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Atmosphere
Monitoring

» Poor air quality is a major public
health issue in many countries.

» Local authorities need accurate
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
impacts the weather and
forecasts.
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Atmosphere

Monitoring e Basjc data assimilation theory is the same for atmospheric composition, but...

* Radiance assimilation is not always feasible (yet)

* Atmospheric composition data assimilation is much more influenced by additional
factors such as emissions and chemistry than by the initial values

* With many species not being observed, the problem is even more underdetermined
than the standard NWP case

* Atmospheric composition impacts the basic NWP problem as well
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Atmosphere Monitoring 1. Copernicus Atmosphere
Monitoring Service (CAMS)
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- We provide consistent and quality-controlled information related to air
pollution and health, solar energy, greenhouse gases and climate forcing,
everywhere in the world.

W Al
/

This is done by assimilating atmospheric composition data into the
IFS (in addition to meteorological observations)

The CAMS portfolio includes Earth
Observation based information
products about:

e global atmospheric
composition;

e the ozone layer;

e air quality in Europe;

e emissions and surface fluxes of
key pollutants and greenhouse
gases;

e solar radiation;

e climate radiative forcing.

e reanalysis of atmospheric
composition (back to 2003)

Quarterly validation reports of
global and regional outputs.

https://atmosphere.copernicus.eu £ ECMWF (opernicus HE| oo
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Atmosphere
Monitoring

40km horizontal resolution at 137 model levels; two 5-day forecasts at 00z and 12z UTC each day
* Aerosols (AOD and concentrations): e.g. biomass burning, dust, sea-salt, sulphate, ...
* Reactive gases: CO, HCHO, NO,, O3, SO,

9km horizontal resolution at 137 model levels; one 5-day forecast per day (CO,, CH,, linear CO)
aECMWF Gpem|CUS m European
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o 2. Data assimilation methodology

for atmospheric composition
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Atmosphere
Monitoring

/

Cost function

— _/

g
I
Background term

Analysis: x that minimizes cost function

JG) = (x = ,)TB7 (x = x,) + Z(yl

Data assimilation for atmospheric compositionisin
principle no different from NWP data assimilation

TR s — Hilxl)
1

(o]
Observation term

\

/x: control vector

xp: model background (short forecast)
B: Background error covariance matrix
y: Observations

H[x]: Model equivalent of observations

(.

\R: Observation error covariance matrix /

Strong constraint 4D-Var assumes perfect N
model over assimilation period

Weak constrained 4D-Var includes a
model error term — being developed for
03 and H20 as part of HE CAMEO project Y

S ECMWF (opernicus Il & |



Atmosphere
Monitoring

Data assimilation

Control variables

methodology

Data assimilation for atmospheric composition is in principle no different from NWP
data assimilation

JGO) = (e = 2)"B M = %) + ) (i = Hilw) ™R, 0 — Hilxi])
=0

»nt

NWP

vorticity
divergence
temperature

surface pressure (logarithm)

specific humidity

Atmospheric Composition

ozone

carbon monoxide
nitrogen dioxide
formaldehyde
sulphur dioxide

carbon dioxide
methane

aerosol mixing ratio

ZECMWE (opernicus " s
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Data assimilation methodology

0 ﬁitoring
Data assimilation for atmospheric composition is in principle no different from NWP
data assimilation

I = G- B =) + ) (= HilxDTR 0 — Hilxi])
' =0

Control variables
\ NWP

vorticity Chemical Module
module . s
Atmospheric Composition

divergence
temperature
ozone
carbon monoxide
nitrogen dioxide
module formaldehyde

surface pressure (logarithm) TM5S (C BOS) & BASCOE
sulphur dioxide

100+ species and reactions,
Photolysis, dry and wet deposition

carbon dioxide
methane

aerosol mixing ratio £ ECMWF Gpemicus B %‘ European

Euwope’s eyes an Earth =~ Commission
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assimilation methodology

Data assimilation for atmospheric composition is in principle no different from NWP
data assimilation

Control variables
NWP

vorticity
divergence
temperature Greenhouse Gas Module
surface pressure (logarithm)
specific humidity

