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*kIntroduction (data assimilation)
*k Ensemble Kalman filter (EnKF)
* EnKF for aerosol analysis

*k JMA's plan for aerosol prediction
* How to collaborate with NWP




* Data Assimilation for geophysics
* Optimal Interpolation (Ol)
* Variational Method (3D-Var, 4D-Var)
* Kalman Filter (KF)
minimum variance estimation
* Ensemble Kalman Filter
* Perturbed Observation KF
* Square Root KF
* Particle Filter




Optimal Interpolation (Ol)
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Optimal Interpolation (Ol)
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How do we get the covariance?
m—\\cst <-> East IE—)
Xa =X+ W(Y, - Hxi)
W = BHT'(HBH” + R)!

B: error covariance matrix




In Ol or 3D-Var, the error covariance
between two points is assumed
homogeneous and isotropic.

4D-Var implicitly finds the optimal
error covariance by using a
maximum likelihood approach.

What else could we do?
What we need is the covariance... £~




*kStochastic or "ensemble” torecasting
IS used fo account for uncertainty.
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* Uncertainty = forecast error
=>» 2 error, X error, = covariance

Dust flux&conc Correlation 00Z30MAR200/ (Surface)
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Ensemble Kalman Filter

Spread of ensemble

forecast
N Obs error
Initial ensemble spread

state space

Monte Carlo method



*kSuppose we have a forecast (back-
ground) and an observation.

If we don't know
about the error
of the day,...

Forecast error?

Obs error
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Ensemble Kalman Filter

*k Generally, forecast errors lie on @
low-dimension attractor, so...
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* Kalman filter finds the forecast error
covariance (= aftractor’s structure).
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Ensemble Kalman Filter

4D-Var

4D-EnKF

Background error

Flow-dependent

Flow-dependent

statistics
Program code Complicated Simple
Adjoint matrix Necessary Unnecessary

Observation operator

Requires tangent
linear & adjoint
operators

Requires only a
forward transform
operator

Asynchronous
observations

Handles at each
observational time

Handles at each
observational time

Analysis error
covariance

Not provided

Explicitly provided




*Which is better, EnNKF or 4D-Var, for
atmospheric chemistry?

*The two have even performance,
but 4D-Var has a longer history.

*k4D-Var has compatibility with NWP.

*k Are you “chemists who are interested
iINn Met” or "meteorologists who are
Inferested in chemistry’'e




0sol data assimila

r development b




Why JMA predicts dust?

* Asian Dust

* seasonal phenomenon sporadically
affecting East Asian countries during the
springtime,

* causes health and aviation problems,

*k originates in the deserts of Mongolia anad
China.

* JMA has to predict it.
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JMA'’s dust prediction

* JMA wants to utilize aerosol data
assimilation for improving their
operational dust prediction.

kIt possible, they want to use the
aerosol analysis for their NWP
and climate simulations.




Methodology




e The Model of Aerosol
Species in the Global
Atmosphere (MASINGAR)
of MRI/JMA simulates...

e dust (partitioned into 10-
size bins), sea-salt, OC, BC,
and sulfate aerosols

e The meteorological
components are nudged
to 6-hourly JMA reanalysis.




model variables

U&V Dust | Sea | BC
wind | >4 | PYt | riox | sait | oc
U .&v Nudged | Yes Yes Yes No No
wind
SO4 | Yes | Control| Yes Yes No No
Dust | Yes Yes | Control | Yes No No
Dust Yes Yes Yes | Control No No
Flux
Sea
Sqlt No No No No [ N/C | No
BC No No No No No N/C

OC
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Ground-based lidar
network (NIES AD-Net):\
NIES Japan is operating)
more than 20 lidar |-
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stations in East Asia. |
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EnKF for aerosol analysis

Satellite Lidar observation
(CALIPSO/CALIOP):

NASA launched the polar-
orbit satellite in 2006.




The CALIPSO orbit has an
about 1000 km
longitudinal interval per
day at mid-latitudes.
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Results




EnKF for aerosol analysis
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Sekiyama et al., ACP (2010)



EnKF for aerosol analysis
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Comparison of

- 532nm exfinction
coefficients for dust
aerosol.

(a) Independent
ground-based lidar
observation;

(b) free model-run
results without data
assimilation;

(c) CALIPSO do’ro
assimilation

results.
Sekiyama et al., ACP (2010)




EnKF for aerosol analysis

Surface Dust [ug/m’] w/o EnkF 28MAY2007

Surface Dust [pg/m] with EnkF 28MAY2007
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Contours and gray
shades are surface dust
concentrations.

