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Session 1: 
Air Quality (AQ) Basics 



NASA’s Applied Remote Sensing Training Program

Learning Objectives

• Identify the different Atmospheric composition and Air Quality (AQ) relevant 
datasets available from the Copernicus Atmosphere Monitoring Service

• Understand the difference between forecast, analysis and reanalysis
• Understand how satellite observations are used for forecasting, reanalysis, and 

evaluation
• Discover how to subset and visualize reanalysis and forecast outputs



Session 3: Global Air Quality Forecasting by 
Copernicus Atmosphere Monitoring Service 

(CAMS)



From D. Jacob (Harvard)



• Created in 1975
• 34 member and co-operating states
• 340 staff from 30 countries
• Based in Reading, UK
• Partnerships around the world
• http://www.ecmwf.int

http://www.ecmwf.int/


Sentinels

C o p e r n i c u s  a n d  E C M W F

Atmosphere

Marine

Security

Observations 
feeding into 
value-added 
Services

ECWMF is contributing to the Service



The CAMS portfolio includes  
Earth Observation-based 
information products about:
• Past, current, and near-future 

(forecasts) global 
atmospheric composition;

• The ozone layer;
• Air quality in Europe;
• Emissions and surface fluxes 

of key pollutants and 
greenhouse gases;

• Solar radiation;
• Climate radiative forcing.

This is delivered by a large 
European consortium (196 
entities through 75 contracts).



Example: NO2 tropospheric column from 
Copernicus Sentinel-5P (31/10/2018)

Observations are essential, but 
direct use is generally limited:
• Gaps in space and time
• Observed quantities may not be 

directly relevant (vertical column 
vs. surface concentration)

• Can be complex and numerous



C A M S  I n f o r m a t i o n  F l o w

CAMS main operational data 
assimilation and modelling 
systems

IFS 40km (oper)/80km (rean) 
Globe

9-member 
ensemble
10km 
Europe



IFS Control Variables
CHEM: O3, NO2, SO2, CO, HCHO
AER: Single or dual control variables 
(total or fine & coarse mode aerosol 
mixing ratio)
GHG: CO2, CH4

Aerosol model with 14 bins (no TL or 
AD): dust, sea salt, organic matter, black 
carbon, sulphate, nitrate, ammonium

Observations
• Observation operators
• Variational bias 

correction
• Background error 

statistics
GHG Fields

Coupling between 
aerosols and 
CHEM

Built on the ECMWF Integrated Forecast System (IFS)



Current Operational Version:
• Based on IFS Cy47r1
• Horizontal: T511 (~40km)
• Vertical: L137

ECMWF IFS COMPOSITION CONFIGURATIONS



L1b Data

CAMS Analysis and 
Monitoring Tools

Feedback

Good Data

CAMS Analyses and Forecasts

C A M S  I n f o r m a t i o n  F l o w :  I n g e s t i n g  O b s e r v a t i o n s



C A M S  O b s e r v a t i o n  D a t a  F l o w

EUMETCast

Acquisition (ECPDS)

Analysis & Forecast
(CCA/CCB)

Converter: Read data 
from delivered format 
and convert into BUFR 
format used by IFS

Include the BUFR-
formatted data into 
CAMS model



E a r t h  O b s e r v a t i o n  S a t e l l i t e s

Instruments
Global system

O3 OMI, SBUV, GOME-2, MLS, OMPS, S5p
CO IASI, MOPITT, S5p
NO2 OMI, GOME-2, S5p
SO2 OMI, GOME-2, S5p
Aerosol MODIS, PMAp, VIIRS, S3

CO2 GOSAT, OCO-2
CH4 GOSAT, IASI, S5p

MODIS, SEVIRI*, VIIRS, Sentinel-3, GOES-E/W*,
HIMAWARI-8*

Assimilated Monitored Under Development



https://atmosphere.copernicus.eu/cams-input-data

https://atmosphere.copernicus.eu/cams-input-data


Atmosphere
Monitoring

4 D - VA R  - M e t h o d  o f  C o m b i n i n g  O b s e r v a t i o n s  w i t h  M o d e l

• We need efficient means of combining the information from ~20,000,000 observations 
with a global model at ~40 km horizontal resolution.

• Data assimilation is the process of merging observations with a background model 
forecast in a statistically consistent manner.

