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wE

M R R AT A A L R AR I E A A - BRI E B AP
XEEZM  AMEH LML RAELERINS R Z M BEG SR
R I o BRI FI IR ETHM AN AMMEH > At Rty — 4
A A B FARAE 42 SSSDSHAFRK  w A AR ALk i F M IR 3R (Structured State
Space Diffusion with S4 layers, SSSD% ) $2 £ i@ J& B & # 5 #| & % (Adaptive Fixed
Rank Kriging, AFRK ) » vA$R FH&k & BT T Z R R FA R B o

f ik s RERRE AR SSSDY #aBLEF M 5 7 Xk A 1R A oL JF A bk By REAF A o
BABEA I REFL T 5] AN AFRK HRK AR P REFEITEHEFRL > A%
LB % — 80K 5 AEhE A MBS MANERETM AR JIBET AR LS
Z E M IEMESL R R TFAA o

T B 4% M Weather2K ~ MERRA-2 ¥ 2b-8 5 % ik fbos # FH4 & » 1 R B

(€4 TFT ~ VAR ~ SVGP ¥ STDK ) 47 rbft o &R 8 7 » FT42 2 SSSDSHAFRK
ESZHERT  HHNALERRBRBIRRFABES T - RBEEXEIKTHF 7 AR
#®% (MSPE)®» #AZBEARASE EEH FRAL T LR z&m&%oﬁﬁzT’
X R H R EM AR > AFEMNEAK TR AN ARG LRYE o

7l

A RETEBREH PR EZ MG ZEIES  THRIRIFZTH
Lt REIMEF T RG> BRE - ALIREEIRBIER » #2RA KA
W E AR AR HERAET

MegF RN BRREZMBEY ~ FHBEY - A RE LKA~ ZH
A~ B 5 7] AT
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Abstract

With the advancement of sensing technologies and data acquisition systems, large volumes of
spatiotemporal data have been accumulated in domains such as transportation, meteorology,
and environmental monitoring. However, in practice, missing observations and unobserved
locations remain prevalent, posing significant challenges for subsequent analysis and forecast-
ing. To address both the dynamic nature of temporal sequences and the spatial dependency
structure of data, this study proposes an integrated spatiotemporal forecasting framework,
SSSDS*AFRK “\which combines Structured State Space Diffusion with S4 layers (SSSD%*)
and Adaptive Fixed Rank Kriging (AFRK), aiming to improve the accuracy of missing data

reconstruction and future prediction.

Methodologically, the proposed approach first leverages SSSD>* to capture long-range
dependencies and nonlinear temporal dynamics in time series data. During training, AFRK is
incorporated to adjust spatial structures in the noise estimation process of the diffusion model,
thereby enhancing spatiotemporal consistency. During inference, the model further integrates
temporal predictions with spatial basis functions to perform spatial interpolation and future

forecasting at unobserved locations.

Experiments are conducted on diverse spatiotemporal datasets, including Weather2K,
MERRA-2, and 2b-8, and the proposed method is compared against several baseline models,
including TFT, VAR, SVGP, and STDK. Results demonstrate that SSSD3*"A™RK ¢consistently
reduces mean squared prediction error (MSPE) under most settings, particularly in forecast-
ing tasks at unobserved locations. Moreover, it exhibits stable and superior performance in
high-dimensional and highly variable data regimes. In contrast, models that consider only

temporal or spatial information are more susceptible to data distribution shifts and variability.

Overall, the findings validate that integrating deep temporal sequence models with spa-
tial statistical methods can effectively enhance forecasting performance under missing and
extrapolation scenarios. Furthermore, the proposed framework provides a scalable model-
ing paradigm with strong potential for large-scale spatiotemporal data analysis in real-world

applications.

Keywords: spatiotemporal forecasting, Structured State Space Models, Diffusion Models,

Adaptive Fixed Rank Kriging, spatial interpolation, time series analysis
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1 3%

e 2 R BT A Rtk ARAB R KR TAE K 3F B RS
T2 - BHEHRANEAREANMEHE  FRIAAE - KB RMELENF 5
BACOEH - Adm > EEHLEBEY > REMTHRREAKRE s X EFXGEHEBHH T
BURDBIME&R R > BEdl miF = ARG R EN o §RMAZH B REE RITRR
B AR SR TR R B 5 dofT R RE B M T 5] 09 A s M A g AR B AR R B — 18 F 2% A
(Decorte et al., 2024) °

BTMALAMA  AARRE L SN FI]FAR R ZMGEFTERYG T & o
RAVH] R BEARACK & Z M Pk # A2 A (Structured State Space Diffusion, SSSD) (Alcaraz
and Strodthoff, 2023) # & E AL 69 By M ARAR M > Bl A& & 8 #E B B g K ol & %
( Adaptive Fixed Rank Kriging, AFRK) (Tzeng and Huang, 2018) J 720 & 72 B AR B HE o

ZRARAEFETELSERL  RAFSE L TG TER A% 7% b K SR A8 3k 6 FE B B
BEME o
2 MABHR

HEZARIITERLRIAL - KXBERABRBERAZFARFTEHEMEAE - [EER
B HAT R B R 89 L A KRR B g AT 6987 ® A AFG L E - Am > B
BAFNEBR T TRR KB SRR~ AT B X EEEE M E & 50 K80 AERF
& o 3§ o E A AT TR R AR 69 B £ (Decorte et al., 2024; Little and Rubin, 2002) °
BEARM R S 55 ST BE R 2 AR A S R M AR A AT IR o 2 A EE B AR R B
AAMREETMAAMER TFAREER B EOFHMAEEZH A RYFERE
oy ik o AIRFFA RIS AE 69 A (N, Cressie and Wikle, 2011; Shi et al., 2015) °

FEERMZRE T @ R8T Ee 8 @HEESHLETFHEA (Autoregressive Integrated
Moving Average, ARIMA ) (Box and Jenkins, 1976) 4674 X402 £ & F o MR MM > 7
€ B =@ AEA (Vector Autoregression, VAR ) (Sims, 1980) 2| —F kR EE S ¥ F 4
Yoo PG EMOEEALRBEU R o R > B LML & K94 EIERME LR
B 45 7 IR 4| (Primiceri, 2005) ©

Bz mAe ey k4 IEME (Long Short-Term Memory, LSTM) (Hochreiter and
Schmidhuber, 1997) #3&1b T # 3 pE Ey RE A9 I > (22 IR I R BF 5 BALEE » 152 TR