(a) Free model-run
result without data
assimilation.

(b) CALIPSO data
assimilation result.

Red and blue circles
are weather stations.
The Red ones observed
aeolian dust on the
day. Blue ones did not
observe any dust
events.




* Correlation between dust flux & conc
enables inverse analysis.

Dust flux&conc Correlation 00Z30MAR2007
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EnKF for aerosol analysis

*k Dust emission inverse analysis by ENKF
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EnKF for aerosol analysis

* Asian dust source
regions are offen
covered with snow.

— T |
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* It's difficult for models
to simulate dust
outbreaks (Fig. b).
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* EnKF improves dust flux
estimation and dust
concentration (Fig. c).
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*kNoft only dust, but sulfate aerosol...
Sulfate (800hPa) [2ppbv] 00Z30MAR2007
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* Assimilation result of sulfate AOT
Sulfate AOT 00Z30MAR2007
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* Assimilation result of sulfate AOT
Sulfate AOT 00Z30MAR2007
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* JMA's dust prediction doesn’t iInclude
a data assimilation procedure.

*k JMA wants to use the EnKF aerosol
analyses as initial conditions of
aerosol prediction.

(hopefully, in practical use by 2014...)

*But, the JMA aerosol prediction has
Nno inferaction with NWP. ..




* JMA Is operating a 4D-Var system for
NWP.

* JMA weather/climate models have no
interaction with aerosol chemistry.

* We should collaborate with NWP.
* How?@e

* ENnKF data assimilation have no
compatibility with the current NWP.




* JMA aerosol data assimilation:
currently available only for environmental
predictions...

* Aerosol reanalysis:
available for climate modelinge

* Aerosol climatology (detailed):
available for NWPe

* |deally, weather-chemistry coupled DA...

* Still, many challenges...



-

Thank you.




Model Ensemble




Friday 01 April 2011 00UTC MASINGAR Forecast t+006 VT: Friday 01 April 2011 00UTC

Fridzy 1 April 2011 00UTC NAAPS Forecast £+006 Dust Aerosols Optical Depth at 550 nm
Fridzy 1 April 2011 06UTC Valid Time
Cust Acrosol Optical Depth at 550nm e WUA WY ATV 10w NYA W YA T - > am e ol e T e 2] e
e I . o | I_ I — - —= | . + -
- WO P e
AN | 3PN i TR A -ﬂh“ o o
oz e
. FAp. 7
40°N AN n = 7
B lf s
R S— g o 1 20'n M A S
= Y R
T 0 A I
v e s - L B 3 o Nk Ceif- “
kS Y kY R R
. . { 4 Pl [
I i o 20 w2 i - 0 )J 7 o w2
L | $J Ll Y S .
R e ¢ " 10°s ww f‘;‘ . £ Pl e
wes —----i- i s e » et
I - 1 - - S - £
1 | 1 / A — T T ‘g_( I P N FRPL S R i pi? SRS S )
| — e —h W b = N S E 1 o = -
fnes _#_;—-——" % :% P—— S| 2o o e W [, Ao
1 1 1
TEDN® IENSW 1SAYW 1Z0'W IND'W SN0 FNSWN S09W 2DW [vid 7F 4F FNEF AN°F IND'F 1Z0°F 4NSF 130°F 18D 19 [ 27N 14wy 1w 1oohy N v AN x'w < os wE L e o' 12X's e we 190
| — I | —
0.1 0.2 0.4 0.8 1.2 2.5 5.0 9.0 > 22 Y oz 2 s 5o %0
Plate Gensrated Saturday 2 April 2077 16U1CNRLMonterey Aerascl Modeling
e MRI/JMA MASINGAR
Friday 1 April 2011 00UTC GEOS 5 Forecast t+006 Friday 1 April 2011 COUTC MACC Forecast t+006
Fridzy 1 April 2011 06UTC Valid Time Friday 1 April 2011 O6UTC Valid Time
Dust Acrosol Optical Depth at 550nm Dust Acrosol Opticzl Depth 38 550nm
H = ! T ‘ T H :
WN - = + SN S -+—- == =t g 4 $ -—{wn
L = - B E N ! P s o B
o AT ' T ] ' e e 5 ﬂ’ﬂﬁ%}b’rw P e K= ra e
[ g o ] s 3N S S =l R S B -4~ e BT EN
- \ [ \? 5 T\ ECh H P e |3 e
. o
10N 10°N AN ! h? ‘: ‘e p{ X k- 100
N L : -
20°N ek 20N 20°N AT - 3 L ——{ zeen
b 1 “‘Q 1 - ! 3 K
1 -y 1 ¥
5 - o . i / ] wi .
U o e o o e o e »-----aﬁ.:n s + = i [l »--—-:-—---‘-—--‘t"—_- S - 1 71'--—.4.----4'-__ \L“"? L e I
’ i ) - - W i \‘ i -F. i -—} \‘»1 i i N e ;;:‘t:'
s fee e e —— - —;————+————d'—:‘f—-ll-—;[ ————————— T e P 2 h—————————F———4:————4——————\—}---:—-- ————4'-----41--4—---)5’4{3--4:-—--1--__ - 2% AN -— W
| F : i | S t )
s | N : e - = ) s | W C e AN
: | . i &= ' s 14 i i S
I ) I I I 1 1
€S ——-—T ——————— R T j FRSNE N +——-—{ 50°s 2R S— R -—-—--JP——--<—————----«: --------- s
1 o~ - v R B TP [~ = =oomy S N
| N e e R ~ I g A P =
wos ] -t e LR W = [essd=st Semd s
1 I

