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» (1) Introduction and NWP

» (2) Deterministic Chaos and Lorenz-96 model

~ (3) A toy model and Bayesian estimation

- (4) Kalman Filter (KF)

~ (5) 3D Variational Method (3DVAR)

~ (6) Ensemble Kalman Filter (PO method)

~ (/) Serial Ens. Square Root Filter (Serial EnSRF)
~ (8) Local Ens. Transform Kalman Filter (LETKF)
~ (9) Innovation Statistics & Adaptive Inflation



Today’s Goal

» Lecture

» To understand the chaotic nature of
atmosphere

- Tralnlng Course
- To implement Lorenz 96 (any language)

- To estimate error doubling time
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Lorenz 63 System Attractor
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Predictability differs

more predictable less predictable

Lorenz 63 System Attractor Lorenz 63 System Attractor

Predictability depends on the initial state!
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Ensemble NWP by NEXRA )%=

NEXRA Ensemble FCSTs (Temperoture@ SDOhPa
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Ensemble NWP by NEXRA

NEXRA Ensemble FCSTS (Temperoture@ 500hPa)
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NEXRA Ensemble FCSTS (Temperoture@ SDOhPa)
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NEXRA Ensemble FCSTS (Temperoture@ SDOhPa)
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NEXRA Ensemble FCSTS (Temperoture@ SOOhPG)
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NEXRA Ensemble FCSTS (Temperotu e@ SDOhPa)
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1-day forecasts 7-day forecasts

NEXRA Ensemble FCSTs (Temperature@ 500hPa) NEXRA Ensemble FCSTs (Temperoture@ SOOhPo)
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- smaller ensemble spread - larger ensemble spread

- ensemble predictions = reference * ensemble predictions # reference
- larger spread near extratropical cyclones
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DA Study w/ 40-variable Lorenz-96

Lorenz-96 model (Lorenz 1996) For j=1,..N, X=X,
et Nr 7y '+

Advection term Dissipation term Forcing term

NFERET N « T— X FULEREM OHE 2 — X

Training Course of Dynamical Model and Data Assimilation

January 31, 2020, Shunji Kotsuki
updated 2020/03/19, 2020/06/29, 2021/07/15

B : @5 N%E T Lorenz D 40 ZE =51 (LLF L96; Lorenz 1996) #{#i» THED
T2 FELEHOKEL ., RALEBET Y. 7— 2L AT L2 FEPRIC, 0262
—FAVIFRILT NFEETY v 77— 2FHLICBIT 2 LB TEX 3 ) RBERH
LN a

Purpose: Using the 40-variable dynamical a.k.a. Lorenz-96 (L96; Lorenz 1996), we are
going to perform various experiments with multiple data assimilation (DA) methods. By

actually coding a data assimilation system from scratch, you will acquire practically "usable”

basic techniques related to mechanical modeling and data assimilation.
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Python 7045
HERPIFHUESTE - python¥ =2 7JL - APYE (fn Japanese & English)

o 2020FRE. JOUS 'S [s(3pythonTT.
#HEUPDATERTT.

o PythonMannual_v20210928.dox /

Data Assimilation Training Courge (in Japanese & English)

KotsukiLab_L96Training_v20210916.zip

-
o currently ur‘Dubhc please send an email to ( kotsuki.lab(at) gmali com ) to geme'u'asﬁ!ord-fou— — o .

NFERET N « T— X ALEREN OHE 2 — 2
Training Course of Dynamical Model and Data Assimilation

January 31, 2020, Shunji Kotsuki
updated 2020/03/19, 2020/06/29, 2021/07/15

(LLF L96: Lorenz 1996) #{#i- TH D
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Purpose: Using the 40-variable dynamical a.k.a. Lorenz-96 (L96; Lorenz 1996), we are

going to perform various experiments with multiple data assimilation (DA) methods. By

actually coding a darta assimilation system from scratch, you will acquire practically "usable”

basic techniques related to mechanical modeling and data assimilation.

