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Overview

Application-centric viewpoint of ensemble-based data assimilation

 Example of high-dimensional data assimilation application
 Methods
 Computational challenges
 Software 
 Open points
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High-dimensional 
Data Assimilation Application
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Model:  NEMO-ERGOM

Operational configuration of Copernicus Marine 
Forecasting Center for Baltic Sea (BAL-MFC)

 Model setup
 Ocean model NEMO
 Coupled to ecosystem/carbon model ERGOM
 1.8 km resolution, 56 layers
 Time step 90 sec
 192 processes on compute cluster

pCO2

TA DIC

pH

CO2

Carbonate
System

Ecosystem 
(biogeochemistry)
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NEMO-ERGOM Coupled Data Assimilation

Ensemble States
 5 physics variables
 20 ecosystem variables
 State vector dimension: 704 . 106

Assimilation setup
 ensemble Kalman filter LESTKF
 ensemble size: 30
 Daily assimilation for 1 year

 Observation data: 
surface temperature and chlorophyll concentration

 Localization: 20 km, Gaspari/Cohn function
 186 x 30 = 5580 processors on compute cluster
 12 days computing time
 Output approx. 900 GB (after compression)

Costly to run, store 
and analyze outputs

This work has received funding from the European Union’s Horizon 2020 
research and innovation programme under grant agreement No 101004032.



6 Nerger – High-dimensional ensemble DA in Geosciences

Observations

Sea Surface Temperature
 Level 3 data from Copernicus Marine service (CMEMS)
 resolution 0.02o

 available daily
 No data in cloudy regions
 Number of observations: 17,000 – ~150,000
 observation error for DA: 0.8 oC

(provided error fields not fully realistic)

Chlorophyll
 Level 3 data from CMEMS
 separate data products for North Sea and Baltic Sea
 resolution 1 km
 available daily
 No data in cloudy regions
 Number of observations: 0 – ~500,000
 observation error: relative error of 0.3
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Methods

Ensemble-based data assimilation

Estimation by joining model and observational data



8 Nerger – High-dimensional ensemble DA in Geosciences

Uncertainty Estimates

Dynamic ensembles provide uncertainties (and covariances) for each day

Temperature on 2015-04-01
Standard deviation

Chlorophyll on 2015-04-01
Standard deviation
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• Represent state and its error by ensemble      of states
(use ensemble perturbation matrix                            ) 

• Forecast:
• Integrate ensemble size      with numerical model

• Analysis step:
• update ensemble mean

• update ensemble perturbations

(both can be combined in a single step)

• Ensemble Kalman & nonlinear filters: Different definitions of

• weight vector          (dimension     )

• Transform matrix          (dimension                )

