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Ensemble-4DVar

Standard 4D-Var optimisation minimizes cost function:

J@x) = =2 (x = x)TB7H(x = x) — 5 (y — HX)T R™1(y — Hx)
The x, that minimizes J(x) depends on the background x, and observations y.
Ensemble-4DVar minimizes N times the cost function for perturbed input:

1 _ 1 _
J(x) = —E(x—xb + §x)TB ™ Y(x —x + 6x;) — E (y —Hx + 6y)T R"Y(y — Hx + 6v,)

with:
dx; ~ N(o,B), dy; ~ N(o,R), i=1,..,N
providing N different solutions x, ;

Not to be confused with "4D-Ensemble-Var" !
That describes the background covariance B using an ensemble ...
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Branches and documentation

Two code branches:
« TM5-4DVAR: ajs/cams-ch4_ens
« TM5-MP : qgjs/cams_ch4 _ens

In User-Guide of TM5-4DVAR,
chapter "Ensemble 4D-Var"

(not online on gitlab-pages, that holds
the user-guide from the master branch)
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Ensemble 4D-Var

Thi chapter describes the implementation of Ensemble-4D-Var, e.g. running a number of inversions in parallel. Each
ensemble member is an inversion similar to the base inversion, but uses:

« petrurbed prior emissions (drawn from the uncertainties specified for the emisisons);
« perturbed observations (drawn from the uncertainties specified for the observations).

The end result is a number of perturbed posterior emission estimates, from which statistics could be calculated.

Source packages

The following source packages are used for current implementation.
« TM5-4DVar inversion system.

Clone the ajs/cams-ch4 ens branch using:

mkdir TM5-4DVAR

cd TM5-4DVAR

git clone --branch=ajs/cams-ch4 ens git@ci.tno.nl:tm5/tm5-4dvar.git ajs/cams-ch4_
cd

« TM5-MP global transport model.
Clonse the ajs/cams-ch4 ens branch using:

mkdir TM5-MP

cd TM5-MP

git clone --branch=ajs/cams-ch4 ens git@ci.tno.nl:tm5/tm5-mp.git ajs/cams-ch4 en
(< (5

Example configuration

A configuration following the CAMS v25r2 configuration (period 1983-2025, produced in 2026).
See the latest technical description and the quality evaluation document for the v24r2 release:

« Description of the CH4 inversion production chain
« Evaluation and Quality Control document for observation-based CH4 flux estimates for the period 1983 -
2024

The confiauration settinas are available in:
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State perturbation

state correlation length scales
1 1 1 1 . main element sub element horizontal vertical temporal
State vector contains emission perturbation factors: Y DU P D e et
emission deviation values  wetlands 1 (lonlattime) 0 100% 500 km - 0
(semi-exponential)
rice 1 (lonlattime) O 100% 500 km - 0
GOGI' generate N state pertu rbations- biomass burning 1 (lonlattime) 0 100% 500 km - 0
other 1 (lonlattime) O 50% 500 km - 9.5 month
ox i~ N (O ,B )

From the pre-conditioner we have available
the covariance factorization:

E — El.-'ﬂ' BT_-"E

Draw normal distributed pre-conditioned state vectors:
W, ~ M[:D,I:}

then the transformed states have the required statistics:

Eii(vise) — Eaijrt exp (Vijt), Yije <0
L LW _
5xl- = Bl/2 W;

E’Ej,t (1 +7i54), Yije=0

(Same operation is used in the pre-conditioning) Expansion from state to emissions
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Observation representation perturbation

Generate N observation representation perturbations:
6y; ~ N(o,R)

NOTE: not just perturbation of measurements y, but perturbation of meas. minus model y - Hx!

Observation representation error R has contributions from:
« observation error:

« measurement error

« temporal sampling error
- model representation error:

- spatial sampling error Simensipns: — T
. id = 1488 ;
« temporal sampling error neber = 11
vaz.::-i..ables:
Implemer?tation: added array with doubTe mnerane il e |
perturbation factors to "point_input.nc4", dovble mixing_ratio_sror (1)
applied when computing gradient forcin i oAt et
pp p g g g Eergurﬁzlnn;_name]-: "perturhation factor ovt of MW(0,1) per ensemble member" ;
I
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Ensemble definition

Convention: "Always run ensemble, first member is unperturbed"
Special case: micro-ensemble of 1 member)

Definition of ensemble by member names and tracer names:

f ensemble names:

ens.members |l mO0 w0l m02 m03 m0d m05 m0e mO07 m08 m09 ml0

f ensemble tracer names:

ens.tracers : | CH4 |CH4 m01 CH4 m02 CH4 m03 CH4 mO4 CH4 m0S5 CH4 mO6 CH4 mO7 CH4 m02 CH4 m09 CH4 ml0

default member and tracer (unperturbed)
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Implementation in job-tree

tmvar
.5etup
.emis
L Covanr
.xb
.nmcle%___
|.be1
1.682 |
I.bB3 1
I I
.sensL _ . H H . H .
o o oo Parallelism in single inversion:
. Ad .
R  time parallel blocks (Pandey et al.)
.-Fw . . . . . .
.01 .b02 .b03 ... | « model simulations with domain decomposition
.dep
.b81 .b82 .bB3 ... |
.grd
.bB1 .b82 .bo3 ... |
.g2gC
.opt
CKC2X
apos
T B61T
be2 |
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Implementation in job-tree