ﬁﬁ ! UToRExELEEL, BL T, BHEELT 7y b 7 —LikRb %
. BIRED MTG KB T, #ABMEH LHE L., FESLZANL Tv < "B MTG
@ﬂhg\hﬁ%?cﬁﬂﬂfli“ﬂ?éifﬁ”hidﬂ:ﬁﬂwffi o Y o, TSRO
% 7z python 233w, 72 HKECR A EHECo—F 4 v 7338, Thui,
BHEMRAL B L TIEL {BEL Tu 22 HEZTE &b,
Method: Implement and solve the following problems yourself. Any programing languages or
platforms can be used in this exercise. At the Kotsuki Lab. mtg, each personnel will report the
progress, and try to solve the problems. Questions are accepted during the MTG as well as at
the office when necessary. As for the programing language, python, which is easy to perform
matrix operations, is recommended unless specific language is preferred. Also, you should
code in double precision instead of single precision. Otherwise, confirming whether

performing properly or not compared to the previous studies will not be possible.

https://kotsuki-lab.com/internal-pages/
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Training Course Problem (1)

AR

1. L96 # 4 XD Runge-Kutta IZEZHWTHET 5, NF7A—2{liF 2tax L%z, F=8
DIRFICHARE B L 2MERLT 5. ZZTli, Runge-Kutta 374 77 V ZHw¥ic
HATa—T74v733H. 5. A4 7L WO AF—LLEHELTH S,
¥ b)) £33, H¥FEL Lorenz and Emanuel (1998)® Fig. 1 #8343,

Basic Tasks :

1. Implement L96 using the 4th-order Runge-Kutta method. Change the parameter value
F in various ways and confirm that it becomes chaos when F = 8. Here, Runge-Kutta
needs to be coded yourself without using any libraries. Also, compare it with other
integration schemes such as the Euler method.

Hint) First, reproduce Fig. 1 of the original paper Lorenz and Emanuel (1998).
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The Lorenz-96 model (L96)

I Ferpruary 1998 LORENZ AND EMANUEL 389

Journal of the Atmospheric Sciences, 55

Optimal Sites for Supplementary Weather Observations: Simulation with a
small Model

Epward N. LORENZ aND KERRY A. EMANUEL
Depariment of Earth, Atmospheric, and Planelary Sciences, Muassachuseits msiituie of Technology, Cambridge, Massachuseits

(Manuscripl received 12 December 1996, in final form 22 Jung 1997)

ABSTRACT

Anticipating the opportunily to make supplementary observations af locations that can depend upon the current
weather situation, the question is posed as to what strategy should be adopted to select the locations, if the
greatest yoprovement in analyses and forecasts is to be realized. To seek a preltminary snswer, the avthors
inroduce a model consisting of 40 ordinary differential equations, with the dependent variables representing
values of some atmospheric guantity at 40 sites spaced equally about g latitude circle. The equations contain
quadratic, linear, and constant terms representing advection, dissipation, and external forcing. Numerical inte-
gration indicates that small ervors (differences between solutions) tend fo double tn about 2 days. Localized
errors tend to spread eastward as thev grow, encircling the giobe alier about 14 davs.

In the experiments presented, 20 consecntive sites He over the ocean and 20 over land. A particudar solution
is chosen as the tie weather. Every 6 h observations are made, consisting of the trite weather plus small random
errars, al every land site, and ab one ocean site to be selected by the strategy being considered. An analvsis is
then made, consisting of obzervations where observations are made and previously made 6-h forecasts elsewhere.
Forecasts are made for esch sife gt ranges from 6 h to 10 days. In all forecasts, a slightly weakened external
forcing is used to simulate the model error. This process continues for 3 years, and mean-square forecast errarsg
at each sile al each range are accumulated,

Strategics that attempt to locate the site where the current analysis, as made without & supplementary obser-
vation, is most greatly in error are found to perform betler than those thal seek the oceanic sife to which a
chosen land site s most sensitive at a chosen range. Among the former are strategies based on the “breeding™
method, 2 variant of singolar vectors, and ensernbies of “replicated™ observations; the [ast of these outperforms
the others. The authors speculate as to the applicability of these findings to models with more realistic dynamics
or without extensive regions devoid of roufing observations, and o the real world.