ﬁ"‘?r ?r 3R Rk ) KRR K 89 1R (Bengio, Simard, and Frasconi, 1994) ° #8#X TF »
e Eol & (Temporal Fusion Transformers, TFT) (Lim et al., 2020) & A\ T 454
5}%#&% 12 & RAk o AR TR AMGMAFREETES > RA TR KA
B 2 AF B8 PRIRAE ) SLTR R 69 °T ARAFIE o AR > TFT /8 @ #4835 & 4 B 3 5 &
KA R SR KRB AF I 0 > REE R EAFENERFE RO LB > A
BT A AR B a9 AR A %Fﬁ‘}‘ M (Wuetal, 2022) °

fsbhat b s AR B e R R EMAE A (State Space Model, SSM) (Kalman, 1960)
Bt ARALAK 8 2 B % 3K A (Structured State Space Diffusion, SSSD) (Alcaraz and
MMMﬁ2M$%ﬂTE§ﬁW@WkﬁL%@%’&ﬁ%Aﬂ4Eﬁ$i%%%
R & B3 S H 0 HHE A ~ TR R A8 7 L AF R R AR A

EEMERS @ ERLFTE T A2 (Kriging) # &% (N. A. C. Cressie, 1993)
P 2 JE A 2 B G A S AR K AE AR A 4?—1'5*. MR ETHF LFERKG D
MR T BPBE JE R B9 ST AT M o B AR kLB » B 4k 5t 4|2 (Fixed Rank Kriging, FRK)
(N. Cressie and Johannesson, 2008) & 22 4y 7 % B @ J& B & #% st #] 42 (Adaptive Fixed
Rank Kriging, AFRK ) 7 %% 4& i (N. Cressie and Johannesson, 2008; Tzeng and Huang,
2018) » A S AR A8 4 3 R B B AR AR o

AR A 2] B R e By R AL R RN B FR SR AR VT 0B M e AR B B AE o
WA REHERI MR LSO TN Bl LA F KTAA ﬁ%#ﬁéﬁé’i@fwfﬂi
Al ey R o AANF F 0 AST IR B LS SSSD 2 AFRK #9F £ ¥ 47 % » AR
JE B R T 6 TR B AL SLAS M o

2.1 BFRAFFIRA
211 AT HEFHEAN

"R A (Vector Autoregression model, VAR) 1% @ Sims (1980) # & » & F &
@A A (AR) XIRE > FAMIR S MEaF M SIS M3 4 B 1% -
LEHATF > VAR # R T PTA SR/ N A ZE (endogenous variables ) *
B2 A AN ARG HMOFEYE -

Bk 3

e R

ke
&R‘;Zﬁm



A —EES EEERZ p A E A LEEA VAR(p) » FHFREXE ¢

p
y=c+> By, +e, (1)
=1
Aoy, cRFEEtFRIBMAGE i c EBRIEEARQE : &, c R AR FE TR
I E t — i R ZEHRBAETITRENTVERE L, ~N(0,Q) BiERAGE o

VAR A 2 4% 32 70 2 835 18 kA8 48 J& % # (Impulse Response Function) $2 % %
# 5 # (Variance Decomposition) 27 & # B 69 B 28 X Z. % % (Sims, 1980) ° A »
MEZSBREET L RFERRp I 2R B EH L P ¥k HEHBEHRLSMA
BARS AR VAR A2 $ A3 4R A9 4 69 JF 43 12 4545 52 5 306G BF ¢ M (Primiceri, 2005) ©

212 HEFZSEFRE

BRGNS RN MR AR R S BB B L BR - 5
K% BaH R RESE RIBEARIFARIZAE o B LRI RABA R IE R IEFHER
HEIER PARESOEHETFTER CoRREREFELRAMEEANN S
AL B AR > Limetal. (2020) 42 £ T 8§ 5 8k & % # £ (Temporal Fusion Transformers,
TFT) c ZBRAER L5 S T FRAAAFGRELERE LAt EBANESE
RV RSB A H TR A S BEATHE E o R 0 MR TR B &R 6 AR AR AR
7o MR GG AR ERTERAEEE FHET L -

TFT Z B ZL/R AR P42 2% £ #% (Gated Residual Networks, GRN ) » 3% 4L 4F %
P42 B U (Gated Linear Units, GLU ) 4241 HiA S » 2R ﬁ%#ﬁ’d)% THHFM A
F R ER MR BRZ RE  c HAMAG T g BEAN T EZEE e B AR LT

GRN,(a, ¢) = LayerNorm(a + GLU,(n,)), (2)

Ef o, BB TEPHREIFHEGE o SLKH Efﬂ%?#ﬁ*‘ﬁ ¢ IR Rl AL AR B
PO R B R A AT R AR A E LG BEHERA -

SHHEASRKREINEHAFZIFE TR » TFT £ AT & EEIFEMER (Variable Selection
Networks, VSN) » B £ R % @ A4 & F *%1551%‘15}3 R FBMB MMy RET
) BAFLA AR TR EREREALYENZIA T LELAIBBOE A



T T .
SN ()20
=Y 1'¢", (3)
=1

Ab &) BREEZ S E o R RIGIRA T B A @A S G E B AT AL
T T T T P

B P B AR 6948 £ o TFT 3R A A R BF 5 B &2 & 7 4] (Temporal Self-
Attention ) 5}'&}%’ ¥ & IR M 14 o A8 AR Transformer 4% » TFT 22 &R+
MATIERETRE R DAEBRBELLSELBRRGIFERF FHR > EmK
&ﬁ*w%ﬂ% HEANYGEM B o TFT AMEAFARMERE LEARAEE  ERTT
REZEHERE %/&H% M X aF R 4 s EX iR AE T (Lim et al., 2020) ©

2.1.3 REEHMER

REEZ M AEA (State Space Model, SSM) & —# & @£ K& (latent state) ©) = R F4
B ARG ST T A B o 2 ﬁmmmmmu%mﬁi | 3 Shy L8 I AR 3K
R R R IEEE RSB AR R I SETAR B A o [E4X » Gu, Goel, and Ré (2022)
FARZMESREREREZERET > AARERF I 098 H 575 4 0 9% SSM
AR B AME S RNN $2 LSTM A M3k AR (long-range dependencies) 34445 T
# B 7 d & 3R, £ & (Gu, Goel, and R¢, 2022)

& T — B ANGIETF T u(t) E—4 B AR F 5 y(t) » SSM 8 R AW X &

x(t) + Bu(t);

A
(4)
y(t) = Cx(t) + Du(t),

%¢’M)GWV u(t) A8 N B EEMKE  2/(t) = La(t) 1 A e RVV &

IKAESETE (state matrix) 3 B € RV 2 C € RN 23] Bdm A2 dm i 4618 » B 744
W AR E G FEABREH I B 6984t s M D c R BB AT 4 (feedthrough
matrlx) ’ ﬁi%}\ﬁ;ﬁxﬁ&% HEmB R AFEHRER - FREZH T » BELH

B TR Y o



| (A—

> D)
gt
EREESECES R0 b S0

B Rk SSM BT » WA TREG EAM A7 KE 2483038 R M » Gu, Goel,
and Ré (2022) 5] A HiPPO (High-order Polynomial Projection Operators) %E ¥ (Gu, Dao,
etal., 2020) > I ABARJR (4) P A9REAEIETE A o

(2n + D22k + 1)Y/2, ifn > k;
Ay =—4n+1, ifn = k; (5)
0, ifn < k.

