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[32�30]"OwW
p=tDL= pOt uOQw; CUOx@ |=Q@ =Q |[=} Q VwQ l} '|k=Lr= <RH VwQ
pOt xm OwW|t xO=O u=Wv |k=Lr= <RH VwQ R= xO=iDU= =@ "OyO|t x�=Q= |DWoQ@
[4]"OwW xO=iDU= Ov=wD|t wQV}B CqO=at QO |mtm <RH u=wvax@ |DWoQ@ p=tDL=
|wQV}B Ov=wD|t 'OwW|th} QaD �?whr=� 3 |x]@=Q CQwYx@ xm|k=Lr= |xrO=at
?} Q[ w A u=} QH Qw@a CL=Ut 'Q |@O =@ |}xv=NOwQ QO =Q  |k=Lr= <RH
'|RQt \}=QW w sm =L CqO=at |xw}W u}= R= xO=iDU= =@ "Ovm u=}@ D |oO}WNB
CQwYx@ Q=oOv=tQ}e w CN=wvm} Q}e \}=QW =@ |}xv=NOwQ |=Q@ |DWoQ@ CqO=at

%OwW|t C=@F= �? w hr=� 3 |x]@=Q
@h
@C

+ @( A)
@�

+ @( Q)
@x

+ @
@x

(AD@ 
@x

) = 0
 (x; 0) = 0
 (x; �) = 0 � = t�nal � t (hr=3)

D@ 
@x

= 0 at xdetection = 0
D@ 
@x

+ V  = 0 at xupstream (?3)

"OwQ|t V}B pw= |v=tR s=o x@ QN; |v=tR s=o R= xm CU= |DWoQ@ u=tR � 'u; QO xm
xm CU= QmP x@ sRq "OwW|t u}}aD @h=@C |Q=PoQ=@ sQD T=U=Q@ |k=Lr= <RH Oa@
?} Q[ w `]kt K]U '|@O 'CaQU %xrtH R= xv=t=U |=yQ}eDt |t=tD R= |a@=D h
|RQt \}=QW w swU ẁv |RQt \QW 'CUOu}}=B |RQt \}=QW "CU= |oO}WNB

|m} '|DWoQ@ p=tDL= VwQ "CU= xDN=vW=v u=vJty |L]U |=y?; R= |Dw=iDt
xm CU= |v}tRQ} R |=y?; QO xr�Ut pL |xOWxO=O xaUwD OQ@ Q=mQB |=yVwQ R=
xJQo = "CU= xOW xO=iDU= =yxv=NOwQ xS} w x@ w |L]U |=y?; OQ=wt QO QDtm
=t= 'OQwN|t sWJ x@ |L]U |=y?; QO QwmPt VwQ OQ@ Q=m R= |OwOLt OQ=wt
xOvU@ Q=oOv=t w CN=wvm} \}=QW =} |[Qi |=yp=Ft QO OQ@ Q=m x@ u=QoWywSB |t=tD
p=tDL= VwQ ltm x@ xr�Ut pL p=@vO x@ 'Q[=L VywSB T=U= u}ty Q@ "Ov=xOQm
OQ@ Q=m w Q=oOv=tQ}e 'CN=wvm} Q}e \}=QW pt=W xv=NOwQ Cw=iDt \}=QW QO |DWoQ@

"CU= xOw@ =yxv=NOwQ |xm@W QO
=@ u=tR QO CWoQ@ CqO=at =@ ,=t}kDUt Ov=wD|t u=tR w u=mt |=Q@ p=tDL=
|xOW=QH= x@DQtl} \ki 'QwmPt |R=Ux}@W VwQ QO "OwW x@U=Lt |DWoQ@ u=} QH
=yVwQ Qo}O x@C@Uv|DWoQ@ p=tDL= VwQ "OwW|t x@U=Lt u=mt|DWoQ@ p=tDL=
sOa '=yVwQ Qo}O x@ C@Uv u; |xOta C} Rt w CU= QD|O=YDk= w QD`} QU 'QDxO=U
|DWoQ@ p=tDL= VwQ u}vJty "CU=C}ak=w x@C@Uv xr�Ut OL R=V}@ |R=UxO=U
xOv}q; |R=U=yQ u=tR w u=mt '|D=Oy=Wt |x]kv l} R= xO=iDU= =@ \ki CU= QO=k
|}=Dm} Q}e =@ '|DWoR=@ |=yVwQ R= |Q=}U@ QO xr�Ut "Ovm XNWt |@ wN x@ =Q
u=mt QO p=tDL= CQwYx@ xr�Ut MU=B 'QwmPt VwQ QO =t= 'CUwQx@ wQ =yMU=B
h=Oy= R= |m} "Ow@ s}y=wNv wQx@ wQ =yMU=B |}=Dm} Q}e =@ w OwW|t u=}@ u=tR w
xOv}q; `@=vt X}NWD QO |DWoQ@ p=tDL= pOt OQ@ Q=m 'Q[=L VywSB QO xOWp=@vO
|=yxO=O Qw_vt u}= x@ "CU=CN=wvm} Q}e,qt=m\}=QW =@ w |ak=w |xv=NOwQl} QO
VN@ QO "CU= xOW xO=iDU= u=DUrov= uQwU |xv=NOwQ ?=}OQ V}=tR; x@ \w@ Qt
l} R= |[Qi p=Ft l} R= xO=iDU= =@ CU= xOW |aU R}v Q[=L VywSB R= swO
u=mt |}=U=vW QO |DWoQ@ p=tDL= pOt OQ@ Q=m 'CN=wvm} Q}e |xv=NOwQ |xm@W