The Lorenz-96 model (L96)

400 JOURNAL OF
and at short or extended range. A search for an answer
has constituted a part of the recent Fronts and Atlantic
storm-Tracks Experiment (FASTHX) (e.g., Snyder
1996; Joly et al. 1997}

Various strategies for locating the new observations
suggest themselves. Some seeL the regions where the
analyses, as performed without the new observations,
will be most greatly in error. Others try to target the
locations where the present weather conditions will most
strongly influence the subsequent weather. Each strategy
possesses many possible variants. To test a large number
of them adequately m the field within a reasonable pe-
riod, once the platforms are available, seems to be cut
of the question. In these days when mathematical mod-
els of the weather are nife, 1t 15 virtually an axiom that
ane or more of them should be used for our first tests.
This can be done even before any platforms are ready,
nevertheless, we should anticipate that, whatever strat-
egy we may decide upon, the need for modifications, at
least of the details, will become apparent as soon as the
new observations become a reality.

Because of the large number of specific procedures
that mught be tested, and the considerable number of
simulated weather situations to which each must be ap-
phied before a definitive choice among them can be
made, a full-scale experiment using a reasonably so-
phisticated model, such as the operational model of a
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We have chosen a model with J variables, denoted by
L . most of our expertments we have let J
= 40. Thr::‘ aovemmg equations are

dVjdf = (X, —X_X_, (h

, J. To make Eq. (1) mearungtul for all
}]LLC% QF; we define N, =X, X, = )1.’_,, and X ., |
= X, sothatthe v anables form a cyclic chain, and may
be looked at as values of some unspecified scalar me-
teorological quantity, perhaps vorticily or temperature,
at J equally spaced sites extending arcund a latitude
circle. Nothing will simulate the atmosphere’s latitu-
dinal or vertical extent.

Lok

We know of no way that the model can be produced
by truncating a more comprehensive set of meteorolog-
ical equations. We have merely formulated it as one of

the suuplest possible systems that treats all variables
alike and shares certam properties with many atmo-
spheric models, namely,

1} the nonlinear terms, intended to simulate advection,
are quadratic and together conserve the total energy,
defined as (X7 + - - - + X%/2;

2) the linear terms, representing mechanical or thermal
dissipation, decrease the total energy;

3) the constant terms, representing external forcing,
prevent the total energy from decaving to zero.

Environmental
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Time Integration Schemes ) ="

from wikipedia |
y' = f(ty)

Euler method (EUL)

yt+1)=y@)+ f(t,y)h o

Runge-Kutta 2" order (RK2)

to+h

y(t+1) = y(O) + (ks + k)h/2 ks = F(6y)
k,=f(t+hy+ hk,)

Runge-Kutta 4t order (RK4)

ky = f(t,y) ks =f({t+h/2,y+ hk,/2)
ky = F(t+h/2,y + hki/2) ke = F(t+hy+ hks)



DA Study w/ 40-variable Lorenz-96

Lorenz-96 model (Lorenz 1996) Forj 1...N, )(j:)(j+N
dX; /dt = (Xj41 — Xj_2)Xj_1 — X; + F
Advection term Dissipation term Forcing term

Initial Condition

1.001F '—N
Xi= ' (l_i)

F (otherwise)
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Lorenz-96 model (Lorenz 1996) Forj—1 N X=X
— lyeeeyl Ny j_ j+N
dX; /dt = (Xj41 — Xj_2)Xj_1 — X; + F

Advection term Dissipation term Forcing term

Lorenz et al. assumed 1 time unit = 5 days based on error doubling time.
Lorenz Model (F8.000, dt=0.050)