tmvar

.5etup
.emis
L Covanr
.xb
-.ens
.mBg mBl mbZ mB3 mid mBS ...
.model
Lbe1l
BEZ] |
o3| |
" om I
R |
- 58ns]
.bel .be2 .be3 ... |
vardd
Jiter-B881
. Fd
|.be1l lbe2| [b@3| ... |
.dep -___-
|.be1| |bez| |be3 | ... |
.grd
[bo1] Joez | Jbes |... |
-g2gc¢
.m0 mél mB2 mB3 mBd mB5 ...
.opt
[ .mee mo1 me2 me3 me4 mes ...
LKC2X
.mBEd mBl mBZ2 mB3 mBd mB5 ...
.apos
| |BAL[
1 LhA2! |
1/.683]
I, |
| = .

Parallelism in single inversion:
 time parallel blocks (Pandey et al.)

» model simulations with domain decomposition
and multiple tracers (1 per ensemble member)

« ensemble member processed in parallel
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Ensemble simulation in TM5-MP

Changesin "chem param.F90"
tracer per ensemble member:

' ntrace: number of tracers for chemistry
integer, parameter :: ntrace = 11

integer, parameter 11 tracer_name_len
character(len=tracer_name_len), parameter i1 names(maxtrace)
'CH4 ',
'CH4 mol °
'CH4 m@2 °
'CH4 m@3
'CH4 mb4
'CH4 _m05
'CH4 _m06
'CH4 _m07
'CH4 m08
'CH4 m@9
'CH4 mle ° /

nn
oo

(/ &

This file is now generated from the settings
(similar as the "dims grid.F90"file...)

—P PR

names of ensemble members: mapping from ensemble members to tracers:

! ensemble size, incl. base: ! number of tracers per ensemble member:

integer, parameter

! member names:

character(len=8),

moo
'm0l
'mB2
'm03
'mo4
'mB5
'mo6
'mo7
'mo8
'm09
'ml1@

~

nens = 11 integer, parameter :: ens ntrace =1

| 1 i .
parameter 1 ens_name(nens) = (/ & ! mapping to tracer index:

& integer, parameter :: ens_itrace(nens,ens ntrace) = reshape( (/ &
& 1, &

& 2, &

& 3, &

& 4, &

& 5 &

& 6, &

E 7, &

g 8, &

) % , & — | | - B

11 /), (/nens,ens ntrace/) )



Prior and posterior uncertainties

Tested on coarse resolution (6x4 deg.) and short period (1 year), 1+10 members
« Basic checks: does prior ensemble have the correct statistics?

 relative std.dev: ok

 spatial correlation: ok

« temporal correlation: ok
« Example of emissions:
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1]

Monthly mean total emission [kg s

Monthly mean total emission [kg s™1]

Prior and posterior uncertainties

Drawing aggregated statistics from ensembles:

Monthly CH4 emission rate by source category

A priori £1 sample SD —8— A priori ensemble mean
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Time series of monthly global emissions per category.

Regional posterior total and spread

Northern high latitudes (=60°N)

Northern mid-latitudes (30-60°N)

Tropics (30°5-30°N)

| a priori

Southern extratropics (<30°S) I
= sample standard deviation
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Aggregation per zonal band.
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Summary and outlook

Monthly CH4 emission rate by source category

Implemented ensemble in TM5—4DVGr A priori £1 sample SD +Apr\0r\ensemblem?an |Poste(;\ortlsamp\eSD + Posterior ensemble mean
. . Wetlands

« First results ok (coarse resolution, 1 year)
« Minor fixes needed: time-parallel-block processing
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10000

« Practical use in CAMS/CH4 inversions:
« Too expensive on 1x1 resolution (Fortran version ...)
« Apply on coarser resolution:
 sufficient for aggregated emissions
« Apply on short period (1 year), use for all years? vonthn
» uncertainties are consistent in time?

8000

6000

Monthly mean total emission [kg s™1

« Use the prior ensemble to tune uncertainties?
Observation-minus-simulation statistics should match with uncertainties

« "Faster model? Let's spent the time on an ensemble!"
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  J  ( x ) = −  1 2    (  x −  x b ) T  B  − 1  (  x −  x b )   −    1 2      (  y − H x ) T    R  − 1  (  y − H x )


  𝛿  𝒙 i   ~   N  (  𝒐 , 𝑩 ) ,           𝛿  y i ∼ N  (  𝐨 , 𝐑 ) ,                 i = 1 , . . , N


  J  ( x ) = −  1 2    (  x −  x b   +   𝛿  x i ) T  𝑩  − 1  (  x −  x b + 𝛿  x i )   −    1 2      (  y − H x + 𝛿  y i ) T    𝑹  − 𝟏  (  y − H x + 𝛿  y i )


  𝛿  𝒙 i   ~   N  (  𝒐 , 𝑩 )  


  𝛿  𝒙 i =  𝑩  1 / 2    𝒘 i


  𝛿  y i ∼ N  (  𝐨 , 𝐑 )