"OwW |UQQ@ =yxv=NOwQ |xm@W QO xOv}q; |R=U=yQ u=tR w

VywSB |Q_v |v=@t "2
C=}[Qi "1"2

|Q=}U@ QO "CU= |v=yo =v CQwYx@ |@; |=y\}Lt QO xOv}q; |xO=t |x}rND ,=@r=e
QF= QO |iO=YD CQwYx@ xOv}q; |xO=t |v=w=Qi Q=Okt xm CU= xOW xOy=Wt OQ=wt R=
T=U= u}ty Q@ "CU= xOW =yxJ=} QO w =yxv=NOwQ OQ=w |v}@V}B p@=kQ}e C=k=iD=
xDiQo Q=Qk Q_v Ot OL=w `@vt l} R= |v=yo =v |x}rND |wor= 'Q[=L VywSB QO
x}rw= w |twyit |rOt OQ@ Q=m w xaUwD 'Q[=L VywSB R= hOy 'Qo}O |wU R= "CU=
|}=y|R=UxO=U =D CU= R=}v u}=Q@=v@ "CU= xOv}q; `@vt |}=U=vW |xr�Ut pL |=Q@
ZQi 'Vvm =w p@=kQ}e Q_vOt |R=UxO=U =yvD "OwW xDiQo Q_v QO xr�Ut CQwY QO

"CU= xOw@ xOv}q; |xO=t uOQm

u=} QH w p=kDv= |R=UpOt "2"2
'|oOvm =QB uwJty |}=yxO}OB Q}F-=D CLD 'OwW|t OQ=w xv=NOwQ x@ xm |}xOv}q;
w |oOvm =QB "OwW|t pkDvt CUOu}}=B CtU x@ ?PH w CUWv 'Vvm =w '|}=H@=H
|=yxO}OB Q}=U xm|r=L QO 'OvDUy u=} QH C=}YwYN R=|W=v|}=yxO}OB '|}=H@=H
|}=Hv; R= "OvwW|t \w@ Qt ?; |=tO w C}i}m 'xOv}q; |xO=t ẁv x@ p=kDv= QO p}NO
|}=U=vW|xr�Ut pL QO |OOa VwQ l} OQ@ Q=m w xaUwD 'Q[=L VywSB hOy xm
"CU= xDiQo Q=Qk Q_vOt p=kDv= |xO}OB |xOWxO=U Cr=L u}=Q@=v@ 'CU= xOv}q; `@vt
Vvm =w p@=kQ}e |}xOv}q; p=kDv= 'Q[=L VywSB |rY= |x}[Qi 'Qo}O |DQ=@a x@
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"""Q
OxO

v}q;
|R=

U=y
Qw

u=m
t|

@=}OQ'xOW=yQ sQH M '|D=Oy=Wt |x]kv QO C_re |v=tR |QU C(x; t) 'u; QO xm
QO |OL=w p=tDL= "CU= |R=U=yQ |x]kv QO u=mt wQV}B p=tDL= f(x; t) w
|r=oJ `@=D [9]'|DWoQ@ p=tDL= VwQ swyit T=U=Q@ "OwW|t =yQ |D=Oy=Wt |x]kv
Q@=Q@ wQV}B p=tDL= |r=oJ `@=D =@ xOv}q; `@vt |x]kv QO \ki |DWoQ@ p=tDL=
p=tDL= |r=oJ `@=D w wQV}B p=tDL= |r=oJ `@=D xm |}x]kv QO u}=Q@=v@ "Ow@ Oy=wN
|DWoQ@ p=tDL= l}B CmQL u=tR w |R=U=yQ pLt x]kv u; 'OvW=@ Q@=Q@ |DWoQ@

[36w35]"Ow@ Oy=wN xOv}q; |R=U=yQ u=tR
Qw_vt x@ "OwW|t s=Hv= xOv}q; |x}rND pLt |}=U=vW Qw_vt x@ |R=Ux}@W
'Q[=L |xar=]t QO [11]"OwW|t ?=NDv= hOy `@=D l} 'wHDUH OvwQ QO |}=tvy=Q
|R=Uxv}tm Qw_vt x@ xm 'CU= xOW?=NDv= hOy `@=D u=wvax@ C=a@ Qtu}ov=}t|=]N
p=tDL= |r=oJ `@=D w �|D=Oy=Wt� wQV}B p=tDL= |r=oJ `@=D Q}O=kt u}@ Cw=iD

%�10 |x]@=Q� CU= xOW xO=iDU= �xOWx@U=Lt� |DWoQ@

RMSE =

vuuut nP
j=1

(f � P )2

n
(10)

RMSE u; QO xm |}x]kv w x@U=Lt xv=NOwQ \=kv s=tD QO RMSE 'u; QO xm
"OwW|t |iQat xOv}q; |R=U=yQ |x]kv u=wvax@ 'OwW|t xv}tm

|OOa |R=UpOt "4"2
|OOa pOt l} '|DWoQ@ w wQV}B CQwYx@ p=tDL= Q}O=kt |x@U=Lt Qw_vt x@
|OOa pOt "CU= xOW xO=iDU= 3 |xrO=at |OOa pL |x}=B Q@ xOWxO=O xaUwD
u=mt w u=tR QO =QoRmQt K} QY |wor= R= w CU= OwOLt sHL VwQ T=U=Q@ QwmPt
'|m}rwQO}y |=yQDt=Q=B |x@U=Lt Qw_vt x@ xm CU= K}[wDx@ sRq "Ovm|t xO=iDU=

