0 (0. (k 1) case when adjoint is independent on
) =9 LTS K >1, the direct problem solution
g, k=1 [Karchevsky, A., Eurasian journal of
) () (k) mathematical and computer
A = <g 99 > 0¥ = v 3(r) applications, 2013, 1, 4-20] (~2x

<g(k-1) g > speed-up)



3 Adjoint Problem for
i , N

e Large Assimilation Windows
S5¢) =0, =0,
The equation in A6gL, = B SgI T+ C Ly o108,
variations for the j=1,...,N -1,eE,

split scheme
6¢' => y.64L, i=1,...,N,-1,> . =1, y. >0.
£ £

i _ 27/5(8;—0.5)*l//§j5tj’1gjSNt_z
=9 ¢

Adjoint ¥ -  1=1,...N, -1,
equations 0,1=N,-1
(A02) yl = Wi bl =1, N, -1,
Lagrange type N e L O W
identity ;W )t = JZ; or ,;76 (Cl) wl)at.
Sensitivity operator ifr@ @ K= 2(iY
p ' [r?,r = 2 (Cl) w!
element z ( )

Penenko, A.; Penenko, V.; Tsvetova, E. & Mukatova, Z. Consistent Discrete-Analytical Schemes for the Solution of the
Inverse Source Problems for Atmospheric Chemistry Models with Image-Type Measurement Data // Finite Difference
Methods. Theory and Applications, Springer International Publishing, 2019 , 378-386



™ Sensitivity operator N*
HBMuMT (inverse source problem)

Image (model) to structure  Given = functions U ={u®} _<SpanU,
operator [Dimet et al,2015] fex

2 D7) — ) 1 &)\ ()
(To control the data considered) ~ Mu ((p[r 1-olr ]) =2 <(p[r 1=0[r~]u > ¢

feX
Sensitivity relation <(|)[r(2)]—(|)[r(1)] u(5)> _ <\P[r<2> r®u®re _r(1)>
(Lagrange type identity) ’ 7 ’
r R—R"®
SenSitiVity @ rO7.
operator Mylr®,r#]:y, HZ<‘P[r@),r‘”;u“§)],z> o© Parallelwrt. U
L teE

The inverse problem solution r'™) for any r and U satisfy
S M ) H & Parametric family of quasi-
Hy I_J?ngs(p[r] = Mylr ’r](r _r)+ 0Ol inear operator eqguations

Idea: [Marchuk G. I., On the formulation of certain inverse problems, Dokl. Akad. Nauk SSSR, 156:3 (1964), 23
503-506]



3 . . *
™ Inversion algorithm N

HUBMuMTI

Hy [' - Profa] |=m,[a.q)(a” ~a)+(m,[a",a]-m, [a.q])(a" ~a)+ H,aL,

mes

_ ILye|- N, - N, -N,, inversesource problem
m <M, [q’ q) Nunknowns — - - -
Ex Ny o) N coeft Inverse coefficient problem
O 3
Newton- mT |:mmT :|+ , &< Nunknowns
Kantorovich dq =1 ) > Hy| - Pro[q] |.
-type update \ [meL m,=2>N_ ) Upnes

[C]; -truncated SVD inversion parametrized by conditional number =

Nonlinearity: Noise: Admissible solutions: Optional monotonicity:
sequential increase of discrepancy projection regularization monotonic decrease of the
the conditional number  principle discrepancy

Theoretical foundations: [Issartel, J.-P., 2003], [Cheverda V.A., Kostin V.1., 1995],
[Bakushinskiy, Goncharsky. 1989], [Kaltenbacher et al, 2008], [Vainikko, Veretennikov, 1986] 24
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™  Inverse source problem (0D) N*

HUBMuMTI

hv+NO, — NO +O,P hv+0, - 0'D+0,
HCHO +hv — CO+2HO, HCHO+hv —->CO+H,
0,+0,P -0, N, +0O'D - N2+0,P

0'D+0, »0,+0,P H,0+0'D — 20H

HO, + NO — NO, +OH
NO+RO, - HCHO+HO, + NO,
HC+OH — H,0+RO,

NO, + OH — HNO,
H,0+2HO, > H,0+H,0,+0, HO, +RO, - O, +ROOH

2RO, - HCHO +HO, OH+S0, - HO, +SULF.

