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Abstract: This paper introduces the definition of conditional nonlinear optimal perturbation (CNOP), and the applications of the
CNORP in atmosphere and ocean studies. The CNOP approach is expanded as that related to initial perturbation (CNOP-I), related to
parameter perturbation (CNOP-P), and the combined both of CNOP-I and CNOP-P, according to the different perturbation types.
The CNOP-I approach has been applied to the predictability studies of ENSO events, Kuroshio path anomalies, blocking, nonlinear
stabilities of thermohaline circulation and grassland ecosystem. The CNOP-I has been further employed to explore the target
observation of typhoon. The sensitive region could be identified by using the CNOP-I approach. The forecast skill may be improved
by adding more adaptive observations in the sensitive region. The CNOP-P approach has been applied also to Kuroshio path
anomalies, nonlinear stabilities of thermohaline circulation and grassland ecosystem. Here, we carried out a numerical simulation how
to obtain the CNOP with the Burgers equation through building the tangent linear model and adjoint model. The result shows that the
CNOP can be calculated by using the Burgers equation, the tangent linear model and the adjoint model with nonlinear optimization
algorithm; It supplies a guide to a beginner to learn the CNOP and a reference for employing the CNOP to other applicable subjects.

Keywords: conditional nonlinear optimal perturbation (CNOP), predictability, adaptive observations
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Table 1 The results of the tangent linear model

a R
10 0.992588549645061
1072 0.992588204511775
10°° 0.992588169999147
10°* 0.992588166547890
10°° 0.992588166202765
10° 0.992588166168252
1077 0.992588166164801
10°° 0.992588166164455
10°° 0.992588166164422
107" 0.992588166164417
10" 0.992588166164417
10 * 0.992588166164416
10" 0.992588166164417
10 0.992588166164417
107" 0.992588166164417
10*° 0.992588166164417
107" 0.992588166164417
107 0.992588166164417
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Table 2 The results of the adjoint model
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Table 3 The results of gradients

a R
107 —10.1175
1072 —0.1117
107° 0.8888
10" 0.9889
107° 0.9989
10°° 0.9999
1077 1.0000
10°° 1.0000
10°° 1.0000
107 1.0000
0" 1.0000
1077 1.0000
107" 1.0000
107 1.0005
107" 1.0000
107 1.0196
1077 0.9979
10 * 0.8677
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Fig. 2 The nonlinear evolution of the state variable U when
the initial condition is U,
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(a) The adjoint method; (b ) The definition method
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method and the definition method
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Fig. 5 The nonlinear evolution of CNOP obtained by the
adjoint method and the definition method
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M1 Burgers FEMNHBERSERX. Y&k
MR AR

D BEBI
SUBROUTINE BURGER(nx,n,ui,ub,u)
implicit none
integer nx Inumber of grid points
integer n 'number of time steps
double precision ub(nx,n) !basic states(u)
double precision u(nx,n) !Imodel solutions
double precision ui(nx) linitial conditions
double precision dx !space increment
double precision dt Itime increment
double precision gamma ! diffusion coefficient
double precision c0,c1

integer i,j

common /com_param/ c0,c1

gamma=0.005d0

dx=0.01d0

dt=0.001d0

cO=dt/dx
cl=gamma*dt/(dx**2)

Iset the initial conditions:
do i=1,nx

u(i,1)=ui(i)
end do

Iset the boundary conditions:
do j=1,n

u(1,j)=0.

u(nx,j)=0.
end do

lintegerate the model numerically:----- use central
finite difference method on spatial and temporal directions

do i=2,nx-1
u(i,2)=u(i,1)-0.25*c0*(u(i+1,1)*u(i+1,1)-u(i-
1,1)*u(i-1,1))+c1*(u(i+1,1)+u(i-1,1)-2*u(i,1))
end do

do j=3,n
do i=2,nx-1
u(i,j)=u(i,j-2)-0.5*c0*(u(i+1,j-1)*u(i+1,j-1)-u(i-
1,j-1)*u(i-1,j-1))+2*c1*(u(i+1,j-1)+u(i-1,j-1)-2*u(i,j-1))
end do
end do

Isave the nonlinear solutions to the basic fields:
doj=1,n
do i=1,nx
ub(i.j)=u(i,j)
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end do
end do
return

END SUBROUTINE

2) DIZERI

SUBROUTINE BURGER_TLM(nx,n,ui,ub,u)
implicit none

integer nx,n

double precision ub(nx,n) !basic state

double precision u(nx,n) !'TLM solutions
double precision ui(nx) linitial conditions
common /com_param/ c0,c1

double precision c0,c1

integer i,j

I set the initial conditions
do i=1,nx

u(i,1)=ui(i)
end do

I set the bundary conditions:
doj=1,n

u(1,j)=0.

u(nx,j)=0.
end do

Iinteger the model numerically:
do i=2,nx-1
u(i,2)=u(i,1)-0.5*c0*(ub(i+1,1)*u(i+1,1)-ub(i-

1,1)*u(i-1,1))+c1*(u(i+1,1)+u(i-1,1)-2*u(i,1))

end do

do j=3,n
do i=2,nx-1
u(i,j)=u(i,j-2)-c0*(ub(i+1,j-1)*u(i+1,j-1)-ub(i-1,j-

1)*u(i-1,j-1))+2*c1*(u(i+1,j-1)+u(i-1,j-1)-2*u(i,j-1))

end do
enddo

I set the final value of u in ui
do i=1,nx

Cover Story # @ & &

uici)=u(i,n)

end do

return
END SUBROUTINE

3) Bt
SUBROUTINE BURGER_ADJ(nx,n,ui,ub,u)
implicit none

integer nx,n

double precision ub(nx,n) !basic states
double precision u(nx,n) 'modle solutions
double precision ui(nx) linitial conditions
double precision dt !time increment

double precision dx !space increment

double precision c0,c1

integer i,j

common /com_param/ c0,c1
linitialize adjoint variables:

do j=1,n
do i=1,nx
u(i,j)=0.
end do
end do

Iset the final conditions:
doi=1,nx
u(i,n)=ui(i)
ui(i)=0.
end do

do j=n,3,-1
doi=nx-1,2,-1
u(i,j-2)=u(ij-2)+u(ij)
u(i-1,j-1)=u(i-1,j-1)+(2*c1+c0*ub(i-1,j-1))*u(i,j)
u(i,j-1)=u(i,j-1)-4*c1*u(i,j)
u(i+1,j-1)=u(i+1,j-1)+(2*cl-cO*ub(i+1,j-

1)*uij)

u(i,j)=0
end do
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end do

do i=nx-1,2,-1
u(i-1,1)=u(i-1,1)+(c1+0.5*c0*ub(i-1,1))*u(i,2)
u(i,1)=u(i,1)+(1-2*c1)*u(i,2)
u(i+1,1)=u(i+1,1)+(c1-0.5*c0*ub(i+1,1))*u(i,2)
u(i,2)=0

end do

Iset the boundary conditions:

doi=1,n
u(1,i)=0.0
u(nx,i)=0.
end do

Iset the final value of u in ui:----Gradent
do i=1,nx

ui(i)=ui(i)+u(i,l)
end do

return
END SUBROUTINE
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