ﬁwﬂﬁfﬁmm0ﬁ@ CAMBF M G SR L S M S TR R
B AEPTATEL o R A EMIEIR A BB HIPPO 4121 » IREE x(t) T WA
E&@ B AT w(t) BEL R FIEF & p E R Rk - BRERBE T &

TR N E R TR G S AR T LB A E R 5 P FA R A9 AR (Gu, Goel, and
Ré,2022)°

214 EHLRREERAER

A AT — 8P 89323 0 Gu, Goel, and Ré (2022) % & T BARAR R E AR (Structured
State Space Sequence Model, S4) o FZAEA G 72 4% ik 4% BF MK AL E P AR A AL > BB
RAAREZEEEPVLREEF I EA -

S4 VL SSM B R #é > % (4) AL o UEHE SSM B A A BRI AT T o TR
& A A 0 BlEE#ALE SSM 4= T -

xy = Az + Buy;

_ (6)
yk = Ca:k:a

5



— 5 N 2 3

(I—AJ2- A HI+A/2-A);
—A/2- A)'AB; (7

A
B=(I
c=c.

BRI R E LR A > SA THEBH A KER  RTARRLRTHE

(A,B,C)~ (V'AV V!B ,CV), (8)

¥V ARREHIERE o FIBF > AL SSM TR A S X, - vA4R & FAT3E L
y=K *u; 9)

K eR! = (CB,CAB,--- ,CA" 'B), (10)

A=VAV* - PQ"' =V(A— (V*P)(V*Q)")V*, (11)
AP AEHRAERSE > P,.Qc RV Bk (low-rank) 22/ > V e CN*N & B (unitary )
FB I o

AV LB R 0 S4 B4 HiPPO 4B 1M ~ #:#cib ~ 4 A4k ~ £ 473 NPLR 4 #1t »
1RART e f 7 PMERS TR 5 2GE 21 £ & (Gu, Goel, and Ré, 2022) ©

2.1.5 FHEAER

PE#AEA (Diffusion Model) £ 5 FE @ %4 @42 (forward diffusion process) 32
B %2842 (reverse denoising process) 89 #1B&4E » 2 H TAH69 4 R 51 (Sohl-
Dickstein et al., 2015) o LR & F & R4 B EZAH IR R L R&HFRFZER



o s RINGRAZ Y ZBREGR BRI UATREARIH o AFR - AT ARG
F 750§ B 5 2 36 A 0 1E 3 B R B BROGEAT IR A KR A Mﬁﬁ“ﬁ-{%ﬂﬂ WAL
/7% (Alcaraz and Strodthoff, 2023) ©

4w ~ qlx) RRREFTHEA  EGBRKE LE—BE T 5N HHHT X
42 o AR Z 15 By 6 B A A Ak

{q@ham)lelﬂwtwtﬂ? (12)

Q(mt|wt—1) = N(mt; V1= Bz, 5tI)>
Hd o g, BAER AR E O EEH N BFERIH o
BTEEETH BAFTLYZEBROR GRS - RGBRLTZWT :

(13)

po(ao) = p(ar) [T—y po(@i1|ar);
pa(fvt—ﬂwt) = N(mt—l; Ne(mtﬂf)a Ee(mt, t))>

EF o p(xr) = N(xp; 0, 1) BAREF RS 5 pp 2 5y BESH 0 09730 8 EIEHT 5K
g3 L g ZBIEE o

Ao BEH R E@BAZGIGME 1, BT LT LR - Ak Ho,
Jain, and Abbeel (2020) 4% £ T —#& 44 & 2k A £ 4 (Denoising Diffusion Proba-
bilistic Models, DDPM ) #9584t 77 X » #F po(ay_i|x,) TH 5 EALE

! g

7t :_< s 7t>7 14

fo (e, t) NGr Ly mee(wt ) (14)
1—

Salwnt) = oL, of = forat = L, (15)

Edoa=1-8 ta; =[], o ELRET > ez, t) A RAMMET x, #HE G IR
k%i“}’ﬁﬁﬁu)\ﬁﬁﬁ.#}xnﬁﬁfffpﬂ EiEBHS T x, PHBRGEFEER 2, o WEK
fbRogE % THHEMZETH KRG EEEE > REMLINRABRERARKMEET
PE o Bk o A FEIRAOT BE ¢ LARART R B R4 TAL oy AR BIEAS

T = Vo + V1 — aye, e ~N(0,I), (16)

RAFAE A AL A AR P AR AR B B ¢ AR e > AT RRFHETH I - &
AR T 7 KR A8 B A R o 89 BB S B B A S R AT AR e 53 0 3l



SRBAZT i —F AL
m@il’lEt,mo,e |:H€ — €9 (\/d_tmo -+ \/1_76‘156,75)”2] 7 (17)

PP AE & s MU TR Bl AR RS IR A AR M 6 F 3 F 7y 3k £ (Mean Squared Error,
MSE) °

A2 B ] 5 2 36 4% J& Bl F > Alcaraz and Strodthoff (2023) 1 — ¥ 32 & % #F X% ‘*5(7}3@ 7
( Conditional Diffusion Model) *» £ ¥tk %k K Bt o IR 2 K 4R1E - AINRIEHK >
MR BRB T 2 BIEH M AL E T TRZEFT] s maAERIEE  # b E Ti
LR 3R 5 3B AT R G R @A o B T 2 AR A A —‘éi iﬁ'J AR TMASRER -
W EES TRV GE TG &H A REST BIE B R IR XA
M 2k 0 BF B 2] B R o