I = G- B =) + ) (= HilxDTR 0 — Hilxi])
i=0

CHTESSEL

Chemical
module
Photosynthesis & ecosystem respiration model

R e zone Diagnoses the gross primary production of CO2 by
carbon monoxide .
QZZ’ZTQ Hitrogen dioxide plants and release of CO2 by soil

formaldehyde
sulphur dioxide

Atmospheric Composition

CH4 comes from prescribed emissions and

carbon dioxide climatological loss
methane

aerosol mixing ratio S ECMWF OPErnIcus
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'Data assimilation

methodology

Control variables

Data assimilation for atmospheric composition is in principle no different from NWP
data assimilation

NWP

vorticity
divergence
temperature

specific humidity

ozone
carbon monoxnde

formalde hyde
sulphur dioxide

carbon dioxide
methane

aerosol mixing ratio

surface pressure (logarithm)

Atmospheric Composition

@ =GB =) + ) 0= HilxDTRT 0 — Hil])
i=0

Aerosol bin scheme

16 aerosol-related prognostic variables:
3 bins sea-salt, 3 bins dust, Black carbon, Organic
matter, Sulphate,
2 bins Nitrate, Ammonium,
Secondary Organic Aerosols

Emissions, dry and wet deposition, sedimentation




osphere

In the IFS the atmospheric composition
and NWP models are fully integrated

Combining the AC and NWP models

vonitofng Atmospheric composition models can be run coupled to NWP or fully integrated.

NWP with aerosols

——> | Physics with prognostic aerosols |

Radiation
Vertical diffusion

Mass-Flux convection

arge-scale condensation |

Cloud scheme

Morcrette et al. 2009, JGR, 114,
doi:10.1029/2008)D011235




Data assimilation methodology

Atmosheré Incremental 4DVar
J(8x) = -axTB 15 + = Z(H Sx(t) —d,)TR(H 8x(t) —d,)

i=0

Monitoring

Resolutions
of CAMS NRT
system

—l Min 1

T159
Inner loops
* Tangent linear NWP model linearised
around outer-loop trajectory

* No atmospheric composition model

Outer loops
* Full non-linear NWP model
* Full atmospheric * Limited set of atmospheric

composition models composition variables treated as
* Full set of atmospheric tracers

[ composition variables * TL/AD of simple NO2 chemistry now
implemented

Tangent Linear and
Adjoint of observation . Final Trajectory
operators TL511

S eCMWF (opernicus " e
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Atmosphere Monitoring 3. Observations of atmospheric

composition
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- Atmosphere
Monitoring

Global observing system

We want to provide
information about near-
surface air quality

 CAMS assimilates satellite retrievals of atmospheric composition
 CAMS uses ground-based & aircraft data and satellite retrievals for validation
S ECMWF Gpemicus [
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(mlspectral signature of trace gases

Atmosphere
Monitoring

NIR, SWIR

Reflected IR

UV \ Visible

100

Percent Atmospheric
Transmission

Thermal (emmitted) IR

Microwave

0
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Day-light only Ciidesilissains
330 t{('j): H20 02
CH, :

NO o CO; | 1Es, AIRS, 1ASI, MOPITT H,0, OH, HO,
SO Y = CH at nadir HNO;,

: SEAMAEHX N2O | mipas, Ace at limb HC, Bro, CIO, HOCI
H:E0; 65419, GOSAT, OCO at | O, == 03
10 -
475 nadir TROPOMI | €O cO

AQD MODIS HNO, HCN, CH,CN
W DMR, MLS at limb

GOME, GOME-2, SCIAMACHY,

OMI at nadir  TROPOMI
SCIAMACHY, OSIRIS at limb

see&m

€FC11; EFC12; ..
CH;0H, HCOOH, G,H,, G, H, ..
+ isotopologues

1-12 August 2016 | ESA-ESRIN | Frascati (Rome), Italy

Credit: M. Van Roozendael
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Atmosphere

Monitoring CALIPSO
Elpudsat -
GCOM-W1
% CAMS Global system
O3 OMI, SBUV, GOME-2, MLS, OMPS, S5p
All from co MOPITT, IASI, S5p
LEOs NO, GOME-2, S5P

Aerosol MODIS, PMAp, VIIRS, S3
CO, GOSAT, IASI, 0CO-2
CH, GOSAT, IASI, S5P
GFAS fire emissions MODIS, SEVIRI*, VIIRS, Sentinel-3, GOES-E/W*,

HIMAWARI-8*



Atmosphere

Monitoring L2 retrievals generally use same methodology as data assimilation -

minimize a cost function that contains the observations and some a-priori
constraint:

J(x) = %(x X)) B (x—x")+ %[yo CH®T Ry~ H®)]

Simplified solution: x, = ax + Ax’

The retrieved value will be biased relative to the assimilation model background,
when the prior information is different from the model background.

