o [ Rk o o = e ot T 5080 Rl AL B Il 50T 00 2=

!II#$II% &l(#)*'_l_
I
THSY%SE (1) +,1"*-0-" $&I"/$0-12%!

R
b R T T A
34567/54738!



9)1"'-&+!
51+ IS &A+H=1*1">F) 11?7 @]

¥ 3:1A0"%+B$0C!D$0!I 2@ 1*(*1+%!

¥ EIF"%"&!IA-"1+0!
PIIG"01IHIIJ1"&,"0,!FA"&, IKL1+&,+,!FA!
PIG"01HHI'K&*+%>"+IFA!



51"l +"*I<IASE&H+=17!

G2(*-#"1=0$#+**+*
" K&+O/(1#(#'+!
" M"1+0#(#'+!
" N"O>S&!#(#'+!

Water Vapor

Rain & Snow
{(Precipitation)

Reflection/absorptiol
by clouds

Reflection/absorption
by Earth's surface

e, Sunlight
-3-@ <. g Auto and
~“ s w{\ ) fac;ory
™ CO; cycle emissions

S

Plant
respiration

Photosynthesis

Animal
respiration
Organic carbon P

4

Decay/ l i / Root

organisms ¥ Dead organisms respiration 7
* and waste products

_ Y _ Ocean
Fossils and fossil fuels uptake




D+12%$,*11$)&,+0*1"&,112+1*1"1)*I$D!12+!
K"012!

" O>*+0P".$&!
# H&*10)%+&1*1"1112+1/0$)&,!
QR-%-1+,1"&,!-&2$%$/+&+$)*I#$P+0"/+!
# 0+&*$0*1">$"0,112+!1*"1+"-1+!
QO+0+'(1*)OD"#+!-&D$0%".$&!




N$&.&)+,!
" D$,+-&/!
¥ ?+0-P+,'D0$%!=0+P-$)*IC&$B'+,/+!1S=2(*-#"'I"'B*T!
¥A)"ISD!I="0"%+1+0-U". $&*!
¥O"&(1="0"%+1+0*11$!>+! +1+0%-&+,!
¥ ASO#-&/!

Lec .
C___— wind
Radialive Fluxe»s 6
Y ¥ 25747 Canopy energy fluxes
Shortwave Longwave {ﬁ;’ff?!}"m’" 5‘"{’"’" fﬂt‘"f'
T 0 Interception Top of
by canopyd canopy
Bare e0il energy fluxes .
Seneible Latsnt o 1 ._‘.\ hrough{all
Surface 2’1’.9“' AGmund
o I S, Yheatfux ...
S et~ - - - S Upperzone
11 : A
S i Soil
Sub -surface a - Layers
enatexchange
latsral low < — DHfuslon/drainage *f\ 4 RooLEoe
<
"““"i --------------- * ------------- Pottom zone
v -




N$S&.&)+,!
"M _0p-" $&I




| P+VE&-.$&!

IIM*+ISDIM 1" P-"">'+1-&D$0%" . $& ! 1!, +1+0%-&+!"*!
"HH) 0" 1+ (1" =F*F*->+1*1"1+1FD112+!" 1% $*=2+0+ X! $#
"&1M& 1F) 0D HASY"0"&,15ZZ8T!

l @&"(*-*1$D!12-*,+V&-.$&!

" M2"1L-FTTP- S+ - & D$S0%" . SH
# 1$>*+0P".$&!
# 1%%,+'!
# la priori'-&D$0%".$&!




NS&.&)+,!

" |\/|2(!,+1+O%-&+!"*!"##)O"1+'(!"*!=$**->'+!*1"1+!$D!1
"1%$*=2+0+X1$#+"&!"& "'& 1 *) O DI+
H# I@*+F*IB2" 1 IF1 "1 )11 2+ 1+"0 1 21% (¥ 1 +061% 1" (*1-&: !
# 1G0+,-#11B2+0+12+1+"0121%(*1+%]-*1/$-&/!
# INS&L0$'112+1+"0121%(*1+%!1"&,, | -0+#1!-111$!12+1B"(11$!B2
=+$="+1B"&1!-111$!%$P+!
" M2"11-*11 241" 1+1$D112+!"1 %$*=2+0+ X I$H+"81"& 1"'&,
*)OD"#4!
1Y 2+1=0$/&$* #IP"0-">'+*1-&112+/$P+0&-&/1+)" $&*:

dX
9 (X)




I M2-#21>"#C/0%$)&,!C&$B'+,/+!-*10+\)-0+,!D$0!
? @ ! |SWFHNKIHNXIF@RA@ 1'&,11]972K 1a@® 1*(

D=.%"1#$&10$'1 12+$0(!D0SY6!"=="-+,106"12+%" #*I"&,!