Linear and Nonlinear Ensemble Filters

X

w̃

W

xa = xf +X0f w̃

X0a = X0fW

N

N
N ⇥N

<latexit sha1_base64="Na2Wm/2mTzUk6m45QfuJALYxDhI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi6dSwX5gG8pmu2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWeqyTHoqIG1Lvlytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6mido2fzS+ekjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsfTIQmjOUE0so08LeStiIasrQhlSyIXjLL6+S1kXVs/z+slK7yeMowgmcwjl4cAU1uIMGNIGBgmd4hTfHOC/Ou/OxaC04+cwx/IHz+QOgWZA4</latexit><latexit sha1_base64="Na2Wm/2mTzUk6m45QfuJALYxDhI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi6dSwX5gG8pmu2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWeqyTHoqIG1Lvlytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6mido2fzS+ekjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsfTIQmjOUE0so08LeStiIasrQhlSyIXjLL6+S1kXVs/z+slK7yeMowgmcwjl4cAU1uIMGNIGBgmd4hTfHOC/Ou/OxaC04+cwx/IHz+QOgWZA4</latexit><latexit sha1_base64="Na2Wm/2mTzUk6m45QfuJALYxDhI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi6dSwX5gG8pmu2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWeqyTHoqIG1Lvlytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6mido2fzS+ekjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsfTIQmjOUE0so08LeStiIasrQhlSyIXjLL6+S1kXVs/z+slK7yeMowgmcwjl4cAU1uIMGNIGBgmd4hTfHOC/Ou/OxaC04+cwx/IHz+QOgWZA4</latexit><latexit sha1_base64="Na2Wm/2mTzUk6m45QfuJALYxDhI=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi6dSwX5gG8pmu2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDvz209cGxGrB5wk3I/oUIlQMIpWeqyTHoqIG1Lvlytu1Z2DrBIvJxXI0eiXv3qDmKURV8gkNabruQn6GdUomOTTUi81PKFsTIe8a6mido2fzS+ekjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J47WdCJSlyxRaLwlQSjMnsfTIQmjOUE0so08LeStiIasrQhlSyIXjLL6+S1kXVs/z+slK7yeMowgmcwjl4cAU1uIMGNIGBgmd4hTfHOC/Ou/OxaC04+cwx/IHz+QOgWZA4</latexit>

X
0
= X� X̄

Dimension of correction
(error) space :

-1NN
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 Ensemble Transform Kalman filter 
 Assume Gaussian distributions
 Transform matrix

 Mean update weight vector 

(depends linearly on observation vector y)

ETKF (Bishop et al., 2001)

A
�1 = (m� 1)I+ (HX

0f )TR�1
HX

0f

w̃ = A(HX
0f )TR�1

⇣
y �Hxf

⌘

N

⇤

 Transformation of ensemble perturbations

: mean-preserving random matrix or identity

<latexit sha1_base64="APmw4G+c5BIqeAfmAjmH0OeC7GI="></latexit>

W =
p
N � 1 A1/2⇤

Note: W depends only on R, not observation y

Algorithm designed
for maximum 

computational efficiency

Excellent parallelization
possibility when combined

with localization

Linear filter:
 Gaussian distributions assumed

 Linear in effect of w̃ = A(HX
0f )TR�1

⇣
y �Hxf

⌘
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 Nonlinear Ensemble Transform Filter
 Mean update from Particle Filter weights: 

for Gaussian observation errors for all particles i

NETF (Tödter & Ahrens, 2015)

w̃i ⇠ exp
⇣
�0.5(y �Hx

f
i )

T
R

�1(y �Hx
f
i )
⌘

Tödter, J. and Ahrens, B. (2015) Mon. Wea. Rev. 143,1347–1367

(nonlinear function of observations y)  

 Ensemble update 
 Transform ensemble to fulfill analysis covariance

(like ETKF, but not assuming Gaussianity)
 Derivation gives

(    : mean-preserving random matrix; useful for stability)

W =
p
m

⇥
diag(w̃)� w̃w̃T

⇤1/2
⇤

p
N

⇤

NETF is a second-order exact particle filter

Similar computational 
efficiency as ETKF

Excellent parallelization 
possibility when combined 

with localization 

Nonlinear filter:
 No assumption of 

Gaussian distributions
 Nonlinear inw̃ = A(HX
0f )TR�1

⇣
y �Hxf

⌘
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ETKF-NETF – Hybrid Filter Variants

• 𝛾: hybrid weight (between 0 and 1; 1 for fully ETKF)

2-step updates
Variant 1 (HNK): NETF followed by ETKF

• Both steps computed with increased R according to 𝛾

Variant 2 (HKN): ETKF followed by NETF

X̃a

HNK
= Xa

NETF
[Xf , (1� �)R�1]

Xa

HNK
= Xa

ETKF
[X̃a

HNK
, �R�1]

Factorize the likelihood:
(‘tempering’) 