This bias will have a vertical structure based on the vertical sensitivity of the
observations.

S ECMWF (opernicus @
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Atmosphere

vionitoring ~ Retrieval X, can be written (after linearization) as:
_ b b _ A
X, =X +AX—-X)+e=Ax+I-A)X +¢

With a-priori xrb , error covariance matrix S, and averaging kernel A:

R: observation error covariance matrix

-1
Ty -1 -1
S, =(K'R"'K+B™')
7 i B: prior error covariance matrix
A = SrK R 'K K: weighting function

The averaging kernel A describes the vertical structure of the impact of the a
priori information.

SECMWF (opemicus Il &z
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Atmosphere
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eDiurnal variations of Tsurf affect retrieval over land.

From: Deeter et al.

(2003) JGR

* CO near surface more detectable during day, AKs shift downwards
* Diurnal variability of AKs largest over e.g. deserts, smallest over sea
* If AKs are not used this can introduce an artificial diurnal CO cycle in the analysis

ECMWF (opemicus
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Atmosphere
Monitoring

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

Without averaging

— b b kernels in observati
@ d_y_H(Xm) Xr+A(X_Xr)+5 ernels in observation

operator

b

@ d=y-HEx )=x"+Ax-x")+s~«x’ +AH(x )-x"))
=Ax—-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.

S ECMWF (opernicus @
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Atmosphere
Monitoring

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

SECMWF (opernicus [l &z



Atmosphere
Monitoring

Easier
No radiative transfer model for some of the species of interest

Bad experiences with radiance assimilation:

Combination of model bias and VarBC in CO, data assimilation from AIRS and IASI radiances
caused artificial long-term trend. Tests with IASI/AIRS ozone radiance assimilation led to degraded
tropospheric ozone in CAMS

Retrieval teams can focus their expertise fully on specific observation

Good communication between data providers and data assimilation users
needed

Good characterization of retrieval is crucial

*  Averaging kernels
. A priori
. Error estimates

. Quality flags
v SSECMWF (opernicus [l o,
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Atmosphere Monitoring 4. Emissions and emission inversion
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Assimilation of EGH Continuous Observations

Observations
Model first-guess

Model analysis
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undary problem

NWP 4D-Var is mostly defined as an
initial value problem. Only initial
conditions are changed and model error
is relatively small.

AC modelling depends on initial state
and surface fluxes

Large part of chemical system not
sensitive to initial conditions because of
chemical equilibrium, but dependent on
other parameters (e.g. emissions,
deposition, reaction rates, ...) which all
might have errors

S ECMWF Gpeemiyg% | o
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Examples of emissions

TNO European anthropogenic NOx emissions CO2 fluxes CAMS_GLOB biogenic CO emissions
Ivionitoring

MACC-GHG Flux Inversion 2011
Mean CO2 Fluxes [ gC/m2/day] mean =0.039 red-sources  blue - sinks

kgm2sd
2269

NOxin 2009

3zeen

320022

320013

220034

{32615

329018

220017

32018

3219

Biomass burning, 15 October 2017

CAMS GFAS Daily Fire Products Sunday 15 October 2017
Average of Observed Fire Radiative Power Areal Density [nW/m2] max value = 13.71 W/m2

S eCMWF (opernicus " e
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Atmosphere

Monitoring

Difference between 12h

OMI NO2 analysis increment [%] Differences between
forecasts from ASSIM and CTRL

al : a) Assim and CTRL

—— o m—

G G a

Latitude

120°W 60°W  0°E 60°E  120°E -
Longitude

Latitude

............................................