2.1.6 XS4 BB KRRE E M FHAER

HARACAR & B PR # A2 A (Structured State Space Diffusion, SSSD) # Alcaraz and
Strodthoff (2023) 42 & » § /£ % & DiffWave RAFIR AR (Kong et al., 2021) 89 4 M A%
S SSM B9 R AR IEALGE S o AR R A PR #X (conditional diffusion) #8975 X,
JER AR M 5o iEmiEd EHBXEREMER WRECBRAFR) T 2ES
Frobt A RR L ERFE B c BRAEE T PE Y RAEREBA > SSSD A
EERTRAMGHTEY TR ETH  RRASHHE GIEMAE RBZR -

3R L s Alcaraz and Strodthoff (2023) 1 — 7 4% 1 K34 S4 & 69 ALK & %
M % #AE A (Structured State Space Diffusion with S4 Layers, SSSD%*) » £ B & 4 8§ ]
i B AEF 8 BE B o SSSDS* AE 4] SSSD #9 ik #H IR # 3 0 AR K DiffWave R4%
F 89 % @Ik 5k &AM (Bidirectional Dilated Convolution Layer) #4% & Structured State
Space Layer (S4) » ARFBAK RN F I SR GEEED » LEHBWE 2 T o
FRERBT  ZYBAESHBABRATHRARA L R AEENIEMHZR > &K
VA% & B AR 3 Transformer A2 69 IR AL R § 45 & H LA € 474644 & 3 (Alcaraz and
Strodthoftf, 2023) e
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v,

D & a
Input X X X

v,

Residual lgyer o

(B,KL) (N (1, 02)) (B,CL) e I :
oy I'- oT
Conditional :
(B,2*K,L) (B,C,L) :
1
(Mimp € [0, 1)K, 2§*F) :
1
- . . 1D Conv !
= Additon  Diffusion [ p ™ pg @ FC I
embedding ‘ (B, Skip|C,L) !
= Sigmoid (B,128) (B,512) (B,512) (B,C,1) :
1
1

S
Tahn : \ Resjdual layer 1 |
ReLu 1 Residual layer 2 ...

= = Sg4layer N ool _[Z_]Residua fayer2.
= Swish T-Emb = Diffusion T embedding L Skip connecti
T (B, Skip C,L)
= Multiplication FC = Fully connected (B,K,L) P
L 5 Output
= Addition Assignment | 1D Conv ‘ = 1D convolution (BKL)

2: SSSD%* AR L2 4% o

22 THEFZ
221 #AI&*

A& (Kriging) # &R A XE 2oy 2 M4 TREBB TR ETREAE
i VAAE 31 RBR ) 3 35 69 6 % %5 44 (N. A. C. Cressie, 1993) o HLRZRAZ 7 s 69 LA A
Z(s) TRTE :

Z(8) =Y(s) +¢(s), s€ D CR?, (18)

HP o Y(s) = p(s) +&(s) EEEMAEE SRR £(s) B R4 AR
Y (s) FAa M SR AT » S5 BB BIE C(s, ) = Cov(e(s) <(s)) » T AL
S ITITIYY

BGEAA 2T FRBHA ALY ERELN S ET > TREHABHE n ¥
KEF > AR AZRIEEEE & - B3 693 B (N. Cressie and Johannesson,
2008) ° B T #t.#|42 (Fixed Rank Kriging, FRK ) VA& 1% 69 & 38 JE ¥ 8 ( Adaptive
Fixed Rank Kriging, AFRK) PPzt H & T4 & 0 A SUEAK R AL 2 B A 547 69

L e e e e c e e e m—— -t

ons
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222 BR#%AFE&*

By Pk A 2 ik 693 L A 4% » N. Cressie and Johannesson (2008) 42 1 B & #& 4] & %
(Fixed Rank Kriging, FRK ) » #§ [ #% 3% vAA RIS R X BO& B » 48 & 4 % B G M U
o0 By AR 4 e AR 3K

Y(s) = u(s) + f(s) 'w+£(s), (19)

EF o f(s) = (fi(s),..., fx(s)T ATRAREZN K GRAREZKAE K <n:w~
N(0,M) » M BRIty A RIER 5 () ~ N(0,02) Bdn RZE AR o SLBf A4
BEHIERTERTE

Cov(Y (s),Y(s") = f(s) M f(s") +oiI(s = &). (20)

wAA FMFT R F AR E n o FRK T A 206K 3E 4 2 $4E MR i 3§
B3 E R o 455 38 AR BT KRR 15 B S 3R 35 0 ] A A o

223 BERBEE#HALA L%

4 FRK 89 %8 L » Tzeng and Huang (2018) & — 2 1 B i@ J& B & #% 50 4] & % (Adap-
tive Fixed Rank Kriging, AFRK ) o 248 7% & 38 3L & & 8 69 MR AT Z 48 49 1'{0}}5 A2 A
DAE AEFTHBREMFEH G ERVEHSHFF BRS BEE 6 E A
M o

AFRK P4 A 89 35 & R/ BB % AR AT B AR A% AR R (multi-resolution spline basis
functions, MRTS ) » H-1% 1 7§ #a4% 4% (thin-plate splines, TPS) AT o TPS & —4& %
b T EARAE 7k 0 F A ML T sk £ R R S B AT T U % # (Wahba and
Wendelberger 1980; Green and Silverman, 1993) ° /£ TPS # 2 #¢ L > Tzeng and Huang
(2018) E—F & B BAE 9 MR R — W LA RF R R R S EMELE
MRTS ° & 7T & B3 & AH oA s 2 B 3F 39 5 1 » AFRK TTRBATBUA K ) 8 38 4%
R EREE  RREGHA RN G EF BB GERR > TRAR Y 6 R R EM
REZEMGEE  RH-THAE -

10



£ AFRK ¥ * MRTS £ & 5 :

1, if k= 1;
fe(8) = § wpa, ifk=2,....d+1; (21
Al x {d(s) — X (X'X) a) vp_gy, ifk=d+2,...,n

Eds iR PR EMBER: X e RV TR 3HER > B2 4 BRALE s,
BBIERERE > v = (1,8) = (L,2y,...,0q9) 3 71 ® ZRE

J(f) = o Pa, (22)

AnxXn é‘EFﬁ v i (Z,]) 7’57%/% ¢j(8i) ’ ¢(S) /'i‘;}z"llﬂ—l“ .

lls = sill?, ifd=1;
9i(s) = =lls — si|I*log(||s — s;l|), ifd=2; (23)
_%HS_SiH7 ifd = 3;