<latexit sha1_base64="+6BrG4ns8WqSmyduvYFDRBnzock=">AAACUnicfVLLSgMxFM3UV61VR126CRahXVhmRFQEoeDGZQX7gE4tmTTTBpPMkGTEYZxfdKMb/8OVoJg+BG3VC4GTc84lNyfxI0aVdpwXK7ewuLS8kl8trBXXNzbtre2mCmOJSQOHLJRtHynCqCANTTUj7UgSxH1GWv7txUhv3RGpaCiudRKRLkcDQQOKkTZUzx5GZY8jPfSDNMngA/za3GcVeA7/Fm9Sb4A4R9m/nrJ7MLFVsp5dcqrOuOA8cKegBKZV79lPXj/EMSdCY4aU6rhOpLspkppiRrKCFysSIXyLBqRjoECcqG46TiSD+4bpwyCUZgkNx+z3jhRxpRLuG+doXjWrjcjftE6sg9NuSkUUayLw5KAgZlCHcBQv7FNJsGaJAQhLamaFeIgkwto8QqFgUnBn7zwPmodV97jqXh2VamfTPPJgF+yBMnDBCaiBS1AHDYDBI3gF7+DDerbecuaXTKw5a9qzA35UrvgJer+0cA==</latexit>

p(y|x) = p(y|x)�p(y|x)(1��)

Nerger, L. (2022) Q. J. R. Meteorol. Soc., 148, 620-640 doi:10.1002/qj.4221

Related methods: 
Frei/Kuensch (2013) 
Chustagulprom et al. (2016)
Robert et al. (2018)
Grooms/Robinson (2021)
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Choosing hybrid weight 𝜸 

 Hybrid weight shifts filter behavior

Some possibilities:
 Fixed value
 Adaptive - According to which condition?

 Frei & Kuensch (2013) suggested
using effective sample size 

 : Choose 𝛾 so that is as small as possible but 
above minimum limit 𝛼 (done iteratively)

 Adaptive alternative 

(close to 1 if           small; no iterations)

Neff

Neff

<latexit sha1_base64="zqO/73v4hQu93abb1jX87rPf3KE=">AAACCnicbVDLSsNAFJ3UV42vqEs3g0Wom5IUURGEghtXUsE+oEnLZDpph04mYWailJCtKz/FlaAgbv0DV/6N0zYLbT1w4XDOvdx7jx8zKpVtfxuFpeWV1bXiurmxubW9Y+3uNWWUCEwaOGKRaPtIEkY5aSiqGGnHgqDQZ6Tlj64mfuueCEkjfqfGMfFCNOA0oBgpLfUseNNLSRBk8BK6MgmhGwiEUydLyw9detytZj2rZFfsKeAicXJSAjnqPevL7Uc4CQlXmCEpO44dKy9FQlHMSGa6iSQxwiM0IB1NOQqJ9NLpJxk80kofBpHQxRWcqr8nUhRKOQ593RkiNZTz3kT8z+skKjj3UsrjRBGOZ4uChEEVwUkssE8FwYqNNUFYUH0rxEOks1A6PNPUKTjzPy+SZrXinFac25NS7SLPowgOwCEoAwecgRq4BnXQABg8gmfwCt6MJ+PFeDc+Zq0FI5/ZB39gfP4AnJKZVQ==</latexit>

Neff =
X 1

(wi)2
(Usual choice for ’tempering’)