[37]"CU= xOW xO=iDU= 2 |xrO=at |x}=B Q@ |m}t=v}OwQO}y pOt l} R=

|ak=w \}=QW QO |DWoQ@ p=tDL= pOt OQ@ Q=m "3
�uQwU |xv=NOwQ |OQwt |xar=]t�

l} \}=QW QO |DWoQ@ p=tDL= pOt OQ@ Q=m u}W}B C=ar=]t QO xmv}= x@ xHwD =@
u} QDsyt R= |m} u}=Q@=v@ 'CU= xOWv |UQQ@ CN=wvm} Q}e ,qt=m w |ak=w |xv=NOwQ
|xv=NOwQl} QO xOv}q; `@vt|}=U=vW QO pOt u}= |Q}oQ=mx@ 'Q[=LVywSB h=Oy=
|xv=NOwQ QO ?=}OQ V}=tR; R= pY=L |=yxO=O '=DU=Q u}ty QO "CU= |ak=w
sQowr}m l} 'V}=tR; |] QO w xO=iDU= QDtwr}m 14 pw] QO w u=DUrov= 6uQwU
u}= R= xO=iDU= [34]"CU= xOW j} QRD xv=NOwQ x@ CUOq=@ R= 7u}t=OwQ ?=}OQ |xO=t
|=y\}Lt QO u=} QH CyH w p=kDv= MQv u}}aD Qw_vt x@ ?=}OQ |xO=t u=wvax@ xO=t
?; QO |DL=Q x@ xm CU= Vvm =w p@=kQ}e |}xO=t u}t=OwQ "CU= G}=Q Q=}U@ |@;
xOw@ s=Hv= p@=k |DL=Q x@ w Ct}ku=RQ= ,=D@Uv xO=t u}= |Q}oxR=Ov= "CU= pL p@=k
"CU= |@; |=y\}Lt QO |a}@] Cr=L QO OwHw sOa 'u; X=wN Qo}O R= "CU=
pmW "CU= xOW s=Hv= 13775 =D 210 u}@ pY=wi QO x=oDU}= 6 R= |Q=OQ@xvwtv
u}= |m}rwQO}y \}=QW w u=mt "CU= xOW xO=O u=Wv 1 pmW QO xv=NOwQ l}D=tW

"CU= xOW xO=O KQW 1 pwOH QO \=kv
\}=QW u=wD|t "CU= xOw@ Q=oOv=t ,=@} QkD j} QRD pLt QO |m}rwQO}y \}=QW
V}=tR; COt pw] QO 'Qo}O CQ=@a x@ "OQm ZQiC@=F u=tR x@C@Uv =Q |m}rwQO}y
pw] QO |v}tRQ} R ?; u=} QH "CU= xOw@ CN=wvm} Q}e w Q=oOv=t u=} QH \}=QW

�?3 |x]@=Q� OwW|t xDiQo Q_v QO �QiY u=}O=Qo � pw= ẁv |RQt \QW 'CUOq=@
|xr}Uw x@ (@h=@C) |Q=PoQ=@ sQD 'xv=NOwQ QO |v=yo =v |Q=PoQ=@ uDiQo Q_vQO =@
x}rND uOw@ |v=yo =v p}rO x@ |Q=PoQ=@ sQD "OwW|t xOR u}tND l =Q}O |=DrO `@=D
|}=OD@= \}=QW u=wD|t "OwW xDiQo Q_v QO x}rw= \}=QW CQwYx@ |awvx@ Ov=wD|t

[33]%OQm h} QaD 4 |x]@=Q CQwYx@ =Q |k=Lr= |xrO=at
@h
@C

= �(x1 � xd)�(t� t0) (4)

CQwYx@ |Q=PoQ=@ pwrU sHL x@ xHwD =@ |k=Lr= <RH '|R=U=yQ u=tR QO
%OwW|t xOR u}tND 5 |x]@=Q

 �x(x1; 0) = �(x1 � xdetection) = 1
A1�x

Otherwise  �x(x; 0) = 0 (5)

|D=Oy=Wt |x]kv QO �100 p=tDL= =@ xOv}q; ' ẁQW |x_Lr QO xmv}= x@ xHwD =@
"Ow@ Oy=wN 1 Q@=Q@ |}=OD@= C=_Lr QO xOv}q; OwHw p=tDL= u}=Q@=v@ 'OQ=O OwHw
OwW|t O=R; |DQwY x@ |D=Oy=Wt pwrU QO u=mt |DWoQ@ p=tDL= 'Qo}O CQ=@ax@
1=A1 OL=w Q@=Q@ u=tR x@ C@Uv 1=A1 dx xOW=yQ p=tDL= Q=Owtv Q} R CL=Ut xm
Q@=Q@ Q=Owtv Q} R K]U =D OwW|t =yQ (n) |v=tR |=ys=o R= |O=OaD QO p=tDL= "OW=@

%OwW 1
n�tV 1

A�x
= 1
A

(6)

|xrO=at R= xO=iDU= =@ u=mt|DWoQ@ p=tDL= Q}O=kt '|k=Lr= |xrO=at pL R=TB
%OwW|t pY=L 7

fx(x; �) = Ax �x(x; �)

[fx] = 1
L

(7)