Mmoo, BEEMV EEF o B Vdiagh,. .., \)V A Q@Q AR g P
Q=1-X(X'X)'X' o 7 ZREBEAHFZERALELR  EAHREEOERAE
& BB BT R B R R 0 T e EAHR R B BB R RCTR 8Y **#%

FERRGRAT MRS REFIATHE G % A E LK > AFRK #
R IEHGRE R LR G RN LG M AR o MEMMEL% FRK » AFRK #5478 3E
HdIE-FAEGEMEHFRAEMEGTAR LA -

2.3 BFEHRA
231 FHHER

= #7842 (Gaussian Process, GP) B —f23E 5% B KA » AAZ M AEH 24 H
& [ A% % B ] 14 (Rasmussen and Williams, 2006) © GP & 3 48 3% S gz 2 4 £ # %
# (covariance function » X #% 4% & ¥ kernel function) AT & & » £ B KAER TR
%ﬂ“%zﬁﬁﬁfﬁ&ﬁgmo%ﬁ’ﬁ%ﬁGP¢’&%$$$%%&%NxN

Z Ak e M AT RFE R IE F K, Cholesky 2% » Rt A48 & O(N?) » Htif

11



VA B e & R 7S K AR B 2 A3 o

B MR 3+ F S8 » Hensman, Fusi, and Lawrence (2013) {2 i % & 2 A1 @ &£
( Stochastic Variational Gaussian Process, SVGP) ° #% 7 &5l A —8EFEH M < N X
# £ 2 (inducing points) AT A& B 5 o £ Gardner et al. (2021) #9 FAFIE R
F o % 541 (variational distribution) € & & B2 £ % 24 (full covariance
matrix) Z % TR Hh o BT ABILBREPHERLAGIHFERLZ ETH (positive
definite) * EH LM LS HLAHEEGE R T =A4E® (lower triangle) ° Br & i@
Cholesky % ## 4T 4 #1t (Hensman, Matthews, and Ghahramani, 2014) °

# SVGPERT » &0 oty R FBRET A > WHS MBI/ M >
M AR EBIER IR M x M » E#8 M < N OF LALLM TEESR > &
A4 5% TR (Evidence Lower Bound, ELBO) 1k & B 42 %% » SVGP A5+t F#424¢
E % E O(M?) (Gardner et al., 2021) °

~

232 BEREZAMNER

B 2 R E L F| 2% (Spatio-temporal DeepKriging, STDK ) &L FR B & &REZH
MM IS BARR T E > RN KRR E TH N 36 4% R0 78 0] R
A (Nag, Sun, and Reich, 2023) ° AR LS BE2FFABRALS TR N LA
B ABIE b @B O(N3) 3H A ZR%| > STDK &M T415%) (data-driven) 7
XE o240 M &4 > R ITE KRR A I T @AM o

STDK # ## A& (Embedding Layer) A8 Z4LE (s,¢) Beit £ S HAFHEH - &
AR B2 G E B
¢(S, t) = [¢1(S, t)v SR ¢K(s> t)]T ) (24)

A {op()E, AR % RE (multi-resolution) M KK X% - MAA RS A ELE
X MEH 2B EH &% (Wendland functions) 4% %) 3L & % # (Radial Basis Functions,
RBF) » AR F R E X% M 4% M 14 (Nag, Sun, and Reich, 2023) °

J IR b o TR Z AR O B TR A AR SR VA AT JE R e St 0 LA X
EE S

Z(s,t) = fo((s,t)) +e, (25)
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L fo() BRBECEBAT AT 0 AEELH AMBREA -

FTAB 77 @ > STDK & EAT# F M FAB] (probabilistic forecasting) * 4% i 54 &K 48
R &F (quantile loss) 1EAINER B AR » UEFHEH 2 AR o428 > £ mih 2 TR
ER o AR AMEH A HZRE (MSE) A BARZ 7 ik » sMiERRRBERE TR T

s
B o

STDK % i 3 J& & S N SLIRE AP R MR Z B A > B 3 8 R SaE e 4788 K,
AL AR > AR RS AR T O(N) » Bt F M E R XA E T2
KEFEZ —o

3 MRF*

AR 8 8 SR M S S MRS ey i R FAAUER o F A Rl
R B B S B AR AR AR R T X E A S W SRR B B B TR e
M o

SLEESAE RA| ] SSSD™ AR AN 3 5 FoAH e B M 4R JE L 6 By AR AR 3B SL BT E AL
ﬁﬁ&i%rﬂ%& it F i i% 8 AFRK 1% 2L & A A 24k 842 T £ B = M A8 IR
I 1% A A s B 0 A SSSDS* BT TR B B R 4% 5 S KRR B M B 2 F M B AR T AFRK
DI EAE G AR AR E X AR c AR ASHVMER A BFE
3%#%77‘/% VA B R ph s —ra.—/f\‘muff_ °

30 MEE &

EREMBFIBEGCERES S ETHKHAANsAEARATHITRAGE R
B Sopserved * VAR AT HL B B EE X RBLAAL B £ & Sunobserve Lo BT B B
5 € Sopserved ? EABRMt € {1,... T} X AZEHRHLRTERRA - HLBAMEZE
yi(s) s AR *%ﬂuﬁsesmmmd A bk Z S B BB A AT AR
ARG AEEZI—FABEAR » AN SERAML B B L ERBY 1.0 (Sopservea) * B A
HABMAME EARREME ¢ > T X BAZE BE g, (s7) 9B M MG M fE o

o

SR I B AR T XAC B RS —BR AT R f()

gt(S*) = f (YI:T(’Sobserved); S*) y st e Sunobserved; t > T, (26)

13



_‘,El:.CF' ’ Yl:T( observed) i'f—&iﬂ%?ﬂﬂ T » Eb E_.%%/E'] P}Téﬂﬁké{’{f}i’a] J%é\ ; gt(S*)
AlE B ABAMLE o £ ARBEH t 894314 o

32 HEREFX
BER L4 BAZ > KPR AL SSSDS #aIBF M 42 E X B IR &M » B3l A

MRK%%@%&ﬁwﬁﬁﬁﬁA’m&*%&hgz Ml 36 1A 8 K R TR A o

3.2.1 HEA SSSDM Z Bz

B A 2RI A AR T 2 L e AR & 0 KRR SSSD 4F B uF B AR AR o
EEMAEEOFRABEARSARE » BRERZEXSHERGER G P » 24 kAL &I
R 8 S 2y 31 B A8 2V A B P A K o

AT E Sopenea XM FAHE B IR RS B TARITRBICRIE » 17

?jt(s) - %7 s c SObS&WGd? (27)