*1" * #%1=0$/0"%*!
D>*+0P-&/11+#28$'S/(1)*+,1-&112+1"1%$*=2+0-#XI$H#+"& X!"&
& IF(FLHOHIF L 1K xR0+ &1 |
D$,+'-&/1=0-&#-="+*I1$D112+1K"0121*(*1 +%%*!
N$E*H\)+&1'(XI"#2-+P+06+&11-&!,"1"1"+*-0p-" $&I0+\)-0+*!"]
-P+0*-1(1$D+L=+0.*+X1-&#'),-&/1%+1+$0$'$/(X!"1%$*=2+0
#2+9%-*10(XI$H+"8$/0"=2(X12(,0$'S/(X!>-$*=2+0+X1"&, 1*$-']
(&"Vo-#+X1"=="+ 104" 1 2+9%" #*XI*1" * #*XI$>*+0P".$&!
1+#28&-\)+*X1"&, 1H$%0=) 1+ 0V #-+&H+*]



3:1A0"%+B$0C!D$0!1?@ *(*1+%!

! "7COD"‘(*1+%I *1/+&+0""(1%",+1)=I$D!D$)0!#$%=3$&+& 1 *I!
1, (&"%-#1%$,+'!

" NSS*+OP".$&!"&,1$>*+0P". $&!$=+0"1$0!

" 11+00$0!%%$,+'"!

"0 $&I1M$0-12%!

I IM2"11-*112+!](&"%-#1%3$,+'![!

" N12+19%$,+'1#S)', |, +H0->+112+1#2"&/+ISDI12+!*(*1+%!,)0-&/112+!.%+:!
Y2"11-*11$1*"(112"1112+1D)1)0+!1*1"1+!1$D!12+1*(*1+%!#"&!>+IC&$B& !
120%$)/21*$%+!%"12+%" #"'1$=+0".$&*IB2+&!12+!=0+*+&1!*1"1+!$D!1
*(*1+%!-*!,+1+0%-&+,:!!

dx

o —=F(xu/)" x,=f(x.u,/)



N$&.8)+,

" IR IESEF10)H L+, "##$0,-&/1 1$!+&+0/ (X196 "+ X 1"8

06$%+&1)%!#SE&*+OP" . $&!" B*IS=")*I*$0-+!
="0"%+1+0-U". $&*T:!

" HIRIIAP$-106$-+1) 0+ XI*$-'1 1+06=+0"1)0+XI"&, 1#"0>

#3&1+&11S=")*1$12+0!P"0-">'+*I$D!-&1+0+*1T:!

oy *'12+'+L1+O& 'IDSO#-&/XI-&#'),-&/1=0+#-=-1"

B-&,I*=++ XI"-01=0+**)0+X12)%-,-1(X!+1#:!

i *'12+!%$,+ 1="0"%+1+0*X!I*)#21"*1*$-"11+1.1)0
"&,1=2(*-$'$/-#"1="0"%+1+0*IDSOI=""&1*:!



N$&.&)+,!

| 9>*+0P".$&!"&,1$>*+0P".$&!$=+0"1%$0!
" DMXIYH X!"&,OM!%"-&'(10+b+#1112+1*10)#1)0"X!12+0%
%$-*1)0+1-&D$0%". $&I$&!12+!K"0121*)0D"#+XI0+*=+#.PA
" D>*+0P". $&I1$=+0"1$0!-*1)*+ 11$I-&CI$>*+OP". $&*1"&,!
%$,+'1*1"1+P"0-">"+*:1!
#1"" P+110"&*D+01H)" $&!-DI)*-&/N0" - " &H+HE +# 1+, 1>(1F 1 +"-1+]

-0+#1'(!
# H,+&.1(1%"10-L!-DI)*-&/1*"1+"-1+1=0$,)#1*!"c+0!-&P+0*-$&!
SSSSSSS \\\’imm\ |

. ye=hogu)




N$&.&)+,!

| KO0$0!%9%,+'!
" I(& Yo H# "M%, +!
# N$0#-&/!

# 1G"0"%+1+0*! B
# G2(=-#"1=0$H++x+7] X =S (x,u,8)+v,

# 1N)%+0-#" 1" #2+%+!
" 19>*+0P". $&!

# H&*10)%+&1! yt — h( ){’ q ,'/ ) + @

# I+=0+*+&1". P+&+**
" 19>*+0P".$&!$=+0"130!-1*+'D!
" 1@**-%-".$&!"/$0-12%!-1*+'D!



N$&.&)+,!