TBU "OwW|t =yQ |D=Oy=Wt |x]kv QO OL=w Q=Okt =@ |r=tDL= 'u; QO xm
R= xO=iDU= Qw_vtx@ "Ovm|t CmQL CUOq=@ CtU x@ Tma CyH QO p=tDL=
|t=tD CyH Qo}O CQ=@ax@ "OwW Twmat u=} QH u=O}t O}=@ xv=NOwQ QO pOt u}=
u=} QH xJv=vJ "OwW|t Twmat �CaQU w |@O� u=} QH u=O}t x@ \w@ Qt |=yQDt=Q=B
'OW=@ Q=oOv=tQ}e u=} QH xJv=vJ w &OwW|t Twmat u=} QHCyH\ki 'OW=@ Q=oOv=t
xO=iDU= pOt QO =OD@= x@ =yDv= R= R}v |v=tR |=ys=o 'u=} QH uOWTwmat Q@ xwqa
u=} QH Tma CyH QO w CUOq=@ CtU x@ |R=Ux}@W 'Qo}O CQ=@a x@ "OvwW|t
R= xO=iDU= =@ |DWoQ@ p=tDL= '|R=Ux}@W x@DQt l} R= TB "OwW|t R=e; |ak=w
`@=D R= xO=iDU= =@ |Q=PoQ=@ xm CU= QmP x@ sRq "CU= x@U=Lt p@=k 8 |xrO=at

%OwW|t xOR ?} QkD l =Q}O |=DrO
(pi)Location =  �A� (8)

"OwW|t xO=iDU= |R=U=yQ u=tR w u=mt |}=U=vW |=Q@ u=mt |DWoQ@ p=tDL= R=
p=tQv xOWxOy=Wt sQH pm |xr}Uw x@|D=Oy=Wt |x]kv QOC_re|v=tR |=y|QU
'xOW=yQ |xOv}q; sQH x@ C@Uv C_re |R=Up=tQv R= pY=L |xH}Dv "OwW|t

%�9 |x]@=Q� OwW|t h} QaD 5wQV}B p=tDL= |r=oJ `@=D
f(x; t) = Adetection

C(x; t)
M

M = Qdetection

TZ
0
C(xdetection; t) dt (9)
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3/
2|

xQ=t
W'

33
�2

|xQ
wO'

�13
96

R}}=B
�h

}QW
u=Qt

a|
UOv

yt

"=yx=oDU}= |t=tD QO C_re |v=tR |=y|QU "2 pmW

" ?=}OQ |xO=t |R=U=yQ u=tR u}}aD w |DWoQ@ |R=Ux}@W G}=Dv "3 pmW

V}=tR; G}=Dv "2"3
xO=O V}=tv =yx=oDU}= |t=tD QO xOWxOy=Wt C_re |v=tR |=y|QU '2 pmW QO
QO |D=Oy=Wt |x]kv l} u=wvax@ x=oDU}= Qy 'Q[=L VywSB QO [34]"CU= xOW
CtU x@ \=kv u}= R= '|DWoQ@ |R=Ux}@W TBU w xOW s}_vD |DWoQ@ p=tDL= pOt
u=wvax@ Ov=wD|t |Q=OQ@xvwtv |x]kv Qy 'Qo}O CQ=@a x@ "CU= xOW =QH= CUOq=@

"OW=@ wQV}B p=tDL= |r=oJ `@=D l}

uQwU |xv=NOwQ QO xOv}q; `@vt |@=}OQ "3"3
G}=Dv "OwW|t =QH= CUOq=@ CtU x@ x=oDU}= Qy R= Q=@ l} |DWoQ@ |R=Ux}@W
w j}kO G}=Dv Ov=wD|t |DWoQ@ |R=Ux}@W "CU= xOW xO=O V}=tv 3 pmW QO
"OyO x�=Q= =Q xOv}q; |xO=t Q=Okt w |R=U=yQ u=mt '|R=U=yQ u=tR uwJty |OQ@ Q=m
xm CU= QmP x@ sRq "CU= xOW xO=O V}=tv 2 pwOH QO G}=Dv u}= R= |}xYqN
x@ xHwD =@ "OwW xDiQo Q_v QO (x = 0) -=O@t u=wvax@ xOv}q; |R=U=yQ |ak=w u=mt
|xv}W}@ |=]N =@ |DWoQ@ p=tDL= pOt xm CU= XNWt 2 pwOH R= sQ=yJ uwDU
|ak=w |xv=NOwQ l} CN=wvm} Q}e \}=QW QO =Q xOv}q; |R=U=yQ u=tR xk}kO 14

"CU= xOQm |v}@V}B |@ wN x@

"=yx=oDU}= |Q}oQ=Qk C}akwt w uQwU |xv=NOwQ l}D=tW pmW "1 pmW
"|Q=OQ@xvwtv \=kv QO u=} QH |m}rwQO}y C=}YwYN "1 pwOH

CaQU |@O `]kt CL=Ut |x]kv R= xrY=i x=oDU}=
(m=s) (m3=s) (m2) �m� j} QRD
0 69 7 33 10 62 0 j} QRD |x]kv
0 69 7 33 10 62 210 A

