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Summary
The Copernicus Atmosphere Monitoring Service (http://atmosphere.copernicus.eu,
CAMS) is a component of the European Earth Observation programme Copernicus. The
CAMS system was developed by a series of MACC research projects (MACC I-II-III)
until July 2015. CAMS is providing operational forecasts, analayses and reanalyses on
the global and European scale of the composition of the atmosphere (reactive gases,
greenhouse gases, aerosols).
CAMS-84 is a sub-project of CAMS, dealing with the validation of the services. CAMS84 provides 3-monthly updates of validation reports for the global and regional
services. The validation is based on a large number of observations and measurement
techniques, including surface in-situ, surface remote sensing, observations by
airplanes, balloon sounding, observations from ships and satellite observations. The
three monthly cycle of the validation reports adds constraints on the availability of the
observations, which should be rougly within one month after sensing.
This document serves as a reference for the validation reports, in order to provide the
traceablility for the independent observations usedin the validation work. The two main
aspects discussed are:
1. A description of the observations used, including the list of contributing stations,
measurement techniques, QA procedures, and error estimates.
2. A description of the way these observations are used for the validation.

Remark on this version of the document (v0.3):
At the time of writing (December 2016) the content of the document is based on
material which was available at the end of MACC-III, and the document does not yet
include all datasets that will be used for the validation in 2016 and beyond. The focus
of this document is on the evaluation of the real-time service. During the year 2016
the content will be reviewed, resulting in more in-depth discussions of the datasets and
a complete overview of the data. Observations used for the reanalysis will be
distinguished from observations used for the quarterly reports.
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1 Introduction
In the sections of this document the individual independent datasets used for the
validation will be discussed one by one. The sections will provide information on the
datasets and the way these observations are processed and used for the validation of
the CAMS services.
The table below (From Eskes et al., 2015) provides an overview of the trace gas
species and aerosol quantities relevant for the real-time global atmospheric
composition service. Shown are the data sets assimilated (second column) and the
data sets used for validation (third column). Normal text indicates that substantial data
are available to either constrain the species in the analysis, or substantial data are
available to assess the quality of the analysis. Italic text indicates that measurements
are available, but that the impact on the analysis is not very strong or indirect (second
column), or that only certain aspects are validated (third column).
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An overview of the estimated measurement uncertainties and the temporal and spatial
properties of the observations is provided below (taken from Eskes et al., 2015). Nonsatellite data is listed in the firstlock, satellite data in the second.
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2 Method for comparison with ozone soundings
The gridded model data are linearly interpolated to the latitude and longitude of the
station locations and converted in partial pressure. The ozonesonde data are linearly
interpolated to the vertical levels of the model, after which the average of all
considered sondes on these model levels was calculated. No temporal interpolation is
done. Instead, the sonde profiles are compared to the model forecasts closest in time.
The gross of soundings are performed with ECC sondes, except at Hohenpeissenberg in
Germany (Brewer Mast) and at Japanese stations (carbon iodine sensor). The sondes
have a precision of 3-5% (~10% in the troposphere for Brewer Mast) and an accuracy
of 5-10%. For further detail see Deshler et al. (2008) and Smit et al. (2007).
For this evaluation the free troposphere is defined as the altitude region between 750
and 200 hPa in the tropics and between 750 and 300 hPa elsewhere and the
stratosphere is defined as the altitude region between 60 and 10 hPa in the tropics and
between 90 and 10 hPa elsewhere.
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3 Method for comparison against surface observations
The current Near-Real-Time (NRT) validation relies on 12 GAW stations delivering O3
surface mixing ratios, as well as 12 ESRL Global Monitoring Division
(http://www.esrl.noaa.gov/gmd/; Oltmans et al.,1994) stations, see map in Figure 1.
In addition data from 2 EMEP stations in the Mediterranean, namely Finokalia (FK) and
Ayia Marina (CY), are used.
In order to compare modelled and observed reactive gas mixing ratios, model values at
the stations’ location have been interpolated linearly from the model data in the
horizontal. In the vertical, for the NRT validation, modelled gas concentrations have
been extracted at the model level which matches the GAW stations’ real altitude, which
is equivalent to matching the mean pressure of model level and station.
The uncertainty required for NRT surface data delivery is less than ± 5 nmol/mol for
hourly values of unvalidated data. The recommended routine measurement technique
for O3 is UV absorption. Detailed information on the GAW O3 measurements can be
found in GAW report No 209, (Galbally and Schultz, 2013). For CO, the analytical
measurement techniques are NDIR, GC/HgO, GC/FID, VURF or QCL, see GAW report
No 192 (2010).