Longitude Longitude

1200W 60°W  O°E 60°E 120° S R ——
“H5 35 25 15 5 5 15 25 B & 5 30 25 20 -15 -10 5 5 10 15 20 25 30 100

Large positive increments from OMI NO2 assim [10%5 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)



Atmosphere
Monitoring

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

Trends are applied to inventories from previous years to produce
future emission datasets

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 prior emission estimates
using observations of concentrations and models

SCECMWF ( opernicus [

European

Commission
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30

J(x) = (x

Adjust emissions as well as concentrations

Control variables

Additional control variables

NWP

vorticity
divergence
temperature
surface pressure (logarithm)
specific humidity

Atmospheric Composition

ozone

carbon monoxide
nitrogen dioxide
formaldehyde
sulphur dioxide

carbon dioxide
methane

aerosol mixing ratio

Emissions

nitrogen dioxide
carbon monoxide
carbon dioxide
methane

All these species are
dominated by emissions —
changing initial conditions is
not enough

Include as a scaling factor
adjustment to the prior
(inventory-based) emissions

\

Increases the
computation time

CECMWF (opemicus

1 (vi — Hilx;])

European
Commission



Atmosphere

Monitoring J,: background constraint for x  Jp: constraint for emission scaling factors
A
s TJE1 NI Tp —1 R
J(x,p) =\(xi—xp)" B~ (x — x) +'(p)—pp)" B, " (p — pp)
State control E Parameter (e.g.scaling factors)
vector n Tp—1
+ Yicoi — Hilxi, pD" R (i — Hilxi, v])
N g
~"

J,: observation constraint

* Joint optimisation of emissions and initial conditions
* Optimized emissions e.g. CO2, CH4, CO & NO2
* TL/AD of simplified chemistry: link between NO emissions and NO2 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 By)
*  NO/CO2 emission error correlation in B, ->NO2 obs can contrain CO2 emissions

— —— N
N riots eyes on v

Credit: Nicolas Bousserez
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( 4D-VAR NOX inversion results

Atmosphere
Monitoring

N-America

e Evaluation of 24h forecast of NO, columns against TROPOMI NO, observations.

e Decreasein rms error >50% over some areas in Eastern Asia and North America.

* Average decrease in rms error of about 5-10% over Europe.

* NOx and CO emission estimates will be used to constrain CO, emissions (HE
CORSO project).

-100 -80
NO, change [%]

-40. -20. -10. -6.0 -3.0 -1.0 1.0 3.0 6.0 10. 20. 40.

Credit: Vincent Huijnen, KNMI

Europe
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AtmospherelMonfiorns 5 Potential issues when
assimilating AC satellite data
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(mlExample of satellite observation coverage

Atmosphere  CO: TROPOMI, MOPITT, IASI 0O3: TROPOMI, GOME-2,0MI,SBUV,0OMPS,MLS

] - | — = = wu = = 12-hour

NG Ay e o -~ s v = ey O PO O O O B .

- B e ez s = analysis

MoV S ) - cycle
Often limited B SRS R T R - Global coverage in
to cloud free < e e g : _ a few days (LEO) -

& - arw e

conditions = B e R B e R S R SR G Sl S S S S fixed overpass time
NO2: TROPOMI, GOME-2,0MI . S02: ROPOMIinOME-Z,OMI

i el W [‘r— A arn
2. =B ! oy :\\T /‘r h::, ﬂ : “. -v‘f‘
- . -
g N 0 7
AN/ = . Total or
3 7 ™ tropospheric
- - columns
\ %A o £3 :
——=—=—=\ Fixed overpass times and daylight conditions e |

only (UV-VIS) -> no daily maximum/cycle
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35

Mismatch between

variables

J(x

(x

Control variables

NWP

vorticity
divergence
temperature
surface pressure (logarithm)
specific humidity

Atmospheric Composition

ozone \

carbon monoxide
nitrogen dioxide
formaldehyde
sulphur dioxide

carbon dioxide
methane

\

aerosol mixing ratio )

modelled and observed

) + Z(}’i — Hi[x; DR (y; — Hilx;])
i=0

Only a small subset of all chemical species are
observed and therefore included in the control vector.
This means the full chemical system is very under-
constrained.

a ECMWF Gpem|CUS - European

Eusope’s eyes on Earth Commission



@ Mismatch between modelled and observed

variables

~ Atmosphere
~ Monitoring

Control variables

NWP

vorticity
divergence

n
h ](‘x — (x surface;err:s':;fjiztaroegarithm) ) + z(yl _ Hl [xl])TRl_l(yl _ Hl [xl])
=0

specific humidity

;\ Atmospheric Composition
I

Total column and
profile observations S Mox
nitrogen dioxide
formaldehyde
sulphur dioxide

Even for those species that are observed, it
is often only total column data that are
available.