0 77 7 03 9 13 1175 B

0 67 7 24 10 81 2875 C

0 71 9 51 10 58 5275 D

0 41 9 25 22 56 7775 E

0 71 9 25 13 8 10275 F

� 10 13 8 13775 G

xv=NOwQ pw] QO XNWt CQwYx@ |@O u}=Q@=v@ "OwW|t xi=[= xv=NOwQ x@ Q}Ut
pLt QO "CU= xOw@ Q}eDt QDt 48 =D 13 u}@ xv=NOwQ ZQa "CU= xDi=} V}=Ri=
jta u}vJty "OwW|t |O}OW Q}}eD Q=JO u=} QH ZQa E |Q=OQ@xvwtv x=oDU}=
pw] x@ x}L=v wO QO "CU= QDt|Dv=U 18 C=Q}}eD |xvt=O =@ 'QDt|Dv=U 53 \UwDt
=yu; QO u=} QH CL=Ut xm OQ=O OwHw |m} Q=@ |aQi |xN=W 'QDt 100 OvJ
Fisher |x]@=Q R= xO=iDU= =@ |oOvm =QB ?} Q[ Q}O=kt [34]"CU= xOWv |Q}oxR=Ov=

"CU= xOW x@U=Lt

|Q=OQ@xvwtv w j} QRD "1"3
u} QN; w xOW ẁQW 1978 p=U p} Qw; swO K@Y 7:07 Ca=U QO V}=tR;
sQo 1000 "CU= xO}UQ u=}=B x@ RwQ u=ty 16:30 Ca=U QO |Q=OQ@xvwtv
"OwW|t j} QRD xv=NOwQ x@ Q]kt ?; QD}r 5 |xr}Uw x@ xOWj}kQ �20 u}t=OwQ
\UwD ?=}OQ |xO=t xm |DQwY x@ "CU= xOW s=Hv= |v=yo =v CQwYx@ j} QRD
OQ=w u=} QH x@ xv=NOwQ ZQa QO 'OvR|t sOk pB |wQ C@=F CaQU =@ xm |YNW
CQwYx@ |Q=OQ@xvwtv "CU= xOW s=Hv= x}v=F 105 COt QO Ov}=Qi u}= "OwW|t
"CU= xDU@=w =yx=oDU}= x@ |Q=OQ@xvwtv pY=wi u}vJty w xOW s=Hv= |DUO
CUOu}}=B |=yx=oDU}= R= QDx=Dwm |Q=OQ@xvwtv pY=wi 'CUOq=@ |=yx=oDU}= QO

[34]"CU=
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"""Q
OxO

v}q;
|R=

U=y
Qw

u=m
t|

@=}OQ"xOv}q; |R=U=yQ u=tR w u=mt u}tND "2 pwOH
xOW xORu}tND |R=U=yQ u=tR u}tND |=]N x@ C@Uv xOW xORu}tND u=mt x=oDU}=�7%07 |ak=w u=tR� ��� u=mt �QDt� |R=U=yQ pLt

7%08 7 �20 A

7%05 2 �25 B

7%04 4 �75 C

7%05 12 �1055 D

7%11 6 �805 E

7%02 6 �1075 F

7%21 4 �1015 G

"xv=NOwQ |xm@W QO u=} QH C=}YwYN "3 pwOH
`]kt K]U |@O xN=W xv=NOwQ

(m2) (m3=s)
3 18 3 1 1
2 09 3 1 1
3 44 8 1 2
2 23 8 1 2
12 98 5 2 1
5 18 5 2 1
5 67 4 1 3
5 41 4 1 3
8 73 8 1 4
6 23 8 1 4
7 18 20 2 3
9 87 20 2 3
29 36 10 1 5
14 40 10 1 5
11 5 30 4 1
18 45 30 4 1

"V}=tR; 3 Qy QO j} QRD u=tR w pLt "4 pwOH
sQH C@Uv� |R=U=yQ u=mt u=tR xv=NOwQ |xQ=tW

xOW=yQ �km CUOu}}=B x@ |R=U=yQ V}=tR;
1 1 58 6%00 1�1 1
5 1 12%00 1�2 2
2 0 38 18%00 3�1 3

R= VN@ Qy CUOu}}=B R= x}rND pLt "OwW|t O=R; Cw=iDt u=tR xU QO w hrDNt
|=yDv= QO xOy=Wt |x]kv '=yV}=tR; |t=tD QO "CU= xOW xDiQo Q_v QO xv=NOwQ
4 pwOH QO |R=U=yQ u=tR w pLt w xDW=O Q=Qk l} |xv=NOwQ R= sQ=yJ VN@

"CU= xOW xO=O u=Wv

wQV}B |R=Ux}@W "2"4
|OOa Om l} R= |D=Oy=Wt |x]kv QO C_re |v=tR |QU |x@U=Lt Qw_vt x@
|wor= =@ w pQDvm sHL VwQ T=U=Q@ QwmPt |OOa Om "CU= xOW xO=iDU= wQV}B

xv=NOwQ |xm@W QO |oOwr; |@=}OQ "4
|R=U=yQ u=tR w u=mt u}}aD QO |DWoQ@ p=tDL= pOt |}=v=wD 'V}B VN@ QO
QwmPt pOt xm CU= xOW xO=O u=Wv Q[=L VN@ QO "CU= xO}UQ C=@F= x@ xOv}q;
Qw_vt u}ty x@ "OQ=O R}v =Q xv=NOwQ |xm@W l} QO xOv}q; `@vt |}=U=vW |}=v=wD
xOW xO=iDU= CN=wvm} Q}e ,qt=m \}=QW =@ xv=NOwQ OvJ R= pmWDt |[Qi |}xm@W
|=tW "CU= |aQi |xN=W 5 w |rY= |xv=NOwQ 1 pt=W xv=NOwQ |xm@W "CU=
uOR lLt Qw_vt x@ p=Ft u}= QO "CU= 4 pmW CQwYx@ xv=NOwQ |xm@W |rm
|m}rwQO}y |=yQDt=Q=B C=Q}}eD |xvt=O 'u=mt= OL QO CU= xOW |aU pOt |}=v=wD
|xm@W |m}rwQO}y |=yQDt=Q=B w u=} QH C=}YwYN "OwW xDiQo Q_v QO nQR@
QO u=} QH Qw@a `]kt K]U w |@O "CU= xOW xO=O u=Wv 3 pwOH QO xv=NOwQ
l}rwQO}y "CU= xOW xO=O u=Wv QwmPt pwOH QO xm@W R= xN=W Qy |=yDv= w =OD@=
s=o VwQ T=U=Q@ w |m}t=v}OwQO}y pOt R= xO=iDU= =@ xv=NOwQ |xm@W u=} QH
pY=wi =@ =yxN=W |t=tD `]kt K]U w |@O "CU= xOW x@U=Lt OQ=Ov=DU=
xOW OQ=w |DWoQ@ p=tDL= pOt x@ w G=QNDU= |m}t=v}OwQO}y pOt R= |QDt 20