Figure 1: Map of the GAW (brown), ESRL (blue) and EMEP (green) validation stations.
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Table 1: Coordinates of stations used in the present validation analysis.

Station

Latitude

Longitude

Altitude (m)

Country

Summit (SUM)

72.57°N

38.38°W

3266

Greenland

Barrow (BRW)

71.32°N

156.61°W

8

Alaska, United States

Moody (WKT)

31.32°N

97.33°W

260

Texas, United States

Niwot Ridge (NWR)

40.04°N

105.54°W

3022

Colorado United States

Boulder Atmospheric
Observatory (BAO)

40.05°N

105.00°W

1584

Colorado, United States

Trinidad Head (THD)

41.05°N

124.15°W

107

California, United States

Ayia Marina (CY)

35.04°N

33.06°E

532

Cyprus

Finokalia (FK)

35.32°N

25.67°E

250

Greece

Ragged Point (BAR)

13.17°N

59.46°W

45

Barbados

Bermuda (BER)

32.27°N

64.88°W

30

United Kingdom

Mauna Loa (MLO)

19.54°N

155.58°W

3397

Hawaii, United States

Tutuila (SMOC)

14.23°S

170.56°W

77

American Samoa

Lauder (LDR)

45.04°S

169.68°E

370

New Zealand

Arrival Heights (ARH)

77.80°S

166.78°W

50

New Zealand, Antarctica

South Pole (SPO)

90.00°S

24.80°W

2837

Antarctica
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4 Method for comparison against MOZAIC/IAGOS aircraft
measurements
The MOZAIC project (Marenco et al., 1998) uses sensors mounted on up to 5
commercial aircraft to obtain in situ measurements of various chemical species in the
atmosphere. Data consist of volume mixing ratios of the trace gases O3, CO, and
meteorological measurements including temperature, winds and relative humidity.
Data are available as tropospheric profiles taken during landing and take-off at
numerous airports around the world, and as trajectories in the UTLS obtained during
the cruise part of the flight. MOZAIC O3 data and meteorological measurements are
available from 1994-2009. The CO data (Nédélec et al., 2003) are available from
2001-2010. IAGOS operations began on 8 July 2011 with one Lufthansa aircraft based
in Frankfurt carrying instruments worldwide. Like MOZAIC, IAGOS includes volume
mixing ratios of O3 and CO, along with temperature, winds and relative humidity.
Data are available from several flights per day since operations began, and are
currently in the validation phase. Data is transmitted when the aircraft arrives at its
parking gate, and are available for comparison with the CAMS model runs after a time
delay of about 2 days.
Ozone and CO profiles from MOZAIC/IAGOS obtained during landing and take-off are
used in this report. The airport that provides the best availability of data is Frankfurt,
where there are usually several profiles a day. Frankfurt is thus considered to be the
reference airport. Statistical scores are always presented for Frankfurt and are
considered to be robust. Other airports are presented if they are considered to be of
interest and if the data coverage is good. For example, there are two profiles a day at
Windhoek, Namibia, which ensure a reliable time-series from 2005 onwards. Timeseries of the MNMB are calculated from daily profiles, averaged for each month and
calculated for different atmospheric layers. The layers are: the surface layer extending
up to 950hPa, the boundary layer from 950-850 hPa and the free troposphere from
850hPa to the upper troposphere. The height of the tropopause is determined from the
MOZAIC temperature profiles and the upper troposphere (UT) is defined as being 1km
below the tropopause and the lower stratosphere (LS) 1km above the tropopause.
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5 Method for comparison with MOPIT observations

Huijnen, Vincent (KNMI) 25-1-2016 14:18
Opmerking [2]: Merge section with IASI
evaluation that is missing so far

