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Why? Why is air quality (AQ) important?
Challenges for the 21st Century

What? What is needed to understand air quality?
Tools: Observations, models & bringing them together data assimilation 

How? How do we use these tools?

Examples from data assimilation

Where are we going? Future developments
Higher spatio-temporal resolution: serving the citizen - you

Conclusions
Data assimilation key to understanding and addressing problems associated with AQ



Challenges for the 21st Century

Climate change

Air quality

Water resources

Why?



Climate change

Water resources

Air quality



Reduction in life expectancy by PM 
pollution (months, EU document)

French Air Quality Law (12/1996), article 1 : «Every citizen has the right 
to breathe air which does not harm his/her health »  & drink good wine!

Annual cost to French
health care system for
asthmas & cancers
directly related to AQ
is estimated between
300 & 1300 MEuros for
2006 (AFSSET, 2007)

Heat wave 2003, Europe:
post-crisis analyses have
shown that bad AQ played a
deleterious role in the
number of deaths





Cost evolution



Societal costs of air quality are large
Need to act
Need information

From «The Guardian»

And the Med?



Need for information
Main challenges to society require
information for an intelligent response,
including making choices on future action
examples:

Air Quality

Climate change economy/AQ

Impact of extreme weather

Environmental degradation
Loss of natural habitat, impact on
biodiversity, impacts of pollution (water, air)

We can take action according to information obtained:

Future behaviour of system of interest, future events prediction
Test understanding of system & its dynamic response & adjust understanding

hypothesis testing
Assess the Earth Climate System (e.g. air quality) monitoring



Tropospheric chemistry: O3
Transport: CO, O3
Emissions: CO

Schematic of tropospheric O3 chemistry
illustrating coupling between O3 & various
chemical cycles. Jacob (2000)

Intercontinental transport pathways in NH.
Arrows approximate magnitude of pathways
for Summer (JJA) & Winter (DJF) based on
simulations
Boxes indicate regions used in HTAP studies.
Light arrows: transport nr surface (< 3 km ht)
Dark arrows: transport higher up (>3 km ht)

HTAP (2007)

What?

Observations, models & their combination:

Data assimilation

What is needed to understand Air Quality?



AQ spatio-temporal scales

Temporal
Variability
< 1 hour

Temporal variability: O3 (red), CO (black), NOx (blue), SO2 (green), 6-7 Jun 2009
(Reims, France). Data obtained from French reference AQ databases;; measurements
made & validated by local network of Reims Atmo-Champagne-Ardenne.
© Copyright 2012, American Meteorological Society (AMS) Lahoz et al. 2012 (BAMS).

High resolution spatio-temporal sampling
at continental/regional scales



Spatial
Variability
< 10 km

Map of O3 partial column (0-3 km;; height above model surface) over Europe, 12 UTC,
1 Jul 2009 (1017 molec.cm-2). Map derived from MOCAGE CTM.
Note heavily polluted region in the Po Valley & influence of transport in Mediterranean
© Copyright 2012, American Meteorological Society (AMS) Lahoz et al. 2012 (BAMS).



Observation types used by ECMWF for NWP

Thépaut and Andersson, 2010 © Springer (The Global Observing System) - GOS
Consider: elements of GOS for AQ (focus on satellite platforms: LEO & GEO)
Ground-based network also important (e.g. ozone measurements)

GEO LEO

Global Observing System

Surface Buoy

In situ

Satellite



Demonstrated value of space-borne AQ measurements (note averaging period)

NO2 tropospheric densities, averaged for 2009, from SCIAMACHY (LEO platform).
Left: USA;; Middle: Europe;; Right: China. Units: 1015 molecules.cm-2. Fig. A. Richter.
© Copyright 2012, American Meteorological Society (AMS) Lahoz et al. 2012 (BAMS)

Other LEOs: IASI (O3, CO);; MOPITT (CO);; TES (O3);; GOME & OMI (NO2, NOx)
Aerosol products from GEOs for NWP (no tracer measurements from GEOs)

Issues:
Lack of ht-resolved regional/continental scale information, O3 and, until recently, CO
Concentrations AQ species in PBL (planetary bdry layer) a priority (IGACO 2004)



The case for a GEO platform for AQ: GEOs vs LEOs

LEOs required for 1-hr revisit time over Europe.
Left: 1o x 1o ( 100 km);; right: 0.4o x 0.4o ( 40 km).
Least number of LEOs required is 3 (dark blue regions), but only for v. small regions in area.
© Copyright 2012, American Meteorological Society (AMS) Lahoz et al. 2012 (BAMS)
For 1-hr revisit time & < 10 km resolution, least number of LEOs > 10. Only 1 GEO is required.



Observations of Air Quality:

In situ data + satellite data The Global Climate Observing System

Why we need air quality observations for USA (& generally)

AQ Observation systems in the USA Nov 2013



Use observational and model information + errors: Data Assimilation

Used in many areas, including:

Weather forecasting

Air quality forecasting

Design of the GCOS:
Observing System Simulation Expts
OSSEs
met agencies, space agencies

Monitor the Earth System/test models/
case studies: reanalyses

«Best» state, «best» forecast

Lahoz, W.A., and P. Schneider, 2014: Data Assimilation:
Making sense of Earth Observation. Front. Environ. Sci. -
Atmospheric Science, doi: 10.3389/fenvs.2014.00016.