HEF o p(s) #o(s) 2R R FALE s f& EREFH 55| L6y F3gEdig £ 5 Bp

_ %Zyt@, (28)
= J %Z (e(s) — 1(s))*. (29)

MR > AR ALK 893 A5 7 7, (s) A SSSD¥ A » AR F L aF MR A o

W%Hmmmmm%mdammzﬁ% PR HAE A A S AR AL IS B R A 42 48

o B Z FERTARE ¢ AMERFEHBRFHET JHER e TFEBR DT X
AR S8
= |le — es(Vazzo + V1 —&te,t)||2. (30)

AR RARGFKEBREF > E—F i ¢ REZHAELBETRAE - AHAZ >
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AR R ATAT » A F AFRK # €, 7048 Bl 2 B4z B ATTAR] » vE L 2 2 B % d B4
— RS PR o R R SIRIET 09 E R AR ST o

€9 = AFRK(€g) = fie, + FL e, + &, (31)

% AFRK % SSSD™ A FA AW H T &7 A
?jt(s) = Y9654, arrk (glit(snv ERS Sobserved7 (32)

EF 0 gooyo (1) FrAR A S4 545 3 48 AFRK %X SSSD A » @ g,(s) AR 7 4T
BACRETHFRBER o AR UR BILR A HEATINSRETAR] > A b &
P32 T 01 45 R % % 38 BUZ AL B @ Rk TR RE - B9 X B

Ge(8) = o(8)i(s) + u(s), (33)

b o opu(s) L o(s) P AFILE s £HEREHF7] Loy FYERAZRE - Fi@E
Beo THBEAMBERERBEBRE » UABGEIATRERMIGEIER -

SSSD N4k A MSE ¥ & 48 Kk R 8 » A A3 K B3 5 T Ogyparri ° PERAEA BT X
RZ MR LA T ETARKE - A REEME L FRRFARZIAETS P »
SSSD* BT 43 2 B Ml R K AE 3R 4 BL4B 7| 48 /1 X )5 7] R iE 0 v AFRK 79 4RE A2 & B
Fodm X 2 B A e R — R AR AR RN T S o

322 AAAFRK X ZH@E#E

JERBE R S AE T > AFRK 4% SSSDS AT & 4 Z S BLBI4L B 4 o I 78 BI4E g, (s),
5 € Sumervea AW HBGBATR o AHRTALEFHREZER » £HFA—H
ME5 ¢+ 2 FA R 45 R AT M 4 EAR AL

~ @t(s) — Mt

yt(s) = s Sobserveda (34)
Ot

Hd o, o, R BB B ¢ APTH SERAML E Sopserved X% M TG IAZREE o

Mg > VAR RALK Z g, (s) 1E A AFRK A » S ARBANLE s* € Synobserved TEAT
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ety o AZBICRET » RAML B Y FARIT AT 5

A

Ue(s”) = p(s™) + f(S*)Tﬁ’t + ét(3*>> (35)

R, 916, (s*) Ao AFRK 1R S AML B BN g, (s) PTATH 31 2 MAE R H %
oo

M E M AEERREAREA > RRERBERRE

~

Ui(8%) = Ut?jt(S*) + - (36)

B RRARE TG TEMFAA -

3.3 BAIRAEBHRFA X

NEp b sE F AR ek AR 2 SBAEAAL o JE AR 1 3B SSSDS* &4 AFRK X 34k @
R EEE2BETHERZIZETEE -

Algorithm 1 SSSD-AFRK 4R H ©
Require: y,(s), s € Sopserved; Max steps T'; Learning rate 7

1 Go(s) = (yi(s) — uls)) /o (s)

2: repeat

3.t~ Uniform({1,...,T}), €~ N(0,I)
xy = oo + V1 — Qe

h = S4-Layer(x;, t)

e =W,h+Db, R

ég = AFRK(€9) = pic, + f{ e, + e
£=e— &l

9: 0 0—-—nVyL

10: until convergence

S I A

LF o h B4 S4Layer REZ I B LEFFHB W, b, 25 B B %R
(Output Projection Layer) X T2 HH T4 ififp £&F o

&
b

16



Algorithm 2 SSSD-AFRK 4 ©

Require: Known samples ;(s); Unknown locations Synobserved = {S7, - - -, 85, }; Model 6
1: {Stage 1: Temporal Sequence Generation (at Sopserved) }
Jo(s) = (i(s) — (s))/o(s)
rr ~ N(O, I)
fort=1T,...,1do
h = S4-Layer(x,, t)
€ =W,h+Db,

wt—1:\/% T, — \}1& >—|—0tz z~N(0,1)

end for

gt(s) = U(S)wo + M(8)7 RS Sobserved

{Stage 2: Spatial Interpolation via AFRK (at Synobserved)}
2 Gi(8) = (Gu(s) — ) /o

: gt(s*) = AERK<gt(S) | S*>7 Vs* € 'Sunobserved

L 0(87) = ou(s™) +

: return Full field gt (Sobserved U Sunobserved)

R A AN AT

—_ = = e =

4 T

RN A R R R+ A AR AR X R R E T
RUETS 0 B AR T AT M « BIRARA R 18 22 F A > BF@AARBRR - A%
S RAZ + RS AR B 7 X 0 L ZIE R TR TR T 0 AR o

41 FHE

AR ERREERREGRZEAE > 202 E DB ERERLERAEIHR
B3 AR —ERB A A o ASRE AR A AN R R B E By AR AR T g8 R M2 AL T o

4.1.1 Weather2K

Weather2K AL IR 169 % & 3@ A R B TA & > Sk P BB A & TR L3 é’]
BMAEA BHAHEE3 I BERE S RBBE AR FUEARLY
(Zhu et al., 2023) ° B/ H& &~ Weather2K-R €4 1,866 18 %L%»ﬁuwi 13,632 1B 3% 4 H%’ H
¥ M7 BT IR 0 R R o "7]4'”5%& B (B RIEN)

17



FAR B E R XM o

Weather2K AH £ 2R EM o h 2T R B BRELRY > REHRT -~ FRELEF
% A8 M3 RO I RARMAR o RRALE F 690 E FALAIR o 2 B AF AR Weather2K # &
Rl 7B 2364 ~ BB P TR B o A RAE A Z AL AL I SLAE A PSR A o

B} e

AHT 72 B Weather2K-R & #HE F & 2021 07 A 01 B 00 B % 2021 % 08 A 31
A 21 BFZBF 7] o T EEIR 200 A E B Es » BERAE (Air Temperature) % #AF
By BARIR o Fta F A SR A -