The MOPITT instrument is flying on board the NASA EOS Terra satellite and has been
operational since March 2000 (Deeter et al., 2010). It measures upwelling radiation in
the thermal infrared spectral range using gas-filter correlation radiometry. At nadir
view, MOPITT offers a horizontal resolution of 22x22 km2 and allows global coverage in
two to three days. MOPITT data used in this study corresponds to the daytime CO total
columns from the Version 4 product. The model CO profiles (X) were transformed by
applying the MOPITT averaging kernels (A) and the a priori CO profile (Xa) according to
the following equation to create the profiles X* appropriate for comparison with MOPITT
data :
𝑋 ∗ = 𝑋! + 𝐴(𝑋 − 𝑋! )
The averaging kernels indicate the sensitivity of the MOPITT measurement and
retrieval system to the true CO profile, with the remainder of the information set by
the a priori profile and retrieval constraints (Emmons, 2009; Deeter et al., 2010). The
model CO total columns, used in the comparison with MOPITT observations, have been
calculated using the profiles X* which have the same vertical resolution and a-priori
dependence as the MOPITT retrievals.
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6 Method for validation against IUP SCIAMACHY/GOME-2
observations
6.1 Tropospheric NO2
Tropospheric NO2 columns are computed using a three step approach:
1) Applying the DOAS retrieval to measured spectra which yields the total slant
column,
2) correction of the stratospheric contribution by applying the reference sector
correction,
3) conversion of vertical columns by application of an air mass factor.
Only data with a FRESCO+ cloud fraction smaller than 0.2 are used but no further
cloud correction is applied. Monthly mean tropospheric NO2 columns are associated
with relative uncertainties of roughly 20% - 30% in polluted regions with an additional
absolute uncertainty of 5 x 1014 molec/cm2.
The data product used here has some limitations mostly due to the simplistic
stratospheric correction, which can lead to negative NO2 columns in high latitudes in
spring. The air mass factors are based on a monthly climatology created from one year
of MOZART model profiles and thus cannot reproduce short-term variations in
meteorology or biomass burning activity. However, for the purpose of verification, the
most important point is to have a product which is completely independent from the
models and data sources used in the CAMS system. This is the case for the product
provided here. Details on the data analysis can be found in Richter et al. (2005).

6.2 Stratospheric NO2
It is important to note that the SCIAMACHY/GOME-2 stratospheric columns are in fact
total columns derived using a stratospheric air mass factor. To minimize the impact of
the troposphere, only data over the clean pacific region are used (180°E - 220°E). Still,
the amount considered here as being stratospheric includes a weighted part of the
tropospheric NO2.
Monthly mean stratospheric NO2 columns are associated with relative uncertainities of
roughly 5 % - 10% and an additional absolute uncertainty of 1 x 1014 molec/cm2 (these
values are only valid over the clean Pacific).

6.3 Tropospheric HCHO
Tropospheric HCHO columns are computed under the assumption that stratospheric
HCHO amounts are negligible. HCHO columns are derived using the DOAS method. Air
mass factors are based on a static monthly climatology using land surface classification
and biomass burning statistics to estimate the vertical HCHO profile. For GOME-2, only
data with a FRESCO+ cloud fraction lower than 0.2 are used but no further cloud
correction is applied. As the SCIAMACHY/GOME-2 HCHO retrievals are subject to drifts
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and offsets, the values are normalized over the Pacific sector. Monthly mean HCHO
columns are associated with relative uncertainities of roughly 10 % - 30% and an
additional absolute uncertainty of 2 x 1015 molec/cm2. As these uncertainty estimates
are much larger than for NO2, data are smoothed to reduce the impact of noise. Details
on the data analysis can be found in Wittrock et al. (2006).