"CU=

xv=NOwQ |xm@W x@ |oOwr; |x}rND "1"4
|x]kv xU R= Cw=iDt V}=tR; xU |] xOv}q; 'pOt |}=v=wD uOR lLt Qw_vt x@

"xv=NOwQ |xm@W |rm |=tW "4 pmW
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"xv=NOwQ |xm@W QO xOv}q; |x}rND R= pY=L wQV}B G}=Dv "5 pmW

"1 V}=tR; QO =yxN=W |t=tD QO xOWx@U=Lt RMSE Q}O=kt "6 pmW

x@ lwmWt |x]kv w |D=Oy=Wt |x]kv QO p=tDL= |r=oJ `@=D |xU}=kt "7 pmW
"1 V}=tR; QO xOv}q; `@vt

xOy=Wt 5 pmW QO V}=tR; 3 Qy |=Q@ xOy=Wt |x]kv QO C_re "CU= K} QY
|x]@=Q� sQH Tvq=@ |x]@=Q R= xO=iDU= =@ C_re 'p=YD= |x]kv Qy QO "OwW|t
Q@=Q@ ?}DQD x@ V}=tR; 3 Qy QO C_re l}B uO}UQ u=tR "OwW|t x@U=Lt �11
COW 'Qo}O CQ=@a x@ "|R=U=yQ R= TB x}v=F 18200 w 19050 '21120 %=@ CU=
"CU= xOW xOy=Wt 23%03 w 17%17 '11%54 |=yCa=U QO ?}DQD x@ C_re
Oy=wN x@U=Lt u; u=tR w xOv}q; `@vt 'QwmPt |v=tR |=y|QU R= xO=iDU= =@ p=L

"OW
Q1 +Q2 = Q3

C1Q1 + C2Q2 = Q3C3 (11)

xOv}q; `@vt |@=}OQ "3"4
'=yxv=NOwQ |xm@W QO "OwW|t =QH= xv=NOwQ|t=tD |=Q@ x@DQtl}\ki|DWoQ@ pOt
'OL=w p=tDL= |R=U=yQ R= TB "OwW|t =yQ xOy=Wt |x]kv QO OL=w p=tDL= l}
uO}UQ R= TB "Ovm|t CmQL u=} QH CyH hqN QO w CUOq=@ CtU x@ p=tDL=
ZQi u}= Q@ xr�Ut "Ovm|tCmQL xN=Wl} QO\ki p=tDL= 'p=YD= \=kv x@ p=tDL=
p=tDL= |x@U=Lt Qw_vt x@ u}=Q@=v@ "OQ=O OwHw xOv}q; `@vtl}\ki xmCU= Q=wDU=
|=Q@ p=tDL= |x@U=Lt R= TB "CU= xOW xO=iDU= 12 |x]@=Q R= p=YD= \=kv QO
|Q_v |v=@t VN@ QO xOW xO=O KQW |R=Uxv}y@ VwQ R= xO=iDU= =@ '=yxN=W |t=tD
'V}=tR; 3 Qy QO "CU= xOW x@U=Lt V}=tR; 3 Qy |=Q@ |R=U=yQ u=tR w u=mt
RMSE xm |}x]kv TBU "CU= xOW x@U=Lt =yxN=W |t=tD QO RMSE

l}B CmQL u=tR w |R=U=yQ u=mt u=wvax@ 'OW=@ xDW=O =Q OwN Q=Okt |xv}tm
"CU= xOW |iQat |R=U=yQ u=tR u=wvax@ QwmPt |x]kv =D p=tDL=

Q1 +Q2 = Q3

P1Q1 + P2Q2 = P3Q3

P2 = 0! P3 = Q1
Q2

P1 (12)

1 V}=tR; "1"3"4
x@U=Lt QDt 20 |v=mt pY=wi =@ =yxN=W |t=tD QORMSE Q}O=kt '1V}=tR; QO
xO=O u=Wv 6 pmW QO 1 V}=tR; QO xv=NOwQ |xm@W RMSE Q}O=kt "CU= xOW
|QDtwr}m 1 64 |x]kv QO 'RMSE xm CU= XNWt Kw[w x@ "CU= xOW
|x]kv =yvD '1 V}=tR; QO "CU= xOw@ xv}tm u=R}t x@ 1�1 |xN=W CUOu}}=B R=
|x]kv u=wD|t `]k Qw] x@ u}=Q@=v@ "CU= 1�1 |xN=W |QDtwr}m 1 64 QO lwmWt
|QU� wQV}B p=tDL= |r=oJ `@=D "OQm |iQat |R=U=yQ u=mt u=wvax@ =Q Q_vOQwt
QO |DWoQ@ p=tDL= |r=oJ `@=D =@ �xOy=Wt |x]kv QO xOWp=tQv C_re |v=tR
j@=]t xm "CU= xOW xU}=kt 7 pmW QO 1�1 |xN=W |QDtwr}m 1 64 |x]kv
|R=U=yQ u=tR 'pOt ,=DH}Dv w xOW s=Hv= u=tR QO CWoQ@ CQwY x@ |R=Ux}@W 'u;