How?    how do we use these tools?



way of filling in gaps by melding information from observations &
model (+ errors) - Mathematical foundation solution

Bayesian approach

Two approaches: statistical linear estimation (SLE);; ensembles (EnKF, PF)
SLE (var, sequential): Bayesian estimation when system linear & errors Gaussian
- A way to estimate the: Best Linear Unbiased Estimate (BLUE)

Variational methods (var)

Sequential methods (KF)

Equivalent under only condition
of linearity

Mathematical basis for data assimilation



Lahoz and Schneider, 2014

DA methods

Variational Ensemble



Success of DA:

NWP:

2 day forecast improvement in c. 20 yrs

NH: 2 days in 28 yrs (2013-1985)

SH: 2 days in 16 yrs (2013-1997)

ECWMF

Operations: 1980-2013

Reanalyses: 1979-2013 (ERA-Interim)

1973-2001 (ERA-40)

Dee et al., BAMS, 2014

© Copyright 2014, American Meteorological Society (AMS) Dee et al.  2014 (BAMS)



AQ: improved NO2 estimates

Elbern et al., 2010: Inverse modelling and combined state-source Estimation for chemical 
weather. In Data Assimilation: Making Sense of Observations, eds. WA Lahoz et al, Springer. 

use geostatistical interpolation 



Incremental value of added observation type/platform

Approach:
Identify characteristics of GOS (strengths/weaknesses)
Come up with dependent on science themes (also users)
Competing requirements & cost constraints (e.g. g-based vs 1 GEO for AQ)
How do we quantify added value?

Generally, you do NOT consider value of extra platform/observation
BUT added value of addition to GOS above what else would be available
-> INCREMENTAL VALUE: TRUE FOR ANY ADDITION TO THE GOS

Use data assimilation (DA) to quantify additions to GOS (& GOS design):
Masutani et al. 2010: Observing System Simulation Experiments (OSSEs)
Concept related to Observing System Experiments (OSEs, cf. NWP)

OSSEs applied to evaluate added value of proposed/planned AQ missions
(e.g., lower troposphere ozone, CO)



Simulated observations of 
instruments appropriate to the 
study, including errors: using T
Assimilation system: using a model
Expt C1: only observation type 1
Expt C2: only observation type 2
Interested in performance of obs 
type 1

AQ OSSE set-up - generally consider 1 obs type

T

C1 C2

Process using DA

C2-TC1-T

OSSE goal: evaluate if the difference C1-T (measured objectively)
is significantly smaller than the difference C2-T

Fewer observations for AQ in GOS (v NWP);; very few operational systems for AQ

T



Note shortcomings of an OSSE:

Complex (comparable to DA system) -> alleviate problem:

Note:
interest has relatively high impact (e.g. lower trop O3, CO)

Difficult interpretation (model dependence) -> alleviate problem: 
conservative errors, several methods to investigate impact

-> alleviate 

(BUT there could be bias between models) also -

-based stations

Despite shortcomings, high cost of EO missions means
that OSSEs often make sense to space agencies



Many scientists in Europe, USA,

Canada, Japan and Korea

Involvement of Météo-France, KIT
Other proposed GEO missions for AQ:

GEO-CAPE: NASA (2020)

TEMPO: NASA (2018-2019)

MP-GEOSAT: Korea (2017-2018)

AQ-Climate: JAXA (2020)

Planned:

Sentinels 4, 5, 5-P, ESA (2017-2020)

Proposed MAGEAQ mission for EE-8 (TIR+VIS, Ozone and CO)



Validation of
Top 4 plots CO
Bottom 4 plots O3
From Claeyman et al. (2011)

AQ OSSEs



OSSE results, MAGEAQ: impact of adding 1 data type (consider O3, 0-3 km column)
Red/Blue: MAGEAQ-TIR closer/further from (v model & MTG-IRS)

Exp 1

Exp 2

Exp 3

Exp 4

MAGEAQ-TIR v model
% of Truth

MAGEAQ-TIR v MTG-IRS
% of Truth



OSSE results: impact of adding 1
data type (O3, profile, 0-5 km ht)
Results v Nature Run (Truth)

Correlation (left column)
Bias (middle column)
RMS (right column)

Black: free run (model) v Truth
Red: MTG-IRS v Truth
Green: MAGEAQ-TIR v Truth

Generally, MAGEAQ-TIR is better,
improvement smaller over 0-1 km ht

VIS should improve 0-1 km ht
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OSSE results: impact of adding 1 data
type (CO, profile, 0-5 km ht)
Results vs Nature Run

Correlation (left column)
Bias (middle column)
RMS (right column)

