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Overview

Motivation
Basic concepts of atmospheric chemistry modelling
Data assimilation of trace gases
C Observations
C Chemical data assimilation at ECMWF (GEMS & MACC)

C Examples for O3 and SO2

Summary
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Why Atmospheric Chemistry at NWP centres ?
- orin a NWP Training Course?

Environmental concern

C Air pollution

C Ozone hole

C Climate change
Expertise in data assimilation of satellite, profile and surface obs.
Best meteorological data for chemical transport modelling
Interaction between trace gases & aerosol and NWP

C radiation triggered heating and cooling

C precipitation (condensation nuclei)

C Satellite data retrievals improved with information on aerosol

C Hydrocarbon (Methane) oxidation is water vapour source
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Example: Impact of Aerosol Climatology on SW
Radiation
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Example: Impact of Aerosol Climatology on SW
Radiation
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Improved Predictability with improved Aerosol
Climatology

(a) V700:. African Easterly Jet

1.0 1
< 0.8
% - Figure 3. Average anomaly correlation coefficients
a (see main text for details) for forecasts of
4 04 meridional wind variations at 700 hPa with the
E ‘old’ (solid) and the ‘new’ (dashed) aerosol
-uE: 0o climatology for (a) the African easterly jet region
(150W.350E, 50N.200N) and (b) the eastern
0oL . tropical Atlantic ( 40o0W.150W, 50N.200N).
Forecast lead -times for which the score
1.0 with the ‘new' aerosol is signicantly better (at the
5% level) are marked with circles. Results are
c 08 based on the weather forecasts (see main text for
r 06 details) started at 12 UTC on each day between 26
3 June to 26 July 2004.
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Published in Quart. J. Roy. Meteorol. Soc. , 134, 1479.1497 (2008 )
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An ot her moti vati on &

Eyjafjallajokull Plume Forecast for 9 May 2010 01 UTC - Injection Height VAAC
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Modelling atmospheric composition
Gas phase

, Transport
. Source an Sinks
C Chemical conversion

C Emissions

C Deposition
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Atmospheric Composition

CH,OOH
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Atmospheric Chemistry

Chemical

Reactions
Photolysis ff

Transport
catalytical ( ) j
Cycles

Atmospheric
Reservoir
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Modelling atmospheric composition

Mass balance equation for chemical species ( up to 150 in state-of-the-art
Chemical Transport Models)

a A A
4y V + — = 4+ =
0 0 0 0

\ J | /

| !
Transport Source and Sinks

C concentration of species |
E = ... Emission
R = ., ,.¢,¢..) .. Chemical conversic
D, = .. ... Deposition
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Examples of Global Mass Budget
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Nitrogen Oxides - sources and sinks

MOZART - 3 CTM
2003070500

Surface Emissions
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Chemical Production and Loss & Lightning
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Some very general remarks about gas
phase chemistry 1 n the At

Under atmospheric conditions (p and T) but no sunlight atmospheric
chemistry of the gas phase would be slow

Sun radiation (UV) splits (pr ) even very stable molecules such
as O, (but also O; or NO,) in to very reactive molecules

These fast reacting molecules are called and the most
prominent examples are

C O mainly in stratosphere and above, but also in troposphere

C (Hydroxyl radical) and HO,, (peroxy radical) in troposphere

Reaction with OH is the most important loss mechanism in the
troposphere for very common species such as CO , NO,, O and
Hydrocarbons

We need to quantify the concentration change due to chemistry
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Chemical Kinetics (1)

Gas-phase reactions
C A+B > C+D

C A+B > C
often A+B & C

~

c C — A+ B
¢ A+B+M > C+D+M
Photolytic reactions if v < v ;i
C A+thv—> B+C

heterogeneous (aerosol-, liquid-phase) reactions
surface reactions
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Chemical Kinetics (ll)

Reaction speed (= concentration change per time) is proportional
to product of concentration of reacting species

Example:A + B—> C — — — —
ct ct c -5
A . = iratond A
)
k= | JI (r= 1= (Slesp=H

Example: Photolysis A+ hv—> B+ C

— N S

L an & T
I = ——a«-=m =

Chemical loss of A is proportional to concentration of A
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Det our é
Sub -grid scale chemistry parameterisation??