» I

Total or tropospheric o

column observations ~ @oon dioxide
methane

aerosol mixing ratio

S ECMWF (opernicus I oo
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Limited information

content: Total column

Increment from one TC ozone retrieval

Sunday 30 Apdl 2017 15 UTC ecmf surface: GEMS Total column czone:
] 3 i .

W W arw arw e are are are

1 — = = —
= ™ = 5\'2_- —
25 e s
Y :
p I
s TS
Pd =

- 4 s
» {\, N\
AR H> g ./
I > 4

anw W W W TE e arE [

Increment created by a single
ozone observation of 375 DU,
10 DU higher than background

correlation

1.0

horiz ozone cors at lev 060
. : .

0.8 -

0.6 -

0.4+

0.2

0.0
0

Horizontal correlation
from the B-matrix that
spreads the information
from the single
observation in the
horizontal

25|()U 3000

500 1000 1500
distance (km)

2000

ﬁ

e ECMWF Gpgm!g.&!ﬂsn " European
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Alltude (k)
“rw e e

Pressure (hPa)

Increment

from one TC ozone

Increment at location of single obs

retrieval

Vertical profile of the
increment at the observation
location

vert stdev profile s ozone

— 52NO017Esingleobs

15 4\\’\—
Sm::hy 30 Apdl 2017 IE}UTCecnfsufxe (fuam column szors I —
L137 . e . e e 25 o 77_7f_———77—*7_77x_77_)\4— ~35 h Pa
] s
;&;' / o 35_( Background matrix has a
‘j::} ey—— s_ign_ificgnt impact on t_he
o distribution of information
g
N —~—— .
: ;d i ?im? il ; 3 ; ; or
/ %_\q = § Increment valt
L e S T .l
S~ 1/ W A @
7 Ny £ 30}
A :
L o] | 7 ol

Increment created by a single
ozone observation of 375 DU,
10 DU higher than background

Standard deviation from the 5ol
background matrix at the
observation location

0.0 0.2 0.4

Formulation of the B-matrix is very important for AC

0.6 0.8 1.0 1.2 1.4 16 1.8
standard dev le-7

T T CLADRES EYes on tarm



& An extreme example: Ozone 7 October 2004
,*(

g 0 Profile of GO3 (mP.
Amosph - GEMS reanalysis CAMS reanalysis e Neumayer -
Monitori . at 11UT, 07/10/2004. Analysis.

100 125 150 175 200 220 240 260 280 300 320 340 380 380 400 425 450 475 600 100 125 150 175 200 220 240 260 280 300 320 340 380 380 400 425 450 475 600

[DU] s T T T T T — i

hPa 5~

I T T T I T T T I T T T I T T T

10fF

20~

100 F
200

Sonde

500 -

* Similar TCO3 analysis from (old) GEMS reanalysis and CAMS reanalysis [ Z’;ﬂz :Z::::);ZZ !

* Huge differences between corresponding O3 profiles 1000 1 ==, DS L by Ly

*  No profile data (MIPAS, MLS) were assimilated in GEMSRA in Oct 2004 and o 2 N ® 8
model had a large O3 bias leading to very bad vertical O3 analysis profiles Sonde launched by AWI

* Shows importance of using limb sounding data for O3 analysis S ECMWF Q’pﬁrﬂi‘},};{,ﬁ B\ oo

Commission



Aerosol model

CAMS aerosol model has 16 bins to represent the emission, transport and deposition
of aerosols globally:

Desert Dust Desert Dust Desert Dust
Bin 1 Bin 2 Bin 3

-

Black carbon Black carbon
hydrophobic hydrophilic

- European
~  Commission
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atmosphere  CAMS aerosol model has 16 bins to represent the emission, transport and deposition

Monitoring. of aerosols globally:

Seasalt Bin 1 Sea salt Bin 2
Desert Dust Desert Dust
Bin1 Bin 2
Organic Organic
matter matter
hydrophobic hydrophilic

Ammonium Sulphate

Sea salt Bin 3

Desert Dust
Bin3

Black carbon
hydrophobic

SOA biogenic

Nitrate from
gas/particle
partioning

Nitrate from
het. reactions

Black carbon
hydrophilic

SOA
anthropogenic

SECMWF (Cociicus

Credit: Nasa Worldview

* Assimilated observations are AOD at 550 nm from MODIS (Aqua and Terra) and VIIRS
(SNPP and NOAA20) over land and ocean & PMAp (Metop-BC) over ocean

