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Why atmospheric composition at an operational weather prediction centre?

» Poor air quality is a major public = @“ W E
. . . .‘ g !
health issue in many countries. e Y e = "I
» Local authorities need accurate R B O O B R < ,- S

and timely information to _ | | £\
implement effective air pollution : :
mitigation measures.

» Accurate air quality forecasts
require accurate transport
models.

» Can leverage sophisticated
data acquisition infrastructures
implemented at operational
weather prediction centers.

» Atmospheric composition also :
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Real-time air quality forecasting services
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Copernicus Atmosphere Monitoring Service

atmosphere.copernicus.eu

== CAMS users
E >22,500
(>2600 routine)

PREV "Al ' Lair en France aujourd'hui et demain

A Llaquaitédolar  Lodipositifancais  Anaysesotbilans  Acwaltés A propos do PREVAIR

Ar pollution levels wil be
mainly Low today with only
localised pockets of
Moderate,

»View full 5 day air pollution
fore

el W @DefraUKAIr dally forecasts

40km Globe (twice daily, d+5)

Earth Observation
from satellite (>80 CAMS main operational data

|
|
|
|
|
|
|
|
|
|
|
|
|
|
. . . | - . - .
instruments) and in-situ | assimilation and modelling systems
|
|
|
|
|
|
|
|
|
|
|
|
|
|

(regulatory and % = G, %;,/%L
research) %% —ed A

EE % Tel B3
b %

i‘gs '55::“ European Air Quality Index

10km Europe
(daily, d+4)

COLOMBO 4




Atmospheric composition DA - some constraints to start with

Monday 23 May 2016 00UTC CAMS Forecast t+036 VT: Tuesday 24 May 2016 12UTC

Global models Regional models
« Well-adapted to satellite data « Well-adapted to in-situ data, although
* In-situ data often too sparse or not timeliness can be a problem
providing good global coverage « Satellite data more difficult to use due
« Focus on long-range transport and less on to limited vertical domain
surface air quality » Focus on surface air quality, but will

need long-range transport as boundary
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What can we actually observe?

Focus on satellite observations for a
global forecasting system

S~ ECMWF
ey EENIVIVV I EUROPEAN CENTRE FOR MEDIUM -RANGE WEATHER FORECASTS Slide 6



Spectral signature of trace gases
NIR, SWIR

Uy Visible Reflected IR Thermal (emmitted) IR Microwave

100

Percent Atmospheric
Transmission
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Wavelength (not to scale)
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Credit: M. Van Roozendael
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Spectral bands and different species observed

UV to SWIR

Aerosols

NEAR-INFRARED




Satellite observations

The American A-train has been very important

CloudSat

e

IASI & GOME 2 onboard the
European MetOp satellites
have also provided a wealth
of atmospheric composition
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Satellite observations

The Copernicus Sentinel family is adding new capabilities

ey : sentinel-1
- . /. 4 RADAR VISION
sentinel-2
+ COLOUR VISION
sentinel-3
+ A BIGGER PICTURE
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Satellite data assimilation/integration at ECMWF for CAMS forecasts
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Data assimilation methodology for

atmospheric composition
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Data Assimilation MethOdOIOgy Data assimilation for atmospheric composition is in
principle not different from NWP data assimilation

J(x) = (x —xp)" B (x — x3) + Z(Yi — H;[x;DTR; (v — Hilx;])
i=0

High resolution non-linear forecast

Outer loops — 12hourly
« Full non-linear NWP z °” = ﬁ‘
model 5
 Full at her § 2 Departures d=
ull atmospheric Inner loops = 8
composition models . * Tangent linear NWP E S § Tangent Linear model
» Full set c:f atmogpgler|c model linearised around 2 a - Adioint modal
composition variables : = O @
P outer-loop trajectory 25 = lterative minimization
« No atmospheric S ~
composition model
* Limited set of
Incremental atmo;lr)hetrlc c:,[ordnposmon
variables treated as
4D-Var tracers High resolution non-linear forecast

&=~ ECMWF
Wt E EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 13



Data Assimilation Methodology Data assimilation for atmospheric composition is in
principle not different from NWP data assimilation

—J() = (= )BT x — 1) + Z(yl DR (s = Hila])

M Model integration H  Observation operator
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Some examples from TropOMI

NO, detection of anthropogenic sources
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Aerosol Index [ -]

Aerosol from fires plumes (US)

Contains modified Copernicus Sentinel data
(2017), processed by KNMI
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Use of retrievals in NWP — the 80s

NORTHERN HEMISPHERE

— Group 1

SOUTHERN HEMISPHERE
1

No satellite data
L2 satellite data
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“The SATEMs contain some good information,
but also a lot of noise and a lot of bad data. The

_ ' analysis manages to maintain a large part of the
Kelly and Pailleux, good information, but is also affected by the poor

1988 quality data.”