0 T - : T . Oj'_r T TR T T
— e
e
_.--V_\___ __,v

time (days)
time (days)

| | | L1 1
15 29 25 30 35 48

1 1 1 1 1 1 1 ] :
T N T N S R | g
0 5 10 15 20 25 30 35 40 T
Srte FIG. 1. Longitudinal profiles of X| at G-h intervals. as determined by Eq. (1) with N :.40

and F = 8.0, when mitially X,, = F + 0,008 and X, = Fwhen j # 20. On horizontal portion
of each curve. X, = F. Interval between successive short marks at left and right is 0.01 units.

site
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time steps
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Hofmuller Diagram
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Advection term Dissipation term Forcing term

$ Advection term conserve the total energy defined as Z(Xf)/2
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F=0.8, day=15.0 F=2, day=15.0 F=4, day=15.0 F=8, day=15.0
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Training Course Problem (2)

2. N7 A—2{liF=8 L T3, PEDFHREFRIO>VTHEHX, 0.2 FHR7v 7% 1 H
LERTILDORYNHLZHERT 5.
k¥ ) Lorenz (1996) ®"error doubling time” D&% 7 # v —F 23 L B, 7— Z[d]
(k2 1274 ClEEEIZMER. root mean square error (RMSE) Ci¥fii 32 © ¢, L%
RMSE Cifli 22 &.

2. The parameter F is set to be 8. Investigate the average of error generating ratio and
validate the definition of a 0.2-hour step as one day.
E¥:__2 TS _TR_ ) | . __ 1 f1NnNnrs\ 10 - - ol L] — . , By 22 __ _l Y. 2L [ R iR i o
Hint) Follow Lorenz's (1996) discussion of "error doubling time”. In the data assimilation
community, the error is usually evaluated by root mean square error (RMSE), so it should
be evaluated by RMSE hereafter.
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1. Mersenne Twistter method
: To generate pseudo-random number sampling

2. Box-Muller transformation
: To generate pairs of normally distributed random numbers

3. Error propagation analysis (average RMSE)

t=0 Control run (CTL)
. o—o—6—6—9 =
Three year spin up Poobob
® > 1000
: simulations
("] >

X'()=X,()+std NO,D| o

v

For std = 0.0010, 0.0100,
0.1000

When std=1.000, some superposed run has diverged v




To Generate N(0,1) Numbers

1. Mersenne Twistter method

# Laboratory

: To generate pseudo-random number sampling

2. Box-Muller transformation

: To generate pairs of normally distributed random numbers

Box-Muller’'s method:

04

When X and Y obey uniform distribution (0,1),

Z, and Z,, defined by following equations, 03

obey normal distribution N(0O,1).

Z, = \/—2 log X cos2xzY
Z, = \/—210gX sn2rxY

L
()

o p2¢

01

Box-Muller Method (n=10*1 08, dx=0.01)

" histogram
theory
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std=0.010
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log10(RMSE)

Average prediction error
T T T T T T T T T T T T

10

— 10910(RMSE) |
—— RMSE

10

\10\

! | ! ! ! ! | !
20 30
time (days)

\40\

750

RMSE

Environmental
Prediction
$cience
Laboratory
"I"'O"'!'l"vlvvwv*vrvvv'v"1.""vvivov"'-.."\‘.
. -
- -
b e—e ]
- il Q
> // }
’ 4
- !l
L
: 3
.
: i!
| - &
4
4
_ 4
} — o4
} _— 1
: :
b '
4
¢ i
. JJ
v
.
4
4
4
] '
4
.
4
- L ]
. '
: 4
4
a
|
4
' W - . - P R W R ‘AI_AJ,
[ ) | e " 0 " » »n “@0 (5] -

Lorenz(1996) Fig.2a std=0.001




[ihankiyoulforgyoligattention!

Presented by Shunji Kotsuki
(shunji.kotsuki@chiba-u.jp)

Further information is available at
https://kotsuki-lab.com/