I [@**-%-"".$&!""/$0-12%!%+0/-&/",(&"%-#*1"&,!

$>*+0P".$&!

" N$*17D)&#.$&!>"*+,1%+1289,

P& (1 106+1 28, !

J(x

b

A
Ix)| .

Field
value

Sequential assimilation

.;./,5/ measurement
forecast

A

/"’ i_f__....-/* il ané’m,'
L

-
Time
Field & 4D-VAR
value
[ ] il First quess track

Start - ?
b v o P Improved
field ! "= =——— start field
correction i £ track

Gradient*

tl=T

t=0
Time
N t{

Adjoint model integration




N$&.&)+,!

| N$*17D)&#.$&!>"*+,196+123,!
" M+"Cl#$&*10"-&1!

mind =[x Rl +# ol Wiy # ol d
Stx,=f,u/Yw,i=0..1" 1
y=h(x,u/)te i=1..¢1
" D10$&/H#$8*10"-& 11
mind =" X[y +# ol el

stx,=fx.y/) i= 0,.t"
Y=hx,y/)+e i=1..t

J(N=(x 8) B 9)+&EV KGR g b3

2
él



N$&.&)+,!

| DH)+&." (1" 196+1 28,
© DI+=RIP(XG | Yo 1) = P(X)

" 0L+=BINPOX | W) =" ROXT X ) /e | Y 4) X,

) = PCY, | %) P(X | Vi1)
PCY: | Y1)

" U1+:|E||p(xt |yl't

PCY; | Yaea) = [POY: 1) POX | Yae 1) DX



N$&.&)+,!
1 (B(#"./%&"#0/+() 1$&
¥ N$*17D)&#.$&!>"*+,1%+12$,!

# 1 W*-&/'WV0*17%$0,+0!S$0!2-/2+0T!,+0-P".P+ISP"0-".$&™T!
¥ A-0*1730,+0)#2!"*1#$&d)/"1+!,+*#+&1 X ee:!!
¥ J+#$&,750,+0 *)#21"*1f")**-"&7"+B1$B&X!ee!

# 1 A$1N*-&/1,+0-P".P+!
¥ ?2+1+0%-&-* # *)#2!"*1*-%="+L. =$B+"Xlee!
¥ J1S#2" # H2!"1IJ@ f@, ?KXlee!
¥ a(c0- XIM#F2I"*IINK7W@ Xlee:::!

¥ 9=.9%"1+*%".$&!12+$0(IS;"(+*-"&T!

#1 A-'1+0-& H)#2!"*: F"%"&X!G"0.#'+X!ee!!

#1 J%$$12-&/!

#1 GO+,-#.$&!



3. KF (Part |: Standard KF and EKF)
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y=H(X)+Vv v~N(O,R) JO:%[y! HOTT[y! H(X)]

X:[X1’X2E %] 1
Y =[Y0 2. E L Vil Jo = [y! HO)I'R[y! H(X)]

. .
X" =argminJ

#! Using first-order (or higher) derivative (variational)
¥ First-order, such as conjugate descent, !!
¥ Second-order, such as Gaussian-Newtown, !!
#! Not using derivative
¥ Deterministic, such as simplex, powell, !!
¥ Stochastic, such as SA, GA, DE,!!
¥ Hybrid, such as SCE-UA, !
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Hz—‘ _p (weak nonlinear)
+%[x! X]'B' % N
a
"J=1HR''[Yy HO&]+B'[X! ¥]=0
a

B I XT+HR' [yl HO)! [H X H ¥ =0
H(x%) - H(xb)zH(xa—@%’)

B!l[xa! Xb] +H'R 1|—|[)(a| )ﬂ =H R ][ yi I'( )5]
£
¥ =" = (B + HTRH) "HTR [y - H (x")]
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x*1 X’ =(B'"+H'R 'H) '"H'R '[y! H(X¥)]=0
H'R'*(HBH" +R)=(B'+ H'R *H)BH'
(B''+H'R'H) 'H'R '=BH'(HBH' +R) *

a

K=BHT(HBH' +R)'’
X* =X +K[y! H X)]

What is the uncertainty in x* ?
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a
0=B''[x*! x+ x! X] I—IﬂTR! Ty HY+H( AR X)]
B'(x*! X\ HR™H(k x¥)=B*(X! ¥ HR'ly H
a

B '+H'R'H)(X*! X)=B (X! Y+H'R [yl H( 3]
(! XNTBT+HR™H) =(X! ' B'+[y HJ]'R H

P =01 )0 X° (! XN(Yy H(R) =0

: !