Assimilating temperature and water vapour
satellite retrievals caused severe problems.
Only after switch to radiance assimilation
the real value of satellites was seen.

= ECMWF |
4 EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS Slide 16



Assimilating L1 radiances for composition

vig Credit: JAXA
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Radiance assimilation in UltraViolet, Visible, and Short-Wave InfraRed is much more complicated
than in Thermal InfraRed or MicroWave.

Implementing fast but accurate radiative transfer models in an operational time-critical 4D-Var
system is therefore challenging.
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The retrieval equation g =x2+A(x—x2) +¢

The averaging kernel A is the sensitivity (in that case on the vertical) to the true state.
It is essential to take this into account.
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Assimilating retrievals: Column retrieval example

We can make use of the averaging kernel A in the observation:

Without averaging
. b b kernels in observation
d=y—-H(x )X +A(X—X,)+¢

operator
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Assimilating retrievals: Column retrieval example

We can make use of the averaging kernel A in the observation:

Without averaging
. b b kernels in observation
d=y—-H(x )X +A(X—X,)+¢

operator

(D) d=y-H(x,) =X +Ax-x")+& (X’ +A(H(x,) - X))
- A(x—H(x,))+ & —

With averaging kernels in
observation operator

We remove the influence of the a-priori profile if we use the averaging kernel to sample the model
profile according to the assumptions made in the retrieval.
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Issues
e Total column retrievals come with integrated averaging kernels; some information is lost

* Profile retrievals with full averaging kernels and retrieval errors can become difficult to
handle

* Not all retrieval methods allow the estimation of an averaging kernel; e.g., neural
networks

 Not all data providers use the same definition of averaging kernel in their data files
 Many different versions of the observation operator needed to deal with all variations
*  We use:

Reactive gases: Profiles, columns with and without averaging kernels
Aerosols: Columns without averaging kernels, profiles being tested

*  Greenhouse gases: Radiances and columns with averaging kernels
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Dealing with many (reactive)

atmospheric species
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Atmospheric Chemistry

OH HO,
CH,
O,
H,0 CH3027T> CH3O
NO NO,
CO2 hu "
HOCO
O,
HO,
Do
0;
hu N02

Complexity can go very far... with master mechanisms of
about 10000 variables

Usually, it is costly to model and simplifications are

mandatory to run an operational forecasting system with
only around 50 variables.
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Example: assimilating NO,, satellite observations

150 135 120 105 90 76 60 45 30 1835 30 45 60 76 90 105 120 135 150 VOCs
ba971015
— NO2
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@ - | o
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c
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o
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Credits: J-C Lambert (BIRA)

Rapid chemical conversion within the 12-hour 4D-Var window means we cannot link an NO,
observation at the end of the window correctly to the initial state without a full chemical adjoint.
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Include simple chemistry in TL/AD

Photochemical equilibrium:
* NO +0O;5->NO,
* NO, + hv->NO + O;

Loss term for NOx:
* NO, + OH -> HNOj,
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Simplified chemistry TL/AD

Impact of TROPOMI NO, assimilation

No chem - CTRL Simplified chem - CTRL

Zonal mean refative Total Column NO2 analysis difference [%] hj99 - hi2w Zonal mean relative Telal Column NOZ analys s difference [%] hk2g - higw
Dale=20210101-20210131 Dale=20201203-20201231
A000 45 -40 <33 -30 75 20 -1§ -10 -5 s 10 15 70 23 30 5 A0 45 001 A0O0 45 40 35 30 75 27 1€ -10 -5 13 n 15 on 25 n 55 a0 45 003
J | T . | | | [ T
100 100

chemistry TL/AD model fixes the problem
“! unrealistic increase in tropospheric NO, .
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700 >
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800
800 S B " 2%
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900
1000 1 i ' 1 |
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90°N 60°N 60°S 90°S

3-31/12/2020
Relative zonal mean differences [%]
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Aerosol — prime example of ill-observed system

Modal scheme

Each mode may
have multiple
components

Size

Sectional (bin) scheme

0.00 008 016 024 032 040 048 056 064 072 0.80
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Aerosol analysis

CAMS aerosol model has 14 aerosol bins:
« 3 size bins each for sea-salt and desert dust
2 bins (hydrophilic and hydrophobic) each for organic matter and black carbon
1 bin for sulphate
2 bins (fine and coarse) for nitrate
1 bin for ammonium

» Assimilated observations are Aerosol Optical Depth (AOD) at 550 nm from various satellite sensors.
AQOD is a measure of the total aerosol amount in a column.