IUDT 60T LAV TUTW O TUDTW LUV LUty Ut 20V 00 2000 ADTL L'l WOUL IUDTL LeDTL L4UtL LLUrL uoe AWUY LSO BRUTW 20T 00T WOYW U SDTW a0t i 40°L 0 A0°L WL WOUL Iuu'L 0L LAl IebtL dwu

[ T e B — [/ — S —
0.1 0.2 0.4 0.8 1.2 2.5 5.0 9.0 0.1 0.2 0.4 0.8 1.2 2.5 5.0 9.0

Plots Cenerated Saturday 2 April 2011 16UTCNRL/Menterey Aerosc| Modeling
GECE 5 mwdel oulpul produced by NASA Global Medoling gndéss milaaon OThes

GEOS-5 MACC

Plols Generelad Salurday 2 Apnl 2011 18UTCNR /Monlercy Acrosel Modehing

an

Ea )



Friday 01 April 2011 00UTC MASINGAR Forecast t+006 VT: Friday 01 April 2011 00UTC

Fridzy 1 April 2011 00UTC NAAPS Forecast £+006 Sulrate Aeroscl Optical Depth at 550nm
Fridzsy 1 April 2011 06UTC Valid Time
Sulfatc Acrosol Optical Depth at 550nm ey WA WTW ST oW WA W VA W - E am o ol e T e 2] e
W _%_ + i H b H SN 2 I - ] o,
B T T — s Fem
- — = . i = . - i - = = = e B
[ = ~ -‘%tk R 1_/‘ “ws e . ) o M | T S il o4 o H - "
AN ':},,- |2 = H il Z 3N etl i L By L P 2] €l it
] \l 3 "\P' Ao % B_‘ L3 o 'i‘ 1
i 1 | . e Jﬁ‘ S ooy I s S o k=
10N ! ',;i-- % s = "’{y‘; AN «n ¥ A = o
5 | ST k F L I
| el y ] A A S ,
20°N = _‘___\ ‘L‘ - ; 20°N o T ”5-ﬁ‘a 4 - T Y Yol 2
i i ﬂ.\_\“ i \ . = "h&r«'f -, K( e & [~
i | - s e I L N R O . I Y - 4 & B
S I EE R S s S B B o e ‘ == Sl N S T :
. i i " i _‘( i i T’fl l w2 A L o TN 09
] I I R R o oS B L B R () - N B - Vs iz T
i i i i v i i T i i ‘;_*_, - i J Y R Y
. | | [ 5 1 1 Sy e - | I | o .
e . + G.’ . . R e s e - {*Z v A
| | 1 ] 1 1} I N "
1 ] 1 1 1] 1] ]
ws ——---i- ------- +--—---— e e e e N S E O N NI —_— —— S—— N——— we - a2
| ] “/1 P S Y W AT T e J«1" P I PR __’..--—"--'\- R i
! ~ s —h N e = PR SR, - £t = =
~ e = o - —— -
1 1 1 1 1
AT IENCW 1SA7W TIDW IADW SNV ENSY 400W 2DPWY (P POPF ADPF FNSE ANOF IND'F 1IDCF 14NSF 130°F 18D 13 BN MYW 1XYW 1w A KW 4N X < B wE s WE L= P -
I ]
0.1 02 0.4 08 12 25 5.0 9.0 2 22 x o 2 s 50 El=
Blats Generated Saturday 2 April 2077 16U1CNRL Monterey Aerasal Modeling
e MRI/JMA MASINGAR
Friday 1 April 2011 00UTC GEOS 5 Forecast t+006 Friday 1 April 2011 0OUTC MACC Forecast t+006
Friday 1 April 2011 06UTC Valid Time Friday 1 April 2011 06UTC Valid Time
Sulfatc Acrosol Optical Depth at 550nm Sulfate Acrosol Optical Depth at 550nm
wN SN SN - ==y — wn
AO°N AN SN FNEN
40°N 19°N 1°N 10N
20°N 20°N 20°N 0N
R e e e L i T et ¥ i3 v
i
1
i
[FITL ESENEINE SR SO S M, (5255 5 S — 4 i s U
1 | . - 1
| | | |
ancs E i / E E } a0 40°5 ancs
| i & i i |
F5-J) S E— -i---—-------—-l; -------- JRSRNEPR NS AN SRR SU U SN S S— 60°S €0°s
! NN gt P R, e Y -
s i e = BN W ws
JUD® 10UT 0 L3U YN 12 DTW O TUDTW LUSOY LUty oty oW o 20°L A0°L WL WUL IuDTL 1LDTL L4utL LLUtL aube AWMU LD BAUDTW 20T 00T UOTW BT S00WE 20t ¥ L0°L A0°L WL WOUL uutL 20l L3000 IeDtL dwu