• We want to minimize a cost function (J) that evaluates the model background (Jb) and 
observations (Jo).

Forecast
Observation



Atmosphere
Monitoring

• To assimilate any data, we need a means of directly comparing the 
model parameter with an observed quantity.

• The observation operator (H) converts a model parameter for 
comparison against an observation in observation space (i.e., taking 
into account location, time of day, etc.).

• The simplest form is interpolation from model grid to observation 
location (e.g., in situ measurements).
– For satellite observations, it also includes complex transformations based 

on the physics of the measurement.

O b s e r v a t i o n  O p e r a t o r



Atmosphere
Monitoring

Ve r t i c a l  S e n s i t i v i t y  o f  A t m o s p h e r i c  C o m p o s i t i o n  R e t r i e v a l s

TES O3

• Data assimilation into NWP models redistributes atmospheric 
composition observations to provide vertical information.



Atmosphere
Monitoring

OMI
AURA

GOME-2 
Metop-B

OMI
AURA

GOME-2 
Metop-B

Tropospheric NO2

A s s i m i l a t e d  R e a c t i v e  G a s e s  i n  C A M S  R e a l - T i m e  S y s t e m

IASI 
Metop-B

CO

GOME-2 
Metop-A

OMI, MLS
AURA

SBUV/2 
NOAA-19

OMPS
SNPP

HCHO
GOME-2 
Metop-A

TROPOMI
S5P

https://atmosphere.copernicus.eu/satellite-observations
https://atmosphere.copernicus.eu/satellite-observations


Atmosphere
Monitoring

MOPITT CO (NASA/NCAR)
IASI CO (LATMOS/ULB)

Carbon monoxide (CO) is a tracer of combustion sources.



Atmosphere
Monitoring



Atmosphere
Monitoring

S u p e r - O b b i n g

T159
120km

• S5P data volume is a challenge.
• Data Resolution: 7 km x 7 km
• Model Resolution: 40 km x 40 km
• Resolution of Minimisations: 

• 120 km x 120 km
• 210 km x 210 km 

• For other atm. composition data we randomly thin the data.
• We need to thin the data in a clever way.
• Super-Obbing

Offline Data from ODA1 Server



Atmosphere
Monitoring

E x a m p l e  N O 2  C o v e r a g e  o n  2 0 1 7 1 1 2 3 ,  0 z
OMI (DOMINO-V2)

GOME-2A (GDP v4.8)

Test data provided 
by Henk Eskes
(KNMI)



Atmosphere
Monitoring

E x a m p l e  N O 2  C o v e r a g e  o n  2 0 1 7 1 1 2 3 ,  0 z
OMI (DOMINO-V2)

GOME-2A (GDP v4.8)

GOME-2 and 
OMI thinned to 
0.5⁰ x 0.5⁰



Atmosphere
Monitoring

Even at T159, 
super-obbing the 
coverage is 
better than what 
we currently 
have.

GOME-2A (GDP v4.8)

GOME-2 and 
OMI thinned to 
0.5⁰ x 0.5⁰

TROPOMI (T159)



Atmosphere
Monitoring

https://atmosphere.copernicus.eu/charts/cams_monitoring/

Departures
Obs – First Guess
Obs – Analysis 

Standard Deviations
Obs – First Guess
Obs – Analysis 

Values
Obs
First Guess
Analysis 

Number of Calues
Displayed
All
Used

https://atmosphere.copernicus.eu/charts/cams_monitoring/


CAMS EMISSIONS INVENTORIES (BOTTOM UP)



• Global emissions inventories 
for anthropogenic, biogenic, 
shipping, volcanic 
outgassing, soil NO

– Geographical and sectoral 
temporal profiles

• Regular updates to include, 
e.g., specific information on 
regional (including China, 
India, & SE Asia) emissions

• Public releases and 
documentation available via 
CAMS Atmosphere Data 
Store

– https://ads.atmosphere.cop
ernicus.eu/

C A M S  E m i s s i o n s  I n v e n t o r i e s

SO2 China

SO2 India

SO2 SE Asia

https://ads.atmosphere.copernicus.eu/


http://apps.ecmwf.int/datasets/data/cams-gfas/


G l o b a l  W i l d f i r e s  i n  2 0 2 0

https://atmosphere.copernicus.eu/index.php/how-wildfires-americas-and-
tropical-africa-2020-compared-previous-years

https://atmosphere.copernicus.eu/index.php/how-wildfires-americas-and-tropical-africa-2020-compared-previous-years





G l o b a l  W i l d f i r e  A c t i v i t y  a n d  E m i s s i o n s

• Radiative energy of fires can be observed by satellites 
and can be used to estimate emissions of pollutants.