(B''+H'R *H)P*(B '+ H'R 'H)='B '+ H'R 'F
Pa — (Bll_l_ HTR lH!) 1




One interesting point

Pa — (B' 1+ HTR 1H!) 1 1 J — HTR!1H+B 1
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P*=(-KH)B  K=BHT(HBH™ +R)"
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Xk:MXk!1+V\{t1 Wi~ I\KO’Ql)

Y = H(X) + v v~ NO, R)

What are Xs and I:E?ifwe have knownXEl!1 and Fl?l

X =MX X =MXg + W,
a

X% ! % =M(Xeoh %)+ W,

(% ! XlI)T:(Xk!ll )€1)TMT+ V\.E1

a




(%! X)X %) =MxE XD, K)MT+ W w,
Pli :Mpka-l MT +Q<! 1

If we take P! as B and ka as X°, then

X2 =X + K[y ! H %)
P2=(I' KH)P
K=PH' (HE H +R )

IH
H:K(Xk)

X ~ N(%,F)
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A = M(Xk!l)'l'th W™ N(O’Ql)
Y = H(X) +Vv v~ N(O, R)

What are Xs and I:E?ifwe have knownXEl!1 and Fl?l

ka =M(Xq1) X = M(Xk!1)+wtl
&

X! X =M% ! MOE )+ W,

IIM
M= —— (¢
(%)




X X =MD +(% 1! R D MUK D)+ W,

&

X X =M(X%gd X% )+ W,
(%! %) =(x %)M+ w,,

The following procedure is identical to the linear KF

Xe = %q1 K[ Y ! H(%)] %~ NOE,P2)
M= ()
P*=(1! KH)P! e
T T 1 _IH
K=P _H' (HE_ H +R) H=-— (%))




KF (Part II: EnKF)
“+HP-*-11F$%+ > - HIH# S &H+=1 7!
% = M%) + W, W=~ NO, Q)
Vi = H(X) + v v~ N(O, R)
4

Xli:M()i"l’uk'l"l)-l_V\{'(l Wi~ N(O’Ql)
Y = H(X)+v% v~ N(@O,R)

e =xX1 X or X! X P =(e')(€)"
e=xX!xor¥ ¥ P? =(e)(&)'
e’ =yl H(X) or H(X) Y | R=(&)(&)]
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X =M(x,) X~ N(%,F)
™M
PII =MRE, M’ Q1 M:W(Xk!l)

P2 =(1! KH)R!

K=PH' (HE H +R )’

Disadvantages: the tangent (linearized) models of the original
models have to be calculated.
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ka =M (XE! 1) X TRE N(x ,, P, after assimilatio
P; :l\/”:f_1 M’ +Q,, ; quk!l! N(){, Pkf) before assimilatio

Xlt<!1|k 1:[X|E1|k y! ’XEuk] Xar=[%t! X

lei :M(Xizj!l)-l-\/\k{l ka :[thli! ’X;N]

X:i

—a_ill : —f_i
X1 1 Nile % =N

X! =M(OE)=MGE,)+nl" M(E,)




The core of KF is to compute the Kalman gain, K.

K=P,H' (HB H' +R )’

f—rofi | <f N 5f _
A =[x X X XD RS N,lﬁk(/ﬁk)

The problem here is we have no linear H and moreover we
want to avoid its computation.

f gl — l 1 f fT"T
PH = (R g oA g
HAC =H[x Xt K]
= [HE X HE %)




H(x')! H(X )= H(X')! H(X +(X ! %))
LHOC) T HE) +HOE ! )
| HX ! %)

HA  =H[x2! %[0, XM K]
=[H&: ! X ) HE %)

SR HE O HE) )

"HE)! HX ), JHXKY ) H( )]

WEHOO %= HO)
AL =[ye! WL W Y

HA :A\jk
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kai :M(Xill)-l-\/\ktl VVL|1~N(O1Q4 )

P'H lma(%) HR'H' ! 'gN%lA/(A/)
K=R'H"(HR' H"+R, )"

X =x'+K[y +! H )] v ! N(O,R)




J$%+!1=05>'+%*IB-12!K&FA!

The main problem with EnKF is to use a sample to
represent the entire distribution (the observation and
the state). Thus, many variants of EnKF have been
developed to alleviate this problem.

1. Localization is taken to reduce the effect of the
sampling error on the assimilation results

2. No perturbations are given to the observations.
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