Modified [Stockwell,2002] N, =22

NO+0O, - NO,+0,
CO+0OH —CO, +HO,
HCHO+OH —» CO+H,0+HO,
2HO, > H,0,+0,

I P ) I

T Relative error
10 for different number
08 of projection functions
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0.2 \ \
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Penenko, A. V. A Newton—Kantorovich Method in Inverse Source Problems for Production-Destruction 26
Models with Time Series-Type Measurement Data // Numerical Analysis and Applications, 2019, 12, 51-69



HUBMuMTI

T =4x24x3600

N3mepsaetca NO

==5x10

103 molecule
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55.1°N [

: 220
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Projection to orthogonal
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3 molecule
operator kernel ks
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Sources identification with direct *
and indirect in situ (5 sites) measurements
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10772
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BoccTaHOBMEeHHbIe UCTOYHUKMN
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V. V. Penenko A. V. Penenko, E. A. Tsvetova and A. V. Gochakov Methods for studying the sensitivity of atmospheric quality
models and inverse problems of geophysical hydrothermodynamics // Journal of Applied Mechanics and Technical Physics, 2019, 27

\ol. 60, No. 2, pp. 392-399.



1.3 BoccTaHoBneHue KoadduLmeHTa @ N *
- ) HIlul

Trera—— Aandoysmumn no tomorpadpuyeckum cHuMmkam(2D

¢, (X,1) = V- (u(X)Vo(x.1)),(x,1) € Qx[0,T]
P(X,1) =, (X, 1), x e 0t €[0,T],
o(X,t) =1,(x),t =0,x e QL

k(x) >k . >0, xeQ.

p(X,t)=1;(X)+01,(x),xeQ, J=1..,M. TomOS petiene

2.25x 10~ 10

2.00 =10~ 10

Logqo(OTHOCMTEeNELHAaRA HeBA3Ka) Log,o(OTHocUTenbHasA olnGka)

10 15 20

t,cek

100 200 300 200 LCeK 100 200 300 400

OcTaHOBKa

(a) (b)

Penenko, A. V.; Nikolaev, S. V.; Golushko, S. K.; Romashenko, A. V. & Kirilova, I. A. Numerical Algorithms for Diffusion
Coefficient Identification in Problems of Tissue Engineering // Math. Biol. Bioinf., 2016 , 11 , 426-444 doi: 28
10.17537/2016.11.426 (In Russian)



q} Hypothetical morphogen
ot synthesis region estimation (2D)

(b)

° 0 Given: stationary o..q,,
Find: non-negative,

e constant I, in time
d O Yadav, R. .; Girke, T.; Pasala, S.; Xie,
Y Reddy, G.JV. Gene expression map of t
_ _ Arabidopsis shoot apical meristem stemfcell niche
P ((D) - dC , 11 ((D) - VC 9 (hC +TCY Py ) // Proceedings of the National Academy [bf
Sci , di f the Nati | Adad f
dy Vo Oy + T 9+ T ) S, I o Som donare! e ©
Reconstructed source of Reconstructedymorphogen fields
hyp Oth eti Cal M O rp h Og e n ) Y@Recons;_l:ucted solution ; C@Recon:structed solution _ W@Reconstructed solution
Y@Reconstructed source Q,‘ o ,-\ B j0os

=]
©

Hypothetical Observable

s
X

Penenko, A.; Zubairova, U.; Mukatova, Z. & Nikolaev, S. Numerical algorithm for morphogen synthesis region identification
with indirect image-type measurement data // Journal of Bioinformatics and Computational Biology, World Scientific Pub ¢
Co Pte Lt, 2019, 17, 1940002



123 Data assimilation mode (2D) N*
(Source: NO \
" | Measurements: 05

concentration images
(movies)

T (data assimilation problem = sequence of inverse problems)
iy 1
Exact source Reconstructed source ..
'no

«Inverse problem mode»
(1 assimilation window)

\Initial guess: zeroj

S
e
=
s 2 )
£
£ ®© s —
: R N, =100
X X =Y =600
O -
Q N, =100
v
t,h % A =
our 4x10 \ 91: 10 /
- Assimilation window
«Data assimilation mode»
(2 assimilation windows) » boundary
t,hour
[Penenko, A. V. Algorithms for the inverse modelling of transport and transformation of atmospheric pollutants 30

/I 10P Conference Series: Earth and Environmental Science, I0OP Publishing, 2018 , 211, 012052]



Zﬁ‘j ApPXUTEKTYypa aITOPUTMOB C
S MPOU3BOJIbHBIMU OKHaMM YCBOEHMA

N*
[na kaxgon

paccmarpmBaemMom
NOCTaHOBKM

InverseProblem

* BbluncneHune oneparopa
npAMON 3agayu

* BbluncneHne HeBA3Ka JaHHbLIX U3MEPEHUIN

« PewweHne aHcambna conpskeHHbIX ypaBHEHUI ..