Issue: Using
 only ensures 

non-collapsing ensemble
 does not ensure 

good analysis result
 Experimentally no obvious 

relation between Neff and 𝛾

<latexit sha1_base64="kOsJ8iaY+xgWiMUHesCZn4JmeLM=">AAAB73icdVDJSgNBEK2JWxy3qEcvjUHwNMwE0eAp4MWTRDALJEPo6dQkTXoWu3uEMOQjPAkK4tXv8eTf2FmEKPqg6cd7VVTVC1LBlXbdT6uwsrq2vlHctLe2d3b3SvsHTZVkkmGDJSKR7YAqFDzGhuZaYDuVSKNAYCsYXU391gNKxZP4To9T9CM6iHnIGdVGat30cgzDSa9Udp2KOwVZItU58ZzZ75ZhgXqv9NHtJyyLMNZMUKU6nptqP6dScyZwYnczhSllIzrAjqExjVD5+WzdCTkxSp+EiTQv1mSmLnfkNFJqHAWmMqJ6qH57U/Evr5PpsOrnPE4zjTGbDwozQXRCpreTPpfItBgbQpnkZlfChlRSpk1Ctm1S+D6V/E+aFcc7d7zbs3LtcpFHEY7gGE7BgwuowTXUoQEMRvAIz/Bi3VtP1qv1Ni8tWIueQ/gB6/0L+JaPsA==</latexit>

Neff

<latexit sha1_base64="bhEjeTxbsOoy6XawZcqDoRcMUe8=">AAAB9XicdVDLSsNAFJ3UV42vqks3g0VwFZIiWlwV3LisYB/QhHIznbRDZ5I4M1FK6He4EhTErR/jyr9x0laoogcu93DOvcydE6acKe26n1ZpZXVtfaO8aW9t7+zuVfYP2irJJKEtkvBEdkNQlLOYtjTTnHZTSUGEnHbC8VXhd+6pVCyJb/UkpYGAYcwiRkAbKfCHIAT0feDpCPqVquvU3AJ4idTnxHNm3a2iBZr9yoc/SEgmaKwJB6V6npvqIAepGeF0avuZoimQMQxpz9AYBFVBPjt6ik+MMsBRIk3FGs/U5Y0chFITEZpJAXqkfnuF+JfXy3RUD3IWp5mmMZk/FGUc6wQXCeABk5RoPjEEiGTmVkxGIIFok5NtmxS+v4r/J+2a45073s1ZtXG5yKOMjtAxOkUeukANdI2aqIUIukOP6Bm9WA/Wk/Vqvc1HS9Zi5xD9gPX+BWeckjY=</latexit>�↵

<latexit sha1_base64="gvNtL7+ggXsBPftFThmiOESCupY=">AAACEHicdVDLSgMxFM3UV62vqks3waK4scwU0SIIBTeupIJ9QFuGTHqnDU1mhiQjlGH+wJWf4kpQELduXfk3ZtoKVfRAyOGce29yjxdxprRtf1q5hcWl5ZX8amFtfWNzq7i901RhLCk0aMhD2faIAs4CaGimObQjCUR4HFre6DLzW3cgFQuDWz2OoCfIIGA+o0QbyS0edgdECOImZkCKL7CDj3HXl4Qm124Cvp+mhkDqFkt2uWJnwHOkOiVOeXLbJTRD3S1+dPshjQUEmnKiVMexI91LiNSMckgL3VhBROiIDKBjaEAEqF4y2SfFB0bpYz+U5gQaT9T5joQIpcbCM5WC6KH67WXiX14n1n61l7AgijUEdPqQH3OsQ5yFg/tMAtV8bAihkpm/YjokJg1tIiwUTArfq+L/SbNSdk7Lzs1JqXY+yyOP9tA+OkIOOkM1dIXqqIEoukeP6Bm9WA/Wk/VqvU1Lc9asZxf9gPX+Ba7anCU=</latexit>

�lin = 1� Neff

Ne



14 Nerger – High-dimensional ensemble DA in Geosciences

0 10 20 30 40 50 60 70 80
0

2

4

6

8

10
Absolute errors

forecast
=1.0
=0.8

0 10 20 30 40 50 60 70 80
0

2

4

6

8

10
Effective sample size

Neff

Effect of hybrid weight 𝛾

 Lorenz-96 model, size 80
 Examine single analysis step

1. Run 33 analysis steps with 𝛾=1 (LETKF)
2. Run analysis step 34 with one of

a) 𝛾=1
b) 𝛾=0.8

3. Examine Neff and analysis errors

No obvious relation 
between Neff and 𝛾!
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Additional experiment:
c) Adjust 𝛾 at each grid point to get 

minimum error
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Account for non-Gaussianity: Skewness and Kurtosis