"CU= xOR u}tND 6%03 Ca=U =Q xOv}q;
2 V}=tR; "2"3"4

'2 V}=tR; QO "CU= xOW xO=O u=Wv 8 pmW QO 2 CUD |] QO RMSE Q}O=kt
0 260 %R= Ov=CQ=@a QwmPt \=kv "OQ=O OwHw xOv}q; `@vt x@ lwmWt |x]kv wO
'8 pmW QO 1�2 |xN=W R= |QDtwr}m 0 980 u}vJty w 4�1 |xN=W R= |QDtwr}m

"CU= xOW xO=O u=Wv lwmWt \=kv QO |DWoQ@ p=tDL= w wQV}B p=tDL=
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"3 V}=tR; QO =yxN=W |t=tD QO xOWx@U=Lt RMSE Q}O=kt "10 pmW

lwmWt |x]kv w |D=Oy=Wt |x]kv QO p=tDL= |r=oJ `@=D |xU}=kt "11 pmW
1-1 |xN=W |QDtwr}m 0 060 pw= lwmWt |x]kv� 3 V}=tR; QO xOv}q; `@vt x@
QO xOW=yQ 3-1 |xN=W |QDtwr}m 0 440 swO lwmWt |x]kv '17%45 QO xOW=yQ
"�18%07 QO xOW=yQ 4-1 |xN=W |QDtwr}m 0 280 swU lwmWt |x]kv '17%45

|xN=W R= |QDtwr}m 0 44 |x]kv "1-4 |xN=W R= R}v 18%07 w 3�1 |xN=W
Qo}O |x]kv wO |DWoQ@ pOt 'Qo}O |wU R= "CU= |ak=w |R=U=yQ |x]kv 3�1
OQmQ=m R= u=v}t]= pwYL Qw_vt x@ "CU= xOQm |iQat R}v =Q xOv}q; `@vt x@ lwmWt
xOWxDi=} |=yu=tR QO O}OH lwmWt |x]kv wO R= xOv}q; xmCU= R=}v '|DWoQ@ pOt
Qo}Om} =@ |D=Oy=Wt |x]kv QO x]kv 3 Qy C_re C=Q}}eD |xH}Dv w xOW =yQ
|QDtwr}m 0 060 |x]kv QO xOv}q; |xO=t sQowr}m 2 |R=U=yQ R= TB "OwW xU}=kt
u=tR QO 4�1 |xN=W R= |QDtwr}m 0 280 |x]kv w 17%45 u=tR QO 1�1 |xN=W
Q@=Q@ Qo}Om} =@ x]kv 3 Qy <=R= x@ |D=Oy=Wt |x]kv QO C_re |v=tR |QU '18%07

"CU=

|Q}oxH}Dv "5
?re= xm |RQw=Wm w `}=vY R= |W=v |}=}t}W |=y|oOwr; x@ C@Uv =yxv=NOwQ
u=mtX}NWD "OvDUy Q}PB?}U; Q=}U@ 'OvwW|t OQ=w xv=NOwQ x@ |v=yo =v CQwYx@
T=U=Q@ 'OwW|t OQ=w xv=NOwQ x@ |v=yo =v CQwYx@ xm |}xOv}q; |R=U=yQ u=tR w
Ea=@ xm =QJ "CU= C}ty= R�=L Q=}U@ |D=Oy=Wt |x]kv R= xOWCi=} QO C=aq]=
pOt R= 'Q[=L VywSB QO "OW Oy=wN |@; `@=vt ^iL w =yCQ=UN |R=Uxv}tm

"2 V}=tR; QO =yxN=W |t=tD QO xOWx@U=Lt RSME Q}O=kt "8 pmW

x@ lwmWt |x]kv w |D=Oy=Wt |x]kv QO p=tDL= |r=oJ `@=D |xU}=kt "9 pmW
"2 V}=tR; QO xOv}q; `@vt

|xN=W R= |QDtwr}m 0 260 |x]kv |=Q@ ?}DQD x@ R}v xOv}q; |R=U=yQ u=tR
XNWt 12%01 w 11%53 =@ CU= Q@=Q@ 1�2 |xN=W R= |QDtwr}m 0 980 w 4�1
u=tR w 1�2 xN=W R= |QDtwr}m 1 |x]kv xOv}q; |R=U=yQ |ak=w `@vt xm CU=
u=tR w u=mt '|DWoQ@ p=tDL= pOt u}=Q@=v@ "�9 pmW� CU= 12%00 |R=U=yQ
|x]kv 'u; Q@ xwqa "CU= xOQm |v}@V}B |@ wN Q=}U@ CkO =@ =Q xOv}q; |R=U=yQ
u=v}t]= pwYL Qw_vt x@ "CU= xOQm |iQat xOv}q; `@vt u=wvax@ =Q |Qo}O lwmWt
|xO=t sQowr}m 5 Q=Okt 'Q}N =} OW=@ xOv}q; `@vt Ov=wD|t R}v swO |x]kv =}; xmv}= R=
|v=tR |QU "OwW|t =yQ CUOu}}=B CtU x@ 11%5 u=tR QO w x]kv u=ty R= xOv}q;
x@ x}@W ,qt=m 4�1 |xN=W |QDtwr}m 0 260 |x]kv R= xOW=yQ |xOv}q; C_re
"�?5 pmW�CU= 1�2 |xN=W |QDtwr}m 1 |x]kv R= xOW=yQC_re |v=tR |QU
xm OQ=O OwHw xOv}q; |R=U=yQ |r=tDL= |x]kv wO '2 V}=tR; QO Qo}O CQ=@a x@
Cio u=wD|t u}=Q@=v@ "Ov=xOQm j} QRD xm@W x@ =Q xOv}q; |Dw=iDt |=yu=tR QO l} Qy