¢ ®YHKUMM YYBCTBUTENBHOCTHN Data Assimilation

Problem Solvers
/ / Pewaert

- nocneanoBaTenbHOCTb
obpaTHbIX 3agav

Adjoint BblOpaHHbIM
Gradient anropuTMoMm
Ensemble
Solvers
opEgSolver solvers
* BbluncneHune oneparopa * BbluucneHue
Peluatensb HENUHENHbIX obparHoun 3agayu doyHKUMOHana
«onepaTopHbIX» » BebluncneHve oneparopa *  Bbluucnerune
YpaBHEHUN YyBCTBUTEITbHOCTH rpagueHTa

» [locTpoeHne aHcmabns

31




™ OkpyeHue IMDAF N*

UBMuMI °
_ [laHHble O TOYEYHbIX
- Jjupyter NCTOYHUKAX,
Mop,enm mapo Text: N’ nocTax MOHUTOPUHra
TepMoanNHaMUMKnN * (reorpadpmyeckne
KoopauHaThbl)

ATMES
\ /

NetCDF: WREF,
EviroHIRLAM

NetCDE: ‘ NetCDF:

KoHpurypauus

KO3 MUMNEHTDI
namepeHmAa (bd) 4

/

Bm3yanmsau,vm

@ XCellerator

K
o/, onepaTopos NetCDF: /

Xﬁ';i:gir;;' Mpoaykumn-gecTpykumm u
OnepaTopoB pasgeneHHbIX e3v/1bTaTbl u ter

MEXaH3MoB pasHoCcTen (CMMBOSIbHOE PE3Y JUPY
anddepeHunpoBaHme) ) 37




‘ [Tono»XeHnA, BbIHOCUMbIE Ha
T 3alLUTY

» Habopbl cornacoBaHHbIX B CMbICNe ToXAecTBa JlarpaHxa AUCKPETHO-aHaNUTUYECKNUX YNCTIEHHBIX CXEM U
CXeMbl pacLuenneHnsa onsa wkanel Mmogenen agsekunn-gndysmm-peakumnm pasnnyHom npocTpaHCTBEHHOM
pa3MepPHOCTU U rpagneHTbl YHKLMOHAOB HEBSA3KN HA NX OCHOBE.

* [lpsiMmon anropuT™M yCBOEHNA OaHHbIX A1 O4HOMEPHOW MoAenn aaBekUnn-anddy3mm N KOHTAKTHbIX JaHHbIX
namepeHnin. IayueHa cBs3b Mexay pesynsrtatoM paboTbl anroputma U TOYHbIM peLLEHNEM 3a4a4mM YCBOEHUS
JaHHbIX.

* Ha ocHoBe npAMOro anropmntMma ycBoeHund gaHHbIX pa3pa60TaHb| opurnHasbHbl€e BapunalunOHHbIE allflOPUTMbl
YCBOEHNA OaHHbLIX C YCBOEHNEM Ha OTAESIbHbIX CTaauAX CXeMbl pacLUuenyieHn .

- PaspaGoTaHa npoueaypa Bblibopa napameTpa perynapusalum Ha OCHOBE CLieHapHOro Noaxoaa.

« [na ypaBHeHUN agBekunn-gudysnm-peakymm ¢ UCnosib30BaHNEM ONepaTopoB YYBCTBUTENBHOCTU
NOCTPOEHbI MOAENN CUCTEM OUCTAHLNOHHOIO N KOHTAKTHOMO MOHUTOPUWHIA, a TakKe CUCTEM NHTeprpeTauum
n3obpaxeHnn. Mogenu nmeroT BUL CEMENCTB KBA3UITMHENHbBIX ONEepaTOPHbIX YPaBHEHWUN.