[ e B e
0.1 0.2 0.4 0.8 12 2.5 5.0 9.0 0.1 0.2 0.4 0.8 1.2 2.5 5.0 9.0

Plots Cenerated Thursday 5 May 2011 14UTCHRL/Monteray ae-osol Moceling
GECE 5 mwdcl oulpul produczed by NASA Global Medaling anddss malanon Ol

GEOS-5 MACC

Plols Generelaed Salurday 2 Apnl 2011 1SUTCNRGMonlercy Acrosc! Modehing



Friday 01 April 2011 00UTC MASINGAR Forecast t+006 VT: Friday 01 April 2011 00UTC

Fridzy 1 April 2011 00UTC NAAPS Forecast £+006 SeaSalt Aerosol Optical Depth at 550nm
Fridzy 1 April 2011 06UTC Valid Time
SeaSalt Acrosol Optical Depth at 550nm e WUA WY ATV 10w NYA W YA T - v am v Ll e T e 2] e
wN + ' e i —g— 4 H SN
[ 0TS = F P = B
e 2 S P (,::‘;,avv- : S
AN S e =1 S| 4 ﬁz‘;.lbl-- —e—-1— T e e R
"I . R ?— , - n
r . ¢ g -~ 7
10°N % ______‘_‘_l__?g.- <7 = ""p‘;\acea-- }_{ S — 10°N
e % A S [ Dot 2
2008 - i’t'~ L | £ Y T e 1 -
R VP S RGN ‘
! ;W \ & | ALY [) %
, il =~y i fn L A v&
T BN N S T
Y A AN B T . 0 T 0 77 26 S B Tehy ||,
T B VR (7 T
H 3 . [ _
o S i R i et B IO e, SO N PP
IR | 1 o i i 1 i “ 1 w -
: A * » ! e N e
ws ——--.-i- ------- +-- e . i T T B - A S S P
i v i 1 W T g A LAt Lot o N
! — gt —h® § P —
fnes —T‘l’-"'__'- % :TL —_— So=f aps
1 1 1
G0 IENCW 1SA7N 1ZDW INDPW ENSWY FNSWY 400W 2PWY P PDPF SOPF  FNSE ANOF IND'F 13D'F 4NCF 130°F 18D 190 BN MW 1XYW 10w A KW 4AYA W < - YE e WE  I0E  1E INE KE 1%
N I I —
0.1 0.2 0.4 0.8 1.2 2.5 5.0 9.0 > 22 0 as 2 s o %0