The non -linear nature of the chemical Kineticis leads to a potential
influence of the spatially unresolved sub  -scale variability on the

mo d e | resolved scale (fAturbulent o r €
Pa = -
_E———g _E—————-'
e |

There is no solution for sub  -grid scale variability of chemistry yet

No solution to this problem yet
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Chemical Lifetime vs. Spatial Scale

Urban or Regional or Synoptic to
Microscale I local scale I mesoscale I global scalel
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Ozone Production in Stratosphere
(Chapman 1932 )

Chemical Equations Kinetics equations
o= - .
a o —> DHC g - = == = < -
B O+9O+—> )+ M
Qo C+ — _ Ty = = - S o
D Cc+—> D Assumptions
<
<u_— Eo s =S == == s
«d

The shape of the ozone profile can be qualitatively explained by the derived
ozone production

C (a) is most efficient in upper atmosphere (more UV input)

C (b) is most efficient in lower atmosphere (higher density)
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Ozone profile and life time
predicted with Chapmann Cycle

theory

observed 0 5 10 15 107 10° 07 10° 10 10°
n{0,) 710" molecules cm” TIME CONSTANT /s
Catalytic , . _— x . . : o -
.yt . Fig. 3-5. (a) Vertical profile of ozone number densities calculated from Eq. (3-9). The
reactions Wltl}1 ched area shows for compari i [ oh (i 0 jata of K (1969)
atched area shows for comparison the range of observations from data of Krueger (1969),
NOx, HOX, S comj £ :

andhawa (1971), : Mauersberger er al. (1981), : *lati 5. (b) Time const: or the

ClOx and Brd&mdht 1 (1971, mn;_i M IUerereqr et al. (1981), at ]tm | n.nmlira (b) I.IT'I'II._ constant for the
approach to photostationary state of ozone calculated from Eq. (3-11). (¢) Ozone replacement

times calculated from Eq. (3-12) by Johnston and Whitten (1973), here for 60° northern latitude,

summer and winter, and at the equator,
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Data assimilation of atmospheric
composition

. Observations

. Assimilation System

. Examples
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Special Characteristics of Atmospheric Chemistry
data (vs NWP) assimilation

Quality of NWP depends predominantly on Initial conditions whereas
Atmospheric Chemistry modelling depends on initial state (lifetime) and
emissions

Emissions data are uncertain and difficult to measure and biased

Chemical atmospheric fields have strong horizontal and vertical gradients for
atmospheric composition

C small scale emission variability

C Heterogonous reactions on surface
Observation

C Limited representativeness

C Sparse

C Poor near real time availability
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Al r quality
toward polluted areas )
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NO2 annual mean in Berlin
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Profile Observations ( &

Ozone sondes - GAW stations
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Satellite observations
Assimilation of retrievals vs. radiances

Radiance observation

Complex Observation Rad|an ce
Retrieval Algorithm Operator . . .
(A priori atmospheric (Radiative Tranfer) assimi Iat|0n
state) CO,
MOPITT CO (V3) Column 2008-03-10 I ﬁ
| ; il Retrieved Observation Assimilating Model
Partial/total O—>p» Operator (model atmopsheric
columns GRG & AER state) GEMS
system

PRy Ig’ 3D
s e Total Columns Concentration Field
(averaged) Analysis

et 1o fromm MOPUZ: 20080129, 245, 00.2 vl hell {uprioe Iraction = 5%}

_——
53833k

retrievals analyses
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NO 2 retrievals from satellite observations