* 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

Commission



OVERLAYS

wss \WORLDVIEW e

\Q, Layers E Events -‘n Data

MODIS Combined Value-Added Aerosol

Optical Depth

Terro and Aqua / MODIS

Group Similar Layers

+Add Layers

2021 FEB 22 ( ) [ [

. 7)
Start Comparison d‘ -

FEB 2021 MAR 2021

NASA Worldview — MODIS Aqua and Terra AOD 550nm

obsery

ations for 20210222

The CAMS forecast does a good job of
forecasting the AOD plume from Africa

over Northern Europe

. Aerosol forecasts - Sunday 21 Feb 2021, 00 UTC VT Sunday 21 Feb 2021, 12 UTC Step 12
© ECMWF 2021

01 016 023 029 036 042 049 055 061 068 074 081 087 094

3

. Dust storm February 2021

ole] elmio

CAMS Total AOD at 550nm 12hr forecast valid

at 20210222 12hr

Aerosol optical depth at 550 nm (provided by CAMS, the Copernicus Atmosphere Monitc



. Dust test case February 2021

Dust R Sulphate

T T T os . s -
y = _—:"T\~

AOD at
550nm
Total AOD at 550nm: 20210222 03hr
* AOD increments are attributed to the
different species according to their
proportion in the nonlinear forecast. AOD incr
* Ifthereis no dustinthe forecast ina at 550nm

specific location, then the increment will
be given to whatever species are there —
in this case Sulphate

I Commission




Dust can be increased in the relevant locations
which will improve the spurious increments of ==

L
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Prognostic aerosols, feedback on dynamics via radiation scheme
Use of O3 (& other fields) in the radiation scheme

RTTOV observation operator: Use of O3, CO2 analysis fields to
improve the use of radiances sensitive to 03, CO2

Dynamical coupling with wind/T through TL and AD

Multivariate JB: Correlations between tracers and dynamical
variables, e.g. O3 and vorticity; correlations between chemical
species
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Atmosphere

vonitoring  *  Prognostic aerosols, feedback on dynamics via radiation scheme
* Use of O3 (& other fields) in the radiation scheme

* RTTOV observation operator: Use of O3, CO2 analysis fields to
improve the use of radiances sensitive to 03, CO2

* Dynamical coupling with wind/T through TL and AD

* Multivariate JB: Correlations between tracers and dynamical
variables, e.g. O3 and vorticity; correlations between chemical
species

S ECMWF ( opernicus |
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Climatological AOD 550nm distribution CAMS vs Tegen et al 1997

Monitoring

DJF CGAMS .., 2007 MAMOCAMS .. 001 JAGAMS L, 0013 SONCAMS . 00
1_" g B — L s f e T
. x‘\_.":_ - - " g . | = - -\..§
CAMS: ?p §
DJF OPER 0.008 MAMOPER 0,01
Tegen: » o ¥ —3
- - f ]
[ I I I N S | I | S [ —
0005 001 002 004 006 008 01 042 0415 02
* CAMS interim reanalysis (2003-2018): sources of biomass burning from GFAS, sulphate aerosol
precursor from EDGAR 4.1, prognostic for sea salt and dust, revised dust model
* Optical properties recomputed for RRTM spectral bands and for each aerosol type/size bin. Mass mixing
ratio as input to radiation.

Vertical distribution following an exponential decay with scale height derived from the CAMS model for
each aerosol type. Monthly varying for dust.



r',
". Improvements to NWP forecast errors

Atmosphere Diff using CAMS

Monitoring Uni 001K

* Change in mass distribution
and optical properties ->
reduction in SW absorption
-> reduction in temperature
(positive)

e This is of the order of 0.1K
for a bias of the order of

j‘ i 0.3K — it explains at least
" ' I ' ~30% of the temperature

U OOm/

k error.
"I ’\ h ]‘ * Similar for winds at upper
| - ML .30 — levels

June-July June-JuIy
Model FC error d+5 Change in FC error d+5 S ECMWF GpemiC,P§ [
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Prospect to extract wind information from long lived tracers in stratosphere and upper
troposphere, e.g. 03, H20, N20.

Similar to cloud-track winds but data coverage worse.