Plate Gensrated Saturday 2 April 2077 16U1CNRLMonterey Aerascl Modeling

HGT OITICIAL FHMGC NAAPS RUN NAAPS S e q s q III' MRI/JUJMA MASINGAR

Friday 1 April 2011 00UTC GEOS 5 Forecast t+006 Friday 1 April 2011 00UTC MACC Forecast t+006
Fridzy 1 April 2011 06UTC Valid Time Friday 1 April 2011 O6UTC Valid Time
Seaszlt Aerosol Optical Depth at 550nm SeaSalt Acrosol Opticzl Depth at 550nm
(LR} XN JrN + ‘—’-ﬁ— w'n
AN = [EUO 3N = enen
10°N 10°N DN 10N
20°N 20°N 20°N 30N
v ¥ o v
s 200 s s
anes a0 40°5, anss
€055 50°S 60°S €055
w s s wrs ws
. I
JUD® 10UTW L3012 DTW O TUDTW LLSOY Lty oty oW o 20°L A0°L WL WtL O IUDTL 1.DTL L8uUtL LLUtL Jube AMUY LLUUA BADTW L2000 00T UOTW BRUTYY 30CW a0 ¥ 40°L AD°L WL WOUL uutL 20l L30UL IeDtL dwu

[ [ I B ee—
0.1 0.2 0.4 0.8 1.2 2.5 5.0 9.0 0.1 0.2 0.4 0.8 1.2 2.5 5.0 9.0

Plots Cenerated Thursday 5 May 2011 14UTCHRL/Monteray ae-osol Moceling
GECE 5 mwdel oulpul produced by NASA Global Medoling gndass milaaon OThes

GEOS-5 MACC

Mols Genereled Salurday 2 Apnl 2011 1SUTCNRMonlercy Acrasel Modehng



V'

105

w's

fnes

TED IENSW 1407 ITDCW INDYW FNENY FNSOY 400w 200W o

V'

€055

s

IUDT 60T LAV TUTW O TUDTW LU Lty auty Qotwe o

Fridzy 1 April 2011 00UTC NAAPS Forecast £+006
Fridzy 1 April 2011 06UTC Valid Time
Total Acrosol Optical Depth at 550nm

JrN

SN

10N

{ 20°N

3| s
200

3rs

20°F  SD°F FNSF AO°F IND'F 1Z20°F T4N°F 150°F 18D°

0.1 0.2 0.4 0.8 1.2

Plats Gensrated Saturday 2 april 2077
NCT CITICIAL TNMOC NAARS RUN

NAAPS

Friday 1 April 2011 00UTC GEOS 5 Forecast t+006
Fridzy 1 April 2011 06UTC Valid Time
Total Acrosol Optical Depth at 550nm

2.5 5.0 9.0

16UICNRL Monterey Aerasal Modeling

Total

i i
e = m e i o et .4
H ’ Y

)
1 & ' K ".' 15 a0
=y b . - . 50'S
i~ “ =l i = ‘
e o I | P |
T L e et . H H + + uy

0.1 0.2

0.4 0.8 12

20°L A0°L WL WOUL IUDTL LLDTL L4UL LLUUL aube

2.5 5.0 9.0

Plots Cenerated Thursday 5 *ay 2011 14UTCHRL/Manteray ae-osol Moceling
GECE 5 mwdcl oulpul produced by NASA Global Medaoling end&ss milauon Olhes

GEOS-5

Friday 01 April 2011 00UTC MASINGAR Forecast t+006 VT: Friday 01 April 2011 00UTC
Total Aeroscl Optical Depth at 550nm

"y WA WMYW AT 10w YA

0 l .
i a

[ S b e = = - T
: o
-
19 L 221N 14wy 125w 100w N v AN xw < e wE L e o' 12X's e s 190
[ e I ]
2 22 M o 2 s 50 20
Friday 1 April 2011 00UTC MACC Forecast t+006
Friday 1 April 2011 O6UTC Valid Time
Tota! Acrosol Qptical Depth a3t 550nm
SN i S i e
SN il fnen
AN 10N
20°N 30N
o w
s s
4005 ants
60°S €055
wrs q s

AWUY LSO BRUTW 20T 00T WOYW U SDTW a0t i 40°L 0 A0°L WL WML IuUtL 0L lACUL IuDtL awur

0.1 0.2 0.4 0.8 1.2 2.5 5.0 9.0

Plols Generelad Salurday 2 Apnl 2011 1SUTCNR /Monlercy Acrosel Modehing

MACC