Black: free run (model) v Truth
Red: MTG-IRS v Truth
Green: MAGEAQ-TIR v Truth

Generally, MAGEAQ-TIR is better,
impact for CO over 0-1 km ht
slightly higher than for O3
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Summary of OSSE results
From Claeyman et al. (2011)

Exp a: Free model run
Exp b: MTG-IRS
Exp c: MAGEAQ-TIR



Conclusions from MAGEAQ-TIR OSSE:

MAGEAQ-TIR generally closer to the Truth than MTG-IRS (O3, CO)
-improvement over large areas of Europe

BUT ht-dependent: instrument sensitivity (need multi-spectral approach)

MAGEAQ-TIR can have significant impact on GOS & improve from MTG-IRS
-results suggest MAGEAQ-TIR provides better GEO platform for observing
lowermost troposphere O3 and CO than MTG-IRS (expected, but tested)

Set-up only includes TIR, addition of VIS should improve surface sensitivity
- see work by Natraj et al., Hache et al. (and see later slides)

OSSEs integral part of MAGEAQ
- in line with ESA (ADM-Aeolus;; CarbonSat;; ISOTROP), NASA (GEO-CAPE)

& NCEP (Masutani et al. 2010) approaches

- Use OSSE concept (with/without data assimilation) for AQ monitoring
-> develop monitoring network over Euro-Mediterran: satellite, in situ



Representative averaging kernels (AVKs) for 6 nm sampling:
Left: TIR;; Middle: VIS;; Right: TIR+VIS: Degrees of Freedom for Signal (DFS)
Note information content (DFS) from lowermost troposphere increased for TIR+VIS
© Copyright 2012, American Meteorological Society (AMS) Lahoz et al. 2012 (BAMS)

These issues are being studied by e.g., Natraj et al. (2011), Hache et al. (2014)
and POGEQA/MUSICQA projects

Timmermans et al. (2014) review paper on AQ OSSEs

TIR vs TIR+VIS



Hache et al., 2014

Impact of TIR+VIS: GEO over Europe to monitor tropospheric O3

OSSE concept no data assimilation BUT potential for future DA work 



Hache et al., 2014

GEO correlation vs NR: TIR (red) vs TIR+VIS (blue) & a priori (green)

A priori:
Average MOCAGE
CTM profilesTIR+VIS better



Hache et al., 2014

Blue: TIR+VIS
Red: TIR

R1: no. Ref pts > Th

R1_S1: both ref
& sim > Th

R0: no. Ref Pts < Th

R0_S1: Ref pts < Th
& sim > Th

PD: Prob. detection
FAR: false alarm rate

Daytime pixels over
land - surface

TIR+VIS overall better



Motivation 
Growth in mobile use

Change in mobile usage

Increasing range of features

Source: http://www.smartinsights.com/mobile-marketing/mobile-marketing-analytics/mobile-marketing-statistics/

A new environmental information system using citizens - you
EC Green Week, Brussels, 2013

Where are we going?



In EU, several new initiatives funded by FP7:

CITCLOPS, CITI-SENSE, COBWEB, OMNISCIENTIS, WESENSEIT

http://www.citi-sense.eu Lahoz, 2013

E.g. Citizen Science activities in environmental sciences -> 19th C:

Observations by amateurs (birds & butterflies) health of environment

21st C -> Technologies (internet, smartphones) & growth of usage
- increased potential benefits from Citizen Science activities ->

Opportunity to extend range of obs platforms available to society, spatio-
temporal scales (10s m,  <1 h) highly relevant to citizens: use smartphones to 
submit obs information on immediate environment (e.g. AQ, weather)

Potential value of Citizen Science high (science, education, social and policy 
aspects) but largely untapped (for citizens, policy makers)

Developments at Met centres: WOW project Met Office, UK snow obs     
http://wow.metoffice.gov.uk





Challenges to be met in Citizen Science
Data providers and users: Match requirements - need for dialogue, 
understanding & education Workshops/seminars

Uncertainty information: Convey uncertainty in a user-friendly way
visualization key App development in CITI-SENSE & elsewhere

Observational information: Merge global and local information DA/DF work at
NILU

Added value information: Merge observational & model information  & their
errors - weather forecasts, air quality forecasts;; assess DA work at NILU

Data security & privacy: Address in CITI-SENSE & elsewhere



AQ Observation systems in the USA Nov 2013

Also applies outside USA

Opportunities from AQ information



« A system that makes no errors
is not intelligent »
« Risk Savvy », Gerd Gigerenzer

Data assimilation key to understanding & addressing AQ
For example, monitoring AQ over the Euro-Mediterranean area

And now for something completely different

Conclusions



Analyses: best estimate of the state (process studies, climate studies)
Analyses: initial state for a forecast (NWP, air quality - AQ)
Evaluation: observations & models error assumptions, bias
Data monitoring: change in instrument characteristics
Quantification: estimate changes in quantities, estimate transport,...
Impact of current observations: OSEs met agencies
Impact of future observations: OSSEs met agencies, space agencies

What did data assimilation ever do for you?

What did data

assimilation ever do

for us? Beautiful Norwegian

Well, it got me talking
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