« Control variable is formulated in terms of the total aerosol mixing ratio.

» Analysis increments are repartitioned into the species according to their fractional contribution to
the total aerosol mixing ratio.

» The repartitioning of the total aerosol mixing ratio increment into the different bins is difficult

= ECMWF
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Dust storm February 2021
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The CAMS forecast does a good job of forecasting A
the AOD plume from Africa over Northern Europe Y P >
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Dust test case February 2021

Closer examination shows that some of | Dust .. Sulphate
this total AOD can be attributed to

il Sulphate, rather than Dust
s —
g‘_’}).
Total AOD at 550nm: 20210222 03hr S Increments B

45 04 035 03 025 02 0I5 01 005 005 01 0I5 02 O.

» AOD increments are attributed to the
different species according to their
proportion in the nonlinear forecast.

 If there is no dust in the forecast in a
specific location then the increment
will be given to whatever species are
there — in this case Sulphate

_c ECMWF EUROPEAN CE}

AOD incr
at 550nm




Dust test case February 2021

Dust ~ Sulphate

Date-20210222. tme=03 Lae-Z0210222. ume-03 Date-20210222. time-03

AQOD at
550nm

¢ = [} g
With specific additional Dust observations,
the Dust can be increased in the relevant

locations which will improve the spurious

Sulphate aeroscl optical depth at 550nm hmék Increment
Date-20210222. tme-03

45 04 035 03 025 02 015 01 005 005 01 015 02 025 03 035 04 045 2

e S
= = > ~ JE
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AR s, - P Ty 25X - e
ol T 55\? 2 AOD incr
“ T i . at 550nm
a2 T il ";__'.é a
A s 3
RMN N e .”_.-'..‘ lm . |
LMD IASI 10um obs 20210222 12hr e




Initial versus boundary values:

the surface fluxes
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4D-Var

12-hourly 4D-Var assimilation

Observations Backgr ound forecast (propagates forward previous information,
p constrained by dynamical and physical relationships)
A |
.—vi
o
Analglsis Anaglysisi Analysisi Analysis i
] =. =. X
00UTC 12UTC ‘ 00UTC Time
24 January 1979 25 January 1979

NWP 4D-Var is mostly defined as an initial value problem. Only initial
conditions are changed and model error is relatively small.
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CO, as an example — a boundary condition problem

Carbon dioxide in
the atmosphere

Animal and plant
respiration

Air-sea gas
) exchanges
Biomass
burning ' I
Marine
‘ Terrestrial , _ respiration
‘ photosynthesis i
Soil carbon
) Marine
photosynthesis
Microbial respiration
and decomposition o P N -
L]
‘. .° °@® Ocean . o .
Fossils and fossil fuels s sedimentation - o @ - . O
t’o-','.o-.o-...-..',

”ﬁ * t* IMPLEMENTED BY PN
f3ll EUROPEAN UNION OperniCUS P ECMWF AN A
Europe's eyeson Earth 4 B
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Boundary condition problem — CO,

Assimilation of EGH Continuous Observations

440 T . 1
Observations

430 Model first-guess
Model analysis

./\

Example: Assimilation

. 420
of surface observations

IIIII]]IIIIIII[[IIIIIIII[

CO2 [ppm]

410

400

| . II.NlllllllllllllllllllllllI[lllllllll

Il[IIIIIIIIIIIIIIIII

390 ] | ]
00 00 00
| | |
08-Jan 09-Jan 10-Jan
2010

By only adjusting the initial conditions, the forecast can drift very quickly from
the actual observations.
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Short-lived memory of NO, assimilation
OMI NO, analysis increment [%] Differences between
a) Assim and CTRL

30°S JJA

6005 2008 - ..... ..... ..... ..... ..... ..... ..... ..... : .
120°W 60°W  0°E  60°E  120°E Longitude
45 35 I-215 5 5 5 15 25 35 45 5 30 -25 -20 -15 -10 5

Large positive increments from OMI NO, assim
Large differences between analyses of ASSIM and CTRL
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Short-lived memory of NO, assimilation

OMI NO, analysis increment [%]  Differences between Difference between 12h
a) Assim and CTRL forecasts from ASSIM and CTRL

305 JJA e oW
60'S 2008 g a—

r—-l ZOOW' 600W ' OoE | 60.0E -IZOOE Longitude Longitude
s 35 2 A5 5 5 15 25 3 45 5 30 25 20 -15 -10 -5 5 10 15 20 25 30 100
Large positive increments from OMI NO, assim [10**> molec/cm?]