4.1.2 MERRA-2

MERRA-2 (Modern-Era Retrospective Analysis for Research and Applications, Version 2 )
# NASA Goddard Earth Sciences Data and Information Services Center (GES DISC) 4%
B R—F2RRKAAIMEHMNE EERMBERATARBRXEAFEZBRAE L6095
RILE KA 0 A 1980 FAe A KA R LAl T AR K FMK B (GMAO, 2015) ° KFF
FRARMELFZoF ~ B ~ 2 0F FALZ B A 412 & M2IINXASM (Version 5.12.4) 1£ 5
AT -

MERRA-2 ¥ NASA Goddard Space Flight Center #7 /& # Distributed Active Archive
Center (DAAC) #HMEE » REFARRE L ZH— G H M EH o LITHRL
RAEESHE - @ AERNRR > BAERY - BIK XA KR FHEEAL LR
Al X MERRA A #8 % 23 » K2 e MA RG> ~ B EH/ R~ b 2
Bif 7 S AL A FPAE o M2IINXASM & 3% B I B A AT 2 o5 - R85 & AT R L AR R
By RAR AR - 8 -E 7048 0 B E TR R A SHAF AT o

A% B MERRA-2 Z M2IINXASM (Version 5.12.4) &4t & o P32 H 2023 F
12 A 11 B 00 8 £ 2023 5 12 A 31 B 23 & » $ Surface Skin Temperature & #/F & &
HRR o FaGFHFAALMHHEB - TRERFTEALE 26.0° £ 48.0° LHL 70.0°
£ 123.0° XEM ERLE RN » BEBEERA 200 BHAIZAEE TH LR -

4.1.3 2b-8

2b-8 AAER A H =B EMHFTHE (The Second Competition on Spatial Statistics )
B AR R AL & M 105 2 SR A7 b 69 TR BIH L S 3 B2 Rk A (Abdulah, Alamri,
Nag, et al., 2022) ° A E EAT RIRE T — £ 7| L8 BAS RS AR B % M BIF > &1

18



B MATAE A E R GIEENE B REOH B - KA L EHHE R
F MAR 2 B IR T R R o

AHRIZEI 2b-8 AH % (Abdulah, Alamri, Ltaief, et al., 2022) F 200 12 #8] 2:4F &
TR o Fta FAFHASL B M C o

42 TEREREFETR

By AR T 2 B AR R KA A 6 D s 4 58 T Bk BT T AT ST 3
Mo KARBIH—GEARR  LESSEAARBEH A LB ERFE - IR
B34 o

SSSD €t B4k 4 A Python 3 (Al4HealthUOL, 2023) + =T 4 A 42 o B % 7
# b 89 F ALK 45 4% © AFRK 1 % Wen-Ting Wang ¥ R 355 % 2L » 4% /& autoFRK
(Tzeng, Huang, Wang, Nychka, et al., 2021) > {2448 & BT Rk oy M IEMEAE S - B ¥
&Ll A > AP RAF autoFRK E# F A B4 K A Python £4 (Tzeng, Huang, Wang,
and Hsu, 2025) » 34§ 2% B & 2 SSSD R4 #5 %4 & » /£ Python # PyTorch EER T %
PR TR B B RO FRAR o

FTA BB 5 INE ~ BrsiiE 32 » % & Taiwania 2 & 2K RE3E B F & (NCHC,
2018) £ #4T © Taiwania 2 28t 534 GPU E R HR » UAKE E B A ZR4 5
BB AR AP RAEH SR TE F AT EAT R R H 5 2] o Bl B AEARGE A9 AE T M
ERGERM -

4.3 FTERZF

B iE % B3 SSSD 2 autoFRK #9354 % » A TR AIE T B A BTk | o

A1 BABEHEAL -

3l BEH £ g
Training Configuration
Batch size 40
Learning rate 0.001

19



B L AE

Only generate missing True
Masking Forecast
Missing k —
SSSDS*
WaveNet Input channels 1
Output channels 1
Residual layers 32
Residual channels 64
Skip channels 64
Diffusion step embedding Input dimension 128
Hidden dimension 256
Output dimension 256
S4 Max sequence length —
State dimension 128
Dropout 0.1
Bidirectional True
Layer normalization True
Diffusion Diftusion steps (1) 100
Bo 0.0001
Br 0.05
autoFRK
Method Fast

Thin-plate spline method Rectangular

E27 B ERISEATHNERL  AABEEAZI LR - WMAFINERTE

X € RVXTXC s o N KA Z M BB B EF (Number of spatial locations) ~ 7' & B¥ H

/73| & & (Time sequence length) ~ C' 2 ¥t J& 4 A 4 # 4 2 R 38 @ 8 (Input channels ) ©

AAEF 09k R X R0 B bl 9 5] & 0.9 2 0.1 > AR 36 SR B R 3 8
PRI R A 0.8 #20.2 ©
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TRRFT LA IR LT S AFRK » # @ # b A B A SSSDY 2 91| 4R 1% B
A AFRK Z SSSDS*TAFRK 35 Al » 2 f5 789 4k @ A2 F hu A AFRK & & A Bh 7238 7% %
MR » B R FAEREER R RRBZEMAYE o b KFRTFHA
TFT ~ VAR ~ SVGP 2 STDK F & » 4F & % LI A5 7 B A RAF I 4R R
o fE B E TR AR LAy SR -

A2 B 5 EEHEXT (Weather2K / MERRA-2 / 2b-8) ©

2 $ i
AR B 500
TR AL B 160
ABLAMLE 40

B 5 &R B 448 / 456 / 90
HKkWF Lk 48/48/10

TR OB R B R SEE ) A E 3~ B4 8B 5 HTR 0 P EMmRE
BEeABAFCRAGE  REZAKH KR ARMNEE -

Station Type
@® Observed Stations
A Unobserved Stations

80°E 90°E 100°E 110°E 120 130°E

3: Weather2K 3-Hourly & #3684 [ ©
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45°N

40°N

30°N

25°N

120°W

110°wW 100°wW 20w

B 4: MERRA-2 Hourly & #3520 # B -

1.0 A & ™ Station Type
o 4 * %o @ oObserved Stations
g . ¢ .* * A Unobserved Stations
. R s
A . . o* . .
0.8 7 "' l‘ * oo o " e o i A .;.
[ ]
L ] s ® r L
e o
A r L ]
[ ] L ° L
a @ . b .
0.6 e (] o ©® " ™ A
'y " . . 1
e & o, ® s ® o .e
. -4 () °
L] ... . o b =]
L) L] ™ A
0.4 L4 A e o .- s e S
A @
" “. * e ® e %e .
o aat® L °
o * s ® . LY
0.2 * ol
-
. [ ]
’ a® * L™ & .
e® @ . - . ® o
o o * ° "
0.0 ¢ A7 aetu e o
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X