« PaspabotaHbl anroputmMbl TMna HetoToHa-KaHTopoBMYa Ang peLleHns KBasu-NMHENHbIX OnepaTopHbIX
ypaBHEHUIN HA OCHOBE onepaTopa YyBCTBUTENbHOCTU. PaspaboTaHHble anropntMbl NPOTECTUPOBAHbI 4SS
peLleHns NpuknagHblx 3agad B obnactax MOAenMpoBaHusa XMMmmnumn atmocdepbl U Xunblx cnctem. CosgaHsbl
anropuTMbl 4N paboTbl B MOTOKOBOM PEXUME, TO ECTb B PEXMME YCBOEHUSA OAHHbIX.

* PeanusoBaHHasa B 06 bEKTHO-OPUEHTUPOBAHHOM noaxoae cuctema obparHoro mogenuposaHus IMDAF
(Inverse Modeling and Data Assimilation Framework), Bknroyarwas npoueaypbl npenpoueccuHra
(nogroToBKM NapameTpoB MoAernen nNo pasHopoAHbLIM UCTOYHUKAM), pacyeTa Ha cucTeMax ¢ obLien
namMmsTbio U BU3yanusauuu.



™ Mybankauum no N
HBMuMT yc BOE€HUNIO AdHHDbIX

. Penenko, A. V.; Penenko, V. V. & Tsvetova, E. A. Sequential data assimilation algorithms for air
quality monitoring models based on a weak-constraint variational principle // Numerical Analysis
and Applications, Pleiades Publishing Ltd, 2016 , 9, 312-325 doi: 10.1134/s1995423916040054

. Penenko, V. V.; Penenko, A. V. & Tsvetova, E. A. Variational approach to the study of processes
of geophysical hydro-thermodynamics with assimilation of observation data // Journal of Applied
Mechanics and Technical Physics, 2017, 58, 771-778 doi: 10.1134/S0021894417050029

. Penenko, A.; Mukatova, Z. S.; Penenko, V. V.; Gochakov, A. & Antokhin, P. N. Numerical study of
the direct variational algorithm of data assimilation in urban conditions // Atmospheric and
ocean optics, 2018, 31, 456-462 doi: 10.15372/A0020180606

. Penenko, A.V.; Khassenova, Z.T.; Penenko, V.V. & Pyanova, E.A. Numerical study of a direct
variational data assimilation algorithm in Almaty city conditions // Eurasian Journal of
Mathematical and Computer Applications, L. N. Gumilyov Eurasian National University, 2019 ,
7, 53-64 doi: 10.32523/2306-6172-2019-7-1-53-64

. Penenko, A. V. & Penenko, V. V. Direct data assimilation method for convection-diffusion models
based on splitting scheme // Computational technologies, 2014, 19, 69-83 (In Russian)

. Grishina, A. A. & Penenko, A. V. Chemical kinetics modelling with variational data assimilation
schemes // Computational technologies, 2017, 22, 27-43 (In Russian)



™ Mybankauum no N
HBMuMT con pﬂ)KEH HbiM dHCAa M6I'|F|M

10.

11.

12.

13.

Penenko, A.; Zubairova, U.; Mukatova, Z. & Nikolaev, S. Numerical algorithm for morphogen
synthesis region identification with indirect image-type measurement data // Journal of
Bioinformatics and Computational Biology, 2019, 17, 1940002
doi:10.1142/s021972001940002x

V. V. Penenko A. V. Penenko, E. A. Tsvetova and A. V. Gochakov Methods for studying the
sensitivity of atmospheric quality models and inverse problems of geophysical
hydrothermodynamics // Journal of Applied Mechanics and Technical Physics, 2019, Vol. 60,
No. 2, pp. 392—-399 doi: 10.1134/S0021894419020202

Penenko, A. V. A Newton—Kantorovich Method in Inverse Source Problems for Production-
Destruction Models with Time Series-Type Measurement Data // Numerical Analysis and
Applications, 2019, 12, P. 51-69 do0i:10.1134/s1995423919010051

Penenko, A. V. Consistent Numerical Schemes for Solving Nonlinear Inverse Source Problems
with Gradient-Type Algorithms and Newton—Kantorovich Methods // Numerical Analysis and
Applications, 2018, 11, P.73-88 doi: 10.1134/s1995423918010081

Penenko, A. V.; Nikolaev, S. V.; Golushko, S. K.; Romashenko, A. V. & Kirilova, I. A. Numerical
Algorithms for Diffusion Coefficient Identification in Problems of Tissue Engineering // Math.
Biol. Bioinf., 2016, 11, 426-444 doi: 10.17537/2016.11.426 (In Russian)

Penenko, A. On a solution of the inverse coefficient heatconduction problem with the gradient
projection method // Siberian electronic mathematical reports, 2010, 23, 178-198. (in
Russian)



™ Mybankaumun N
HBMuMID no A\MCheHHbImMm cxemam

14.