"OQ=O K}LY ,qt=m MU=B wO '2 V}=tR;
3 V}=tR; "3"3"4

QO xOv}q; `@vt x@ lwmWt |x]kv 3 'CU= XNWt 10 pmW QO xm xvwou=ty
xU "CU= QDtm \=kv Q}=U R= x]kv 3 u}= QO RMSE Q}O=kt "OQ=O OwHw 3 V}=tR;
|QDtwr}m 0 440 '1�1 |xN=W R= |QDtwr}m 0 060 %R= Ov=CQ=@a QwmPt |x]kv
|r=oJ `@=D Q}O=kt |xU}=kt "4�1 |xN=W R= |QDtwr}m 0 280 w 3�1 |xN=W R=
u=tR u}vJty "CU= xOt;QO V}=tv x@ 11 pmW QO |DWoQ@ w wQV}B p=tDL=
R= 18%02 '1�1 |xN=W R= 17%45 %=@ CU= Q@=Q@ ?}DQD x@ x]kv Qy R= |R=U=yQ
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yt =@ |}xv=NOwQ |=Q@ |DWoQ@ p=tDL= pOt 'Q[=L VywSB QO "CU= xOW xO=iDU=
VN@ QO xOt; CUOx@ G}=Dv x@ xHwD =@ "CU= xOW xO=iDU= CN=wvm} Q}e \}=QW
u=mt X}NWD |}=v=wD '|DWoQ@ p=tDL= pOt xm CU= XNWt |@ wN x@ 'p@k
xv=NOwQ CN=wvm} Q}e \}=QW =@ xv=NOwQ |xm@W QO =Q xOv}q; |R=U=yQ u=tR w
V}@ |R=UxO=U sOa '=yVwQ Qo}O x@ C@Uv QwmPt VwQ |xOta C} Rt "OQ=O
=@ xr�Ut '|DWoR=@ |=yVwQ R= |Q=}U@ QO "CU= C}ak=w x@ C@Uv xr�Ut OL R=
CQwYx@ xr�Ut ?=wH |DWoQ@ p=tDL= VwQ QO "CUwQx@ wQ =yMU=B |}=Dm} Q}e
VwQ "Ow@ Oy=wNv wQx@ wQ =yMU=B|}=Dm} Q}e =@ w OwW|t u=}@ u=tR w u=mt QO p=tDL=
- |R=Ux}@W |=yVwQ xS} w x@ '|DWoR=@ |=yVwQ Q}=U x@ C@Uv |DWoQ@ p=tDL=
'xt=vQ@ |=QH= Q=@ l} =@ \ki xm =QJ "CU= xOv}q; `@vt X}NWD CaQU '|R=Uxv}y@

"CU}v pOt OOaDt |=QH= x@ |R=}v w CU= xOW XNWt xOv}q; j}kO pLt

|xOv}q; `@vt |}=U=vW Qw_vtx@ �|v}tRQ} R ?; QO xOWxO=O xaUwD� |DWoQ@ p=tDL=
"CU= xOW xO=iDU= CN=wvm} Q}e ,qt=m \}=QW =@ xv=NOwQ |xm@W QO |v=yo =v

u=mt |DWoQ@ p=tDL= pOt w V}=t}B u=tR |DWoQ@ p=tDL= pOt u}vJty
Cwk |x]kv "CU= QDQF-wt 'OW=@ QDOwOLt |D=Oy=Wt |=yxO=O xm |]}=QW QO 'xOv}q;
pOt "OwW|t pL xrO=at l} \ki xOy=Wt Qy <=R= x@ xm CU= u}= |DWoQ@ pOt
u=mt |DWoQ@ pOt xm |r=L QO 'CU= C_re Q=W x@ xDU@=w V}=t}B u=tR |DWoQ@
O=OaD pL p}rO x@ |DWoQ@ p=tDL= VwQ |D=@U=Lt |xv} Ry "CU= xDU@=w C_re x@
|xOy=Wt \ki 'QwmPt VwQ QO w CU= u}}=B Q=}U@ '|oOvm =QB |xrO=at |OwOat
R=}vOQwt |=yxO=O x@ xHwD =@ QwmPt pOt "Ovm|t C}=im |D=Oy=Wt |x]kv QO xOv}q;

"OQ=O |}q=@ Q=}U@ CkO '|OwQw
|v}tRQ} R |=y?; QO |DWoQ@ p=tDL= pOt 'u}W}B C=ar=]t R= |Q=}U@ QO

=yCWwv=B
1. adjoint state
2. baysian approach
3. back tacking model
4. radial basis function
5. forward location probability
6. severn river
7. rohdamine
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