 Mean – 1st moment
 Variance – 2nd moment
 Skewness – 3rd moment

 Kurtosis – 4th moment

<latexit sha1_base64="opUh1gEaBf5FX+muWInFs/CPea0="></latexit>

skew =
1
Ne

PNe

i=1

�
xi � x

�3
h

1
(Ne�1)

PNe

i=1 (x
i � x)2

i3/2

<latexit sha1_base64="2ZXqcQqvbXxM0hdRfMKQ8H+tzCs="></latexit>

kurt =
1
Ne

PNe

i=1

�
xi � x

�4
h

1
(Ne)

PNe

i=1 (x
i � x)2

i2 � 3

 Skewness and kurtosis 
 generally not bounded

➜ but limits depend on ensemble size
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Asymptotic properties of skewness and kurtosis

 Bounds of skewness and kurtosis depend on ensemble size
 Assess extreme cases

a-d a a+d

i
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Using skewness and kurtosis to define hybrid weight 𝜸 

 Sampling errors are larger in NETF than ETKF 
➜ Always use ETKF for Gaussian (linear) cases

 Skewness and kurtosis describe deviation from Gaussianity

 mean absolute skewness (    ) and kurtosis (     ) of observed ensemble
(with localization: use locally assimilated observations)

 Use normalized means:<latexit sha1_base64="3fVO9qG48sewJZNnn3lLyZMCUUk=">AAACDHicbVBNS8NAEN34WeNX1KOXpUXwVBIRFUEoePFYwX5AU8pku2mXbjZxdyOUkLsnf4onQUG8+gc8+W/ctjlo64OBx3szzMwLEs6Udt1va2l5ZXVtvbRhb25t7+w6e/tNFaeS0AaJeSzbASjKmaANzTSn7URSiAJOW8HoeuK3HqhULBZ3epzQbgQDwUJGQBup55RFBApfYT+UQDIvz3x1L3XmjyBJIM+xcXtOxa26U+BF4hWkggrUe86X349JGlGhCQelOp6b6G4GUjPCaW77qaIJkBEMaMdQARFV3Wz6S46PjNLHYSxNCY2n6u+JDCKlxlFgOiPQQzXvTcT/vE6qw4tuxkSSairIbFGYcqxjPAkG95mkRPOxIUAkM7diMgSTijbx2bZJwZv/eZE0T6reWdW7Pa3ULos8SugQldEx8tA5qqEbVEcNRNAjekav6M16sl6sd+tj1rpkFTMH6A+szx/K8ps6</latexit>

nmas =
1p

mas

<latexit sha1_base64="3QafMf7kCXHNz45sl7DA0DpqJog=">AAACB3icbVDLSgNBEJyNrxhfUY8iDAbBU9gVURGEgBePEcwDkiX0TmaTYWdnh5lZISx78uSneBIUxKvf4Mm/cfI4aGJBQ1HVTXdXIDnTxnW/ncLS8srqWnG9tLG5tb1T3t1r6iRVhDZIwhPVDkBTzgRtGGY4bUtFIQ44bQXRzdhvPVClWSLuzUhSP4aBYCEjYKzUKx+KGCJ8jbuhApJ5eZZ1I5AS8hxbo1euuFV3ArxIvBmpoBnqvfJXt5+QNKbCEA5adzxXGj8DZRjhNC91U00lkAgGtGOpgJhqP5u8keNjq/RxmChbwuCJ+nsig1jrURzYzhjMUM97Y/E/r5Oa8NLPmJCpoYJMF4UpxybB40xwnylKDB9ZAkQxeysmQ7CBGJtcqWRT8OZ/XiTN06p3XvXuziq1q1keRXSAjtAJ8tAFqqFbVEcNRNAjekav6M15cl6cd+dj2lpwZjP76A+czx92rZjS</latexit>