15.

16.

17.

18.

Penenko, V.; Tsvetova, E. & Penenko, A. Variational approach and Euler's integrating factors
for environmental studies // Computers & Mathematics with Applications, Elsevier BV,
2014 , 67 , 2240-2256 doi: 10.1016/j.camwa.2014.04.004

Penenko, A. V. Discrete-analytic schemes for solving an inverse coefficient heat conduction
problem in a layered medium with gradient methods // Numerical Analysis and
Applications, Pleiades Publishing Ltd, 2012 , 5, 326-341 doi: 10.1134/s1995423912040052

Penenko, A. V.; Sorokovoy, A. A. & Sorokovaya, K. E. Numerical model of bioaerosol
transformation in the atmosphere // Atmospheric and Oceanic Optics, Pleiades Publishing
Ltd, 2016, 29, 570-574 doi: 10.1134/s1024856016060117

Zubairova, U.; Nikolaev, S.; Penenko, A.; Podkolodnyy, N.; Golushko, S.; Afonnikov, D. &
Kolchanov, N. Mechanical Behavior of Cells within a Cell-Based Model of Wheat Leaf
Growth // Frontiers in Plant Science, Frontiers Media SA, 2016 , 7 doi:
10.3389/fpls.2016.01878

Penenko, A.V.; Troeglazova, T.S.; Zubairova, U.S.; Bayshibaev, D.Z. & Nikolaev, S.V. Usage
of Parallel Algorithms Based on CUDA Technology for Realisation of Reaction-Diffusion
Models of Two-Dimensional Cellular Ensemble // Mathematical Biology and
Bioinformatics, Institute of Mathematical Problems of Biology of RAS (IMPB RAS), 2014 , 9
, 491-503 doi: 10.17537/2014.9.491 (in Russian)



™ Mybaukauum no N
HBMuMT B3 pua |_|.y|0|-| HbiM METOAaM

19.

20.

21.

22.

23.

Penenko, V. V.; Tsvetova, E. A. & Penenko, A. V. Development of variational approach for
direct and inverse problems of atmospheric hydrodynamics and chemistry // 1zvestiya,
Atmospheric and Oceanic Physics, Pleiades Publishing Ltd, 2015, 51, 311-319 doi:
10.1134/s0001433815030093

Penenko, V. V.; Tsvetova, E. A. & Penenko, A. V. Methods based on the joint use of models
and observational data in the framework of variational approach to forecasting weather and
atmospheric composition quality // Russian Meteorology and Hydrology, Allerton Press,
2015, 40, 365-373 doi: 10.3103/s1068373915060023

Antokhin, P.; Penenko, A. & Antokhina, O. Algorithm for restoring the vertical distribution of
sources and sinks of the substance in the boundary layer of the atmosphere // Atmospheric
and ocean optics, 2018, 31, 49-56 (In Russian) doi: 10.15372/A0020180108

Kabanikhin, S. I. & Penenko, A. V. Convergence analysis of gradient descend methods
generated by two different functionals in a backward heat conduction problem // Journal of
Inverse and lll-posed Problems, Walter de Gruyter GmbH, 2009, 17 doi:
10.1515/}iip.2009.042

Kabanikhin, S. I.; Hasanov, A. & Penenko, A. V. A gradient descent method for solving an
inverse coefficient heat conduction problem // Numerical Analysis and Applications,
Pleiades Publishing Ltd, 2008 , 1, 34-45 doi: 10.1134/s1995423908010047



Cmmacu6o 3a BauMmanue!



*

UBMuMI' n MTe paTypa

10.
11.

12.
13.

14.