Large differences between analyses of ASSIM and CTRL

Impact is lost during subsequent 12h forecast

Constraining emissions (in addition of IC) would give a better initial state and persistence of forecast
improvements throughout the DA window Inness et al. (2015, ACP)
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emissions

NOxin 2009

Biomass burning, 15 October 2017

CAMS GFAS Daily Fire Products Sunday 15 October 2017
Average of Observed Fire Radiative Power Areal Density [mW/m2]
o1 0z 03 1 2 B 10 o 30 00 200

max value = 13.71 W/m2
mo w0 woo  som  toom

Need for very accurate emission data sets

CO, fluxes

Flux D 2011

Y
luxes [gC/m2/day] mean =0.039 red - sources blue - sinks

1'W 140W  TO'W  100'W  BO'W  GO'W  40'W  D'W_ O'E 20°E 40°E  GO'E BE  100°E  BO'E W0'E 160'E

CAMS_GLOB anthropogenic
e m i S S i O n S {1) CAMS-GLOB-ANT 0.1x0.1 ANthropogenic CO - v.2 - - Stan Sactors - 2000-01-15 [

5207

; 5 . s i = s 1 57069

Tt v A 510620

570011
52012
57003

5.70e-14

5.70e-15

570016

5.708-17

.. E FOR MEDIUM-RANGE WEATHER FORECASTS

CAMS_GLOB biogenic CO
emissions

(1) CAMS GLOB-8)0 0.25x0 25 Biogenic CO - v2.1 - - Blagenic emission - 2000-01-01

kgm-2s-1
22069

220610

32011

320012

220013

220e14

320e15

32016

320e17

220e18

320619




Emission Estimates

* Emissions are one of the major uncertainties in composition modeling (can not
be measured directly)

* The compilation of emissions inventories is a labour-intensive task based on a
wide variety of socio-economic and land use data

 Some emissions can be “modeled” based on wind (dust and sea salt aerosol) or
temperature (biogenic emissions)

 Some emissions can be observed indirectly from satellites instruments (Fire
radiative power, burnt area, volcanic plumes)

* “Inverse” methods can be used to correct emission estimates using
observations and models
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Concentration

Window
X Prior Initial L Prior _ Prior
3D State Concentration Emissions
. . 4 Observations
X Posterior Initial ___ Posterior ___ Posterior
3D State Concentration Emissions
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How to improve?

Use the data assimilation
system to adjust surface fluxes
at the same time as the initial
atmospheric conditions.

McNorton, J., Bousserez, N., Agusti-Panareda, A., Balsamo, G., Engelen, R., Huijnen, V.,
Inness, A., Kipling, Z., Parrington, M., and Ribas, R.: Quantification of methane emissions
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Joint state/emissions 4D-var inversion system

Jp: background constraint for x  J: constraint for emission scaling factors

A A
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State — ">~ Parameter (e.g. scaling factors)
trol _
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J,: observation

« Joint optimisation of emissions and initial conditions
* Optimized emissions for e.g., CO,, CH,, CO, NO & NO,
« TL/AD of simplified chemistry: link between NO emissions and NO, observations
« 2D scaling factors p applied to emission fields
» Prior error definition:
» Global constant or 2D map of standard error
 Spatial correlation length scale (via B,)
«  NO/CO, emission error correlation in B, -> NO, obs can constrain CO,
emissions



Very active research agenda for operational DA for composition

Include emissions/fluxes in control vector

Flux increments, correction factor, parameter

estimation?
Enough signal in a typical short assimilation window I
in operations (6h-12h)?
How to propagate the information on emission
constraints from window to window? No forward ~
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Constraining emissions improves the forecast
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Including emissions in the DA control
vector results in significant
improvements in modelled CO mixing
ratios at the surface and in the upper
troposphere.
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Over Mumbai, emissions are adjusted
locally, while Atlanta show the long-
range transport effect of adjusted
emissions elsewhere.
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Summary in one figure
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Evaluation of Carbon Monoxide in model
and analysis runs against observations
shows all the (potential) issues.

Aircraft observations

Analysis with MOPITT and IASI (TIR only)
Reanalysis control run
Reanalysis

Control run with new emissions

Analysis with MOPITT, IASI and TROPOMI
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