B 5:2b-8 AAtLEE S AR o

22

@® Observed Stations
A Unobserved Stations -




5 TR&ER

A RAR P3P 7 FABIR £ (Mean Squared Prediction Error, MSPE ) 1 B £ %3F4
A6A% o R BT A 69 A B 4‘- o & 3 Z VA SSSDS T AFRK g1 QIS4 | 4k Z AL
Al A TS BAE ] AFRK BT M A AL O EAER AT R THE
L AT 30 RE B P MSPE &3 » BB 7] AFRK /£ s 1% B E IR MRTS A&
HE -ARPTOLS5ARERAVILER » 9 RAETAR M 57| > ¥k A AFRK
AN ABLAL B o A b S AR AN fE B T B FE A9 A8 H AR o

&3 SHEAATE EH EARTERHIET X MSPE i35 % B X MRTS R #
F o

R R % SSSDSHAFRK  gggys4 TFT VAR  SVGP  STDK
Weather2K

ARBLB T R A 19.1587 19.2287 222616 30.1737 31.1692  30.5259
AR K28 & 4.0865 4.0800 4.0913  4.0967 20.5138  23.0728
B H B R R 15.0609 15.0880 19.1520 23.4325 29.7829  38.8186
# of MRTS Basis 123 123 123 123 — —
MERRA-2

AR ML AR 10.0391 10.2388 12.8345 2352112 29663.98 178.5403
AR M B8 & 6.7505  6.7384  6.7403  6.7460 18013.08 174.8610
O30 8] 1 26 R AR 7.9678 8.1248 13.8354 331.8714 27667.48 112.6103
# of MRTS Basis 123 123 123 123 — —
2b-8

AR H B R AR 0.8761  0.8344  0.9071 1.0477 09153  0.8253
A8 .25 18 £ 0.7835 0.7834 0.7843  0.7846  0.8601  0.8809
O30 8] 1 26 R A 1.1884  1.0674 1.6772  2.4342 09362  0.9093
# of MRTS Basis 23 23 23 23 — —

& 3 Ba7 » SSSDS4TARRK d1 qQSDM AR T AR R AN E L F A LA —K
MEE s AP AFRK XA £ % H AR I R AT BMEFH F BIAFEIKZ
MSPE ° #T AFRK #7775 M & M8 587 » A B2 R AR £ % M SME (spatial
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extrapolation) 1F3t T X AR KI -

R B A EEAT A 0 £ Weather2K EAHE o SSSDS* +AFRK 7 X B B 35, 25 2
ARFAAMEHRZRKEREAE > RELESHFZ AR TR TORERERI -

Observed Future

—=—=- Truth
30
- ——  GSSDS4 +AFRK
g 25 SSSD*
— TFT
204 ——_ VAR
—— SVGP
— STbK Time
30 A
c
3
225
20 A
450 460 470 480 490
Time
Unobserved Past
30 A
c
3
225
20 A
0 100 200 300 400
Time

6: Weather2K & # £ 74 7 B 78 B 1 3% T Z 78 B -F 3944 ¥ -

Bloo B 7 BF 7T £ CHARE AR Y KRB AR - R0 E LR
TZ oM 57 AR T35 8 MSPE Hd » AR ZSAER 8 95% B EM - &% 8T o
A2 R R 0 85 R R S R BB Mo B 8 & R RS P SSSDS4 T AFRK Ag S 3 4 L s R A
(4= TFT ~ VAR ~ SVGP $ STDK ) #¢ % 8k 35 8 44 3 AT %5482 MSPE » 8~ L &4
R ZHREETDEAES - MK T » £CHRANIZFAREH T » SSSDY
SSSDS* T AFRK 5y 48 4% A = FA A & R A8 Pl o KRB AFRK 7> SSSDS4 T ARRK. & & B #4012
BH AR RN 2 E AR AR o

£ MERRA-2 H#H % P » SSSDS*+ AFRK 45 A B 4% f2 A LB 10 25 & A 78 8] L BT 8
1£ MSPE > H 3% % P& 18 F A0 & Weather2K £ & 45 € » 87~ AFRK £ K R K i
B EE MR T PIRE - BRI EEGS o sboh o £ R X B X FA AL FF
F 5 SSSDSFAFRK JRin #5745 SSSDS* 2R £ T » B AFRK #a- F M &2 24
TAEH B AR B R IRZ MH o TFRRITCHA BRI AR LA -

S B 9 LA hAER I PARAKEAN SVGP A o d1E 8 T & » SSSD¥ -~

24



MSPE

MSPE

MSPE

Mean

Mean

Observed Future

100
— SSSD54+AFRK
= SSSD34
50 1 —— TFT
— VAR
o™= SVGP
—— STDK
Time
100 A
50 A
O -
Time
Unobserved Past
100 A
50 -
0 -
Time
= . 22 AE 2] 33 | M 12 > 383 <
Bl 7: Weather2K A4 %74 R ] 78 845 35 T L 78 8] MSPE & o
Observed Future
290
=== Truth
285 ——— S§SSDS4+AFRK
JR— S4
280 SSSD
— TFT
2759 =—— VAR
ST?.K 470 480 490 500
Time
Unobserved Future
290 A
285 A
280 A
275 A
460 470 480 490 500
Time
Unobserved Past
290 A
285 A
280
275 1
0 100 200 300 400
Time

B 8: MERRA-2 AH £4A R E AR HEIE T X R -FHE I o
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Observed Future

600 i [ pe—— SSSDS4+AFRK
‘ SSSDS*
L -
%4007 — TFT
= 200{ — VAR

| — stk

460 470 480 490 500
Time

Unobserved Future

a 400 - /__/\_/
g
200 -

— —  oScN~—
0+ —
460 470 480 490 500
Time

Unobserved Past

g
VA VAV VE VA VaVaVaV oy V= VA" AR "A"a"

0 100 200 300 400
Time

9: MERRA-2 ##H &4 K F 78 R|153%5 T X 788 MSPE i o

SSSDS4TAFRK it TRFT Z A& A A 48 iy AFRK #47 % M 4G4A1%K » £ R F AR HIZ T %48
AE3E B A o m 48 R R TR B 8 4% FL TR B & R AL A8 2R 3], 0 SSSDSAFRK i 78 A - 35 44 35
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