Penenko, V. V. & Obraztsov, N. N. A variational initialization method for the fields of the meteorological elements // English
translations Soviet Meteorology and Hydrology, 1976 , 11, 3-16

Penenko, V. Methods for numerical simulation of atmospheric processes // Hydrometeoizdat, 1981
Bennett, A. F. Inverse Methods in Physical Oceanography (Cambridge Monographs on Mechanics) Cambridge University Press, 1992

Iglesias, M. A. & Dawson, C. An iterative representer-based scheme for data inversion in reservoir modeling//Inverse Problems, IOP
Publishing, 2009 , 25, 1-34

Marchuk G. I., On the formulation of certain inverse problems, Dokl. Akad. Nauk SSSR, 156:3 (1964), 503-506 (In Russian).
Marchuk, G. I. Adjoint Equations and Analysis of Complex Systems Springer Netherlands, 1995

Issartel, J.-P. Rebuilding sources of linear tracers after atmospheric concentration measurements // Atmospheric Chemistry and
Physics, Copernicus GmbH, 2003, 3, 2111-2125

Cheverda V.A., Kostin V.I. r-pseudoinverse for compact operators in Hilbert space: existence and stability. J. Inverse and Ill-Posed
Problems. 1995. V.3. Ne 2. P. 131-148. doi: 10.1515/jiip.1995.3.2.131.

Kaltenbacher B. Some Newton-type methods for the regularization of nonlinear ill-posed problems. Inverse Problems. 1997. V.13.
Ne 3. P. 729-753. doi: 10.1088/0266-5611/13/3/012.

Vainikko, G. M.,Veretennikov, A. Yu. Iterative procedures in ill-posed problems Moskow, Nauka, 1986 (In Russian).

Stockwell, W. R. Comment on “Simulation of a reacting pollutant puff using an adaptive grid algorithm” by R.K. Srivastava et al. //
Journal of Geophysical Research, Wiley-Blackwell, 2002 , 107 , 4643-4650

Dimet, F.-X. L.; Souopgui, I.; Titaud, O.; Shutyaev, V. & Hussaini, M. Y. Toward the assimilation of images // Nonlinear Processes in
Geophysics, Copernicus GmbH, 2015, 22, 15-32

Penenko, V. V. & Tsvetova, E. A. Variational methods of constructing monotone approximations for atmospheric chemistry models //
Numerical Analysis and Applications, Pleiades Publishing Ltd, 2013, 6 , 210-220

Hesstvedt, E.; Hov, O. & Isaksen, I. S. Quasi-steady-state approximations in air pollution modeling: Comparison of two numerical
schemes for oxidant prediction // International Journal of Chemical Kinetics, Wiley-Blackwell, 1978 , 10, 971-994

39



1.23: Adjoint problem solution ensembles N*
et in inverse problem algorithms

Cost function based

» Cost functional gradients with adjoint problem solution (single element ensemble for the
discrepancy).

» Gradient computation with adjoint ensemble when adjoint is independent of direct solution
[Karchevsky, A., Eurasian journal of mathematical and computer applications, 2013, 1, 4-20]

» Representer method (optimality system decomposition, ensemble generated for discrepancies
for each measurement data) [Bennett, A. F. Inverse Methods in Physical Oceanography (Cambridge
Monographs on Mechanics) Cambridge University Press, 1992]

Sensitivity relation based

» Coarse-fine mesh method (Sequential solution refinement with sequential adjoint problems
solving) [Hasanov, A.; DuChateau, P. & Pektas, B. An adjoint problem approach and coarse-fine mesh
method for identification of the diffusion coefficient in a linear parabolic equation// Journal of Inverse
and Ill-Posed Problems, 2006 , 14 , 1-29]

« Adjoint function for each measurement datum with the solution of the resulting operator
equation [Marchuk G. I., On the formulation of certain inverse problems, Dokl. Akad. Nauk
SSSR, 156:3 (1964), 503-506],

» Passive tracer (linear) case: [Issartel, J.-P. Rebuilding sources of linear tracers after atmospheric
concentration measurements // Atmospheric Chemistry and Physics, Copernicus GmbH, 2003, 3,
2111-2125]

* Nonlinear case, pointwise sources: [Mamonov, A. V. & Tsai, Y.-H. R. Point source identification
in nonlinear advection-diffusion-reaction systems Inverse Problems, IOP Publishing, 2013, 29 0
035009]