nmak =
1


mak

Now define

Note: There are sampling errors, e.g. for skewness
➜ For Ne=25: ~10% error in 

standard value:
<latexit sha1_base64="wufgIVH6K3hd7INAJC3BCECHROA=">AAAB9HicdVDLSgMxFM3UV62vqks3wSK4GjLtdCyCUHDjSirYB7SlZNK0Dc1kQpIplKG/4UpQELf+jCv/xvQhqOiBC4dz7uXee0LJmTYIfTiZtfWNza3sdm5nd2//IH941NBxogitk5jHqhViTTkTtG6Y4bQlFcVRyGkzHF/P/eaEKs1icW+mknYjPBRswAg2Vup0xlhKDK/gbY/28gXkBigolcoQucj3K4E/J+Ui8orQc9ECBbBCrZd/7/RjkkRUGMKx1m0PSdNNsTKMcDrLdRJNJSZjPKRtSwWOqO6mi5tn8MwqfTiIlS1h4EL9PpHiSOtpFNrOCJuR/u3Nxb+8dmIGlW7KhEwMFWS5aJBwaGI4DwD2maLE8KklmChmb4VkhBUmxsaUy9kUvl6F/5NG0fUC17vzC9XLVR5ZcAJOwTnwwAWoghtQA3VAgAQP4Ak8OxPn0XlxXpetGWc1cwx+wHn7BL4+kTM=</latexit>

 = Ne

<latexit sha1_base64="pEcaPstq75Ec7RGxGklIMDzq1nY=">AAAB/HicdVDLSsNAFJ3UV62vWJduBovgQkJSRIurghuXFewD2lBuppN26EwSZiZiCfVTXAkK4tYfceXfOGkrVNEDl3s4517mzgkSzpR23U+rsLK6tr5R3Cxtbe/s7tn75ZaKU0lok8Q8lp0AFOUsok3NNKedRFIQAaftYHyV++07KhWLo1s9SagvYBixkBHQRurb5d4QhIB+psanPeDJCKZ9u+I6VTcHXiK1OfGcWXcraIFG3/7oDWKSChppwkGprucm2s9AakY4nZZ6qaIJkDEMadfQCARVfja7fYqPjTLAYSxNRRrP1OWNDIRSExGYSQF6pH57ufiX1011WPMzFiWpphGZPxSmHOsY50HgAZOUaD4xBIhk5lZMRiCBaBNXqWRS+P4q/p+0qo537ng3Z5X65SKPIjpER+gEeegC1dE1aqAmIugePaJn9GI9WE/Wq/U2Hy1Yi50D9APW+xfDlZSb</latexit>�sk,↵
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Test with Lorenz-96 model

Ensemble size 15; Forecast length: 8 time steps; 20 observations
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Strongly nonlinear DA setting

• Show RMS errors as function 
of inflation (forgetting factor 
or 𝛼) and localization radius

• Smallest errors: Hybrid HNK
(10% error reduction)

➜ hybrid filter able to utlize 
non-Gaussian information

• Other hybrid variants also 
improve the state estimate

RMSE: LETKF

hybrid HNK hybrid HKN

RMSE: LNETF

min=1.606 min=1.754

min=1.447 min=1.599
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Assimilation using rule