• 2020 was generally an average year for wildfire activity at 
the global scale.

• However, there was notable activity in the Arctic Circle 
and Siberia, parts of the Amazon, Western US, and 
Australia.



Fires in 
Siberia

Fires in 
Canada

CAMS Daily Fire CO2 Emissions (GFASv1.2)

Mean Daily Emission 2003-2016
Daily Emission 2017

Mean Daily Emission 2003-2016
Daily Emission 2017



Grand Forks, ND, USA Halifax, NS, Canada

Graciosa, Azores

Birkenes, Norway






C A M S  i n  A c t i o n :  E u r o p e a n  A i r  Q u a l i t y

Nitrate, ammonium, 
and sulfate 
principally

https://policy.atmosphere.copernicus.eu/DailySourceAllocation.php

https://policy.atmosphere.copernicus.eu/DailySourceAllocation.php


C A M S  i n  A c t i o n :  C A M S  C O V I D - 1 9  M i n i s i t e

Air pollution across Europe 
compared to 2017-2019 and 
as a function of lockdown 
measures

How consistent are surface 
and satellite 
measurements?

https://atmosphere.copernicus.eu/european-air-quality-information-support-covid-19-crisis

CAMS regional air quality forecasts: Météo-France, Ineris (FR)
CAMS COVID-19 scenario forecasts: Ineris (FR)
CAMS website: ECMWF

https://atmosphere.copernicus.eu/european-air-quality-information-support-covid-19-crisis


Atmosphere
Monitoring

GLOBAL SCALEC A M S  G l o b a l  R e a n a l y s i s 2 0 0 3  – 2 0 2 0  ( U p d a t e d  Y e a r l y )

good

bad

Real-Time

https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-reanalysis-eac4

https://doi.org/10.5194/acp-19-3515-2019
https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-reanalysis-eac4


Atmosphere
Monitoring

CO Anomaly

Anomalies calculated 
against the 2003-2019 
January means from 
the CAMS reanalysis

CAMS reanalysis 2003-2019 data available from:
https://atmosphere.copernicus.eu/data

Impact of Australian 
Fires

https://atmosphere.copernicus.eu/data


Atmosphere
Monitoring

CIRA (2003-2016)

MACCRA (2003-2012)

4.49 ± 5.04 2.99 ± 3.02 -0.54 ± 2.95

4.55 ± 4.50 7.30 ± 4.42 1.96 ± 5.06

Evaluation of Total Column CO
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Atmosphere
Monitoring

CAMS in  ac t ion :  Mon i to r ing  the  An ta rc t i c  Ozone Ho le

• CAMS monitors the area and values within the 
Antarctic ozone hole throughout its development 
in the Austral spring.

15 Sept 2021

https://atmosphere.copernicus.eu/monitoring-ozone-layer



Atmosphere
Monitoring

A n t a r c t i c  O z o n e  H o l e  2 0 1 9  &  2 0 2 0
In addition to long-term recovery, there is a lot of interannual variability.

(1979-2002 from ERA5; 2003-2019 from CAMSRA; 2020 CAMS NRT)



Atmosphere
Monitoring

42 years of 
Antarctic ozone 
hole data 
merging ERA-5 
and CAMS 
Reanalysis data

https://atmosphere.copernicus.eu/monitoring-ozone-layer



Atmosphere
Monitoring

D o c u m e n t a t i o n  &  Q u a l i t y  C o n t r o l

https://atmosphere.copernicus.eu/user-support/validation/verification-global-services



Atmosphere
Monitoring

I n d e p e n d e n t  O b s e r v a t i o n s  f o r  Va l i d a t i o n



Atmosphere
Monitoring



Atmosphere
Monitoring

The Atmosphere Data 
Store (ADS) is the 
main point of access to 
all of the CAMS data



Atmosphere
Monitoring



Atmosphere
Monitoring



Atmosphere
Monitoring

O P E N I N G  O F  T H E  A T M O S P H E R E  D A T A  S T O R E

http://ads.atmosphere.copernicus.eu
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