Retrieval of trop. NO2 from A priori information needed:
SCIAMACHY measurements . aerosol loading and profile

vertical profile of the observed species

surface reflectance at time of
measurement

Obtained from climatologies or Models

Problems:
spatial resolution

DOAS analysis . loss of independence of measurement
and model

clouds
Total Slant Column
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Special Characteristics of Atmospheric Chemistry

satellite observations

Total or partial column retrieved from radiation measurements
C No or only low vertical resolution
C Ozone (and NO2) dominated by stratosphere
C Weak or no signal from planetary boundary layer
Global coverage in a couple of days (LEO)
C Limited to cloud free conditions
C Fixed overpass time (LEO) i no daily maximum

Retrieval algorithms are ongoing research
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MOPITT CO (TC) Data count
Example April 2003

150°W 120°W 90°W 60°W 30°W  0°  230°E 60°E 90°E 120°E 150°E

150°W 120°W 90°W 60°W 30°W o° 30°E  60°E 90°E 120°E 150°E

Asery few observations in tropical regions (clouds)
AOnly Land Points were assimilated
Mata have been thinned to 1°x1° grid
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CO total column retrievals from different

Instruments/ retrievals

MOPITT - retrieval
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Trace gas assimilation system at
ECMWF

. Stratospheric Ozone with linearized ozone chemistry since
1999

. GEMS-project ( 2004-2009) / MACC-project ( 2009-2011)
C Ozone in troposphere and stratosphere
C CO, S0O2, Formaldehyde, NOx , Aerosol and CO and CH 4
C Full Chemistry (CTM MOZART -3)
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GEMS / MACC Global Production

Satellite Observations

Meteorology
Chemistry

NWP and Data Assimilation
ECMWF's IFS

Chemistry

<

1 hourly

Meteorology

|

>

Chemical Transport Modelling
MOZART-3, TM5, MOCAGE

Near Real Time
Chemistry Forecast

(and Analysis)

A

Chemical Re-Analysis

2003 -2008

O3, CO, (NOy, HCHO)

Near Real Time
Tracer Forecast

Biomass burning
Regional emissions

Validation

Training Data assimilation and Satellite Data

i Johannes Flemming

< ECMWF



The IFS Is coupled to a CTM for data
assimilation of atmospheric composition

IC 0 3 6 9 12 é ..
Initial
Conditions
CTM
Tracer | |

Concentrations -

Production/Loss

OAS

N

Concentration

Meteorology feedback

Tracer
Concentrations

Training Data assimilation and Satellite Data i Johannes Flemming _AECMWF




ECMWF 4D-VAR Data Assimilation Scheme
Assimilation of Reactive Gases and Aerosol

X = Xp

X; nmmeemeees » High-resolution non-linear trajectory

""""" l P l .

g SO0): 1 ES(xpi) i AR S(xz,n)
2 S v — Y. Y ) A Y Y
= + i Trajectory
O
g Low-resolution linear model —_—> J advection
E Low-resolution adjoint model —» VJ Only
Iterative minimisation algorithm

x!.—|—ll =xi+S_](8xi}

Xy reeeeeeeees > High-resolution non-linear forecast
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Reactive gases assimilation 0
approach in GEMS and MACC

Include NO,, SO,, O;, CO and HCHO species in IFS (Transport and
Assimilation)

Introduce source and sinks by coupling with Chemical Transport Models
MOZART (MPI-Hamburg), TM5 (KNMI), Mocage (Meteo France)

1. Assimilate species in IFS with existing 4D-VAR implementation developed for
meteorological fields

C Apply coupled system in out loops (forward trajectory run) only

C NMC method (i.e. differences to different meteorological forecasts) to
obtain background error statistic

)¢

Implement and test feedback mechanism to coupled CTM

)¢

Implement diagnostic NO2 (fast chemistry, observed) to NOX (slow
chemistry, modelled) observation operator
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Assimilation of Ozone

. Dominated by the stratosphere
. Assimilated Ozone retrievals

C Total Columns from UB -VIS instruments
(OMI, SCHIMACHY and SBUV)

C Low -resolution stratospheric profiles
from Microwave -Limb -Sounder (MLS)
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Ozone Total Columns 0
Inter -annual variability in GEMS re -analysis
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