Effect of hybrid filter in high-dimensional application

RMS deviation for log-Chlorophyll

<latexit sha1_base64="pEcaPstq75Ec7RGxGklIMDzq1nY=">AAAB/HicdVDLSsNAFJ3UV62vWJduBovgQkJSRIurghuXFewD2lBuppN26EwSZiZiCfVTXAkK4tYfceXfOGkrVNEDl3s4517mzgkSzpR23U+rsLK6tr5R3Cxtbe/s7tn75ZaKU0lok8Q8lp0AFOUsok3NNKedRFIQAaftYHyV++07KhWLo1s9SagvYBixkBHQRurb5d4QhIB+psanPeDJCKZ9u+I6VTcHXiK1OfGcWXcraIFG3/7oDWKSChppwkGprucm2s9AakY4nZZ6qaIJkDEMadfQCARVfja7fYqPjTLAYSxNRRrP1OWNDIRSExGYSQF6pH57ufiX1011WPMzFiWpphGZPxSmHOsY50HgAZOUaD4xBIhk5lZMRiCBaBNXqWRS+P4q/p+0qo537ng3Z5X65SKPIjpER+gEeegC1dE1aqAmIugePaJn9GI9WE/Wq/U2Hy1Yi50D9APW+xfDlZSb</latexit>�sk,↵

Stronger assimilation effect 
of LKNETF

We still don’t know optimal 
choice of rule for 𝛾

Only assimilate chlorophyll 
observations
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Computational challenges
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Computing challenges and features

High-dimensional models
 Costly to compute
 Large amount of output data
 Large size of state vectors

 Containing all relevant model fields
 Usually distributed due to parallelization

Ensemble-based data assimilation
 Multiply computing cost (parallel or sequential) 
 Full ensemble output would multiply amount of output data

 Usually only write ensemble mean and variance
 Computing time of model dominates over assimilation method
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Software
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A unified tool for interdisciplinary data assimilation …
 a program library for data assimilation
 provide support for parallel ensemble forecasts
 provide assimilation methods – fully-implemented & parallelized 
 provide tools for observation handling and for diagnostics
 easily useable with (probably) any numerical model

(coupled to with range of models)
 run from laptops to supercomputers (Fortran, MPI & OpenMP)
 Usable for real assimilation applications and to study assimilation methods
 ensure separation of concerns (model – DA method – observations – covariances)

Open source: 
Documentation and tutorial at 

http://pdaf.awi.de

github.com/PDAF

PDAF: Parallel Data Assimilation Framework

Python interface:
https://github.com/yumengch/pyPDAF
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Couple a model with PDAF
 Modify model to simulate 

ensemble of model states
 Insert analysis step/solver to be 

executed at prescribed interval
 Run model as usual, but with 

more processors and additional 
options

 EnOI and 3D-Var also possible:
 Evolve single model state
 Prescribe ensemble 

perturbations or covariance

Forecast 1

Forecast 2

Forecast 40

Observation

... ...

Analysis step in 
between time steps

Initialize 
ensemble

Ensemble 
forecast

Single program

Analysis
(EnKF)

Update fields 
for next forecast

Online-Coupling – Assimilation-enabled Model
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Open Points
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Open points

Characteristics of problem 
– merging observations and models in Geosciences

 Observations 
 High count – O(105 - 107)
 Only a few of the model variables
 Incomplete spatial and temporal coverage
 Significant errors (measurement and representation)

 Models
 Large state vectors – (106 - 109)
 Costly to run
 ‘balances’
 Limited previous model runs available
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Open points – linkage a ‘modern’ ML methods

Potential for improvements with novel ML methods

Reduce execution time
 Dominated by model!
 Faster DA method of little help

Reduce time to tune method
 Tuning required and costly

Improve estimates
 Avoid assumptions on distributions (or avoid distributions)
 Avoid sampling errors
 Ensure small state changes to avoid disturbing ‘balances’

Surrogates might help, but
 Costly to build
 Unclear if sufficiently representative

(need current representation of error)

Do pre-trained neural networks help?



28 Nerger – High-dimensional ensemble DA in Geosciences

Summary

 High-dimensional application in geosciences
 Costly to compute & large amount of outputs
 Incompletely observed and with significant errors

 Current standard method basing on optimization or estimation
 suffer from sampling errors and costly tuning

 Potential of new methods
 reduce computing time 
 Reduce tuning effort
 Improve estimates

Lars.Nerger@awi.de