Two ways:

— Directly through cross correlations between tracer and other variables in background error
covariance matrix

— Indirectly as adjoint of tracer continuity equation propagates the tracer sensitivities over the
analysis time window. E.g. O3 observations can influence the winds indirectly as the system
attempts to reduce the O3 innovations via both wind and O3 increments

Potential was demonstrated in early studies for H20 (Thepaut 1992) and O3 (Daley
1995; Riishojgaard 1996; Holm 1999; Peuch et al. 2000)

Could compliment existing wind observations and help in areas where there is a lack of
adequate global wind profile data
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(it went wrong)

"Atmosphere
Monitoring

The stratosphere is not well constrained by

observations:

* Ozone profile data generate large temperature
increments

* 4D-Var adjusts the flow where it is least constrained,
to improve the fit to observations

h GOME 15-layer profiles (~15,000 per day)
\ SBUV 6-layer profiles ( ~1,000 per day)

'\
. Ozone increments at 10S . 1hpa Assoaated Temp increments

Large systematic O3
increments

g g ] 1 7 B

150 W 100W oW ¢ 50 o 50 20 hPa 150 100 g 0 50°E
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- 0.8

- 0.6

Level
Gamma

—80 —60 —40 —20 0 20 40 60 80
Latitude

Parameter y controls the “level” of tracer-
wind coupling in the assimilation

]/(x) )7; 77) t) y

June 2023, 0 = tracing off, 1 = tracing on

Tracing turned off:

- Inthe mid- and lower-troposphere

- Inthe 4D-Var sponge layer (above 10 hPa)

- Inthe areas with T<195 K, where less
predictable heterogeneous chemistry is an
important contributor to dr(03)/dt in the
nonlinear model

Flow-dependent y based on latest background

Zaplotnik, Z., Zagar, N. & Semane, N.(2023) Flow-dependent
wind extraction in strong-constraint 4D-Var. Quarterly Journal
of the Royal Meteorological Society, 149(755, 2107-2124
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(mEWind analysis increments

Atmospt
Monitor Wind tracing turned on everywhere Flow-dependent wind tracing
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* Positive impact on O-B statistics for ozone-sensitive channels (I1ASI, CRIS, AIRS),
neutral-to-positive impact on other O-B statistics

* Testing synergies between MLS O3 assimilation and ozone-wind tracing
s ECMWEF ( opernicus [
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Atmosphere

venitoring  ®  Basic Data Assimilation theory is the same

e Particular challenges related to DA for atmospheric composition
— Boundary conditions (emissions) as well as initial conditions; inversions
— Mismatches between modelled and observed variables
— Fast reactions and short life-time of some species
— Cost of using chemical processes in the minimization (i.e., in the TL/AD
models)
 Atmospheric composition has the potential to improve various
aspects of NWP

 CAMS produces useful global and regional European Atmospheric
Composition forecasts and analyses, freely available from
atmosphere.copernicus.eu
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Th Atmosphere Data Store (ADS)

Atmosehere - Al CAMS data are freely available https://atmosphere.copernicus.eu/data

Monitoring
Gperm’cus Em écMWF @Atmosphwa

s Monitoring Service
rteanees ! Your rzedback helps us to improve the service

. -~ “Z7r Atmosphy
opemicus €SECMWF (7™ [T ..

corsm et

I'E

Home Search Datassts FAQD

Atmosphere Data Store

h Search results
Welcome to the Atmosphere Data Store S B
cams sis All
A Dive Into this wealth of Information about the Earth's past, present and future Atmosphere. e —
Itis freely available and functions as a one-stop shop to explore Atmosphere data. Register for free to obtain access to SD:!TZHMV Showing 17 of 7 results for cams reanalysis
the ADS and its Toolbox.
We are constantly improving the services and adding new datasets. For more information, please consult the catalogue, :;:Z g CAMS global reanalysis (EAC4) monthly averaged fields
oour FAQ z or the CAMS forum e,

CAMS global reanalysls (EAC4) monthly averaged fields

3 Variable domain
e — [ v s | - CAMS global reanalysis (EAC4)

9 Parameter family
CAMS global reanalysls (EACH)

Atmosphere Data Store API Access the CAMS Forum Access the CAMS website

» Spatial coverage

About CAMS

9 Product type
Capernicus Atmasphere Manitoring Service The Capernicus Atmosphere Monitering Service { CAMS

» Temporal coverage

CAMS solar radiation time-series

CAMS solar radiation time-series.

CAMS European air quality forecasts
CAMS European air quality forecasts

http://atmosphere.copernicus.eu | @CopernicusECMWF | @CopernicusEU
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