6.4 Treatment of model data
The first step consists in selecting the model output corresponding to the satellite
overpass time (approx. 10:00 solar local time (LT)).
The model results are then integrated to derive tropospheric and stratospheric vertical
columns, as only vertical columns are retrieved from the satellite measurements and
not concentrations at specific heights. For the separation of the stratosphere and
troposphere, a latitude dependent tropopause height is used from Santer et al. (2003).
The spatial resolutions of the models are coarser than that of the standard
SCIAMACHY/GOME-2 product (0.125° x 0.125°). Thus, the daily satellite
measurements are re-gridded to the correspondent model resolution of 0.75° for C-IFS
runs. In this process, the average of all valid SCIAMACHY/GOME-2 grid boxes within
one model grid box was taken without applying any area weighting, i.e., all satellite
data are considered as long as part of it is located within the model box.
Finally, the model data is selected according to the existing satellite data, ensuring that
both datasets consist of data for the same days at the same locations. This is
important because for example SCIAMACHY data are not available on a daily global
coverage. In optimal conditions, the global coverage would be obtained every 6 days.
Moreover, NO2 tropospheric columns are only determined for clear sky pixels, i.e.,
cloud fraction smaller than 20% according to the FRESCO+ data (Wang et al., 2008).
For this reason, the daily model data previously selected for the overpass time are then
matched to the available SCIAMACHY/GOME-2 data already converted to the model
resolution.
In order to get enough signal to noise and statistical representativeness, all data are
considered as monthly averages only.
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7 Method for comparison with Aeronet sun photometer data
Two types of model evaluation are performed regularly to document the CAMS aerosol
performance. A daily updated comparison against 30 selected Aeronet is available via
the ECMWF CAMS service website (see Fig. 2 and 3). A second AeroCom type
evaluation catalogue for the most relevant CAMS model simulations with aerosols is
generated every second week of a given month since April 2011. Standard score
tables, maps, scatterplots, bias maps, time series comparison and histograms are
made available through the AeroCom web interface
http://aerocom.met.no/cgi-bin/aerocom/surfobs_annualrs.pl?MODELLIST=MACC. The
performance of the o-suite and e-suite can this way be compared to the MACC
reanalysis and e.g. the AeroCom Median from a multi-model ensemble.
The analyzed variables at this point consist of the total aerosol optical depth (AOD) at
550 nm. Aerosol optical properties of high quality are provided by the ground-based
sun-/sky photometer networks of AERONET (Holben, 2001). The error e.g. in retrieved
aerosol optical depth has been estimated by Dubovik et al. (2002) to be 0.01, or 1020% for larger AOD values. The daily model data are retrieved on the days when
Aeronet observations in the model grid are reported. Coherent pairs of valid daily
observation from model and sun photometer are retained at each station. The coherent
daily data set obtained as described above is further averaged to monthly mean values
for model and sun photometer at each station if at least 2 days with observations exist
in the month under consideration. To further filter out possibly cloud contaminated NRT
data, daily Aeronet data are rejected when the measured Angström coefficient is less
than 0.2 and if on the same day the observation is twice as large as the corresponding
o-suite value.

Figure 2: Example of daily NRT verification of bias and rms against Selected Aeronet Sites:
http://www.copernicus-atmosphere.eu/d/services/gac/verif/aer/nrt/
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Figure 3: Sites with sun photometers reporting level 1.5 Aeronet data in August 2013.
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8 Validation of AOD and DOD from CAMS with AERONET, and
comparisons with MODIS, MISR and OMI
Aerosol optical depth (AOD) at 550 nm and coarse mode AOD at 500 (DOD) estimated
with the spectral deconvolution algorithm (SDA) described in O’Neill et al. (2003) have
been obtained from AERONET (Holben et al. 1998) stations listed below.
Site Name

Country

Group

Latitude

Longitude

Altitude

Granada

Spain

Western Mediterranean

37.16ºN

3.61ºW

680

Burjassot

Spain

Western Mediterranean

39.51 ºN

0.42 ºW

30

Malaga

Spain

Western Mediterranean

36.72 ºN

4.48 ºW

40

Palma de Mallorca

Spain

Western Mediterranean

39.55 ºN

2.63 ºE

10

Tabernas PSA DLR

Spain

Western Mediterranean

37.09 ºN

2.36 ºW

500

Tizi Ouzou

Algeria

Western Mediterranean

36.7 ºN

4.06 ºE

133

Messina

Italy

Central Mediterranean

38.2 ºN

15.57 ºE

15

Eilat

Israel

Eastern Mediterranean

29.5 ºN

34.92 ºE

15

Athens-NOA

Greece

Eastern Mediterranean

37.99 ºN

23.78 ºE

130

Cairo EMA 2

Egypt

Eastern Mediterranean

30.08 ºN

31.29 ºE

70

CUT-TEPAK

Cyprus

Eastern Mediterranean

34.67 ºN

33.04 ºE

22

Nes Ziona

Israel

Eastern Mediterranean

31.92 ºN

34.79 ºE

40

Sede Boker

Israel

Eastern Mediterranean

30.86 ºN

34.78 ºE

480

IMS-METUERDEMLI
Cabo da Roca

Turkey

Eastern Mediterranean

36.57 ºN

34.26 ºE

3

Portugal

Middle North Atlantic

38.78 ºN

9.5 ºW

140

Evora

Portugal

Middle North Atlantic

38.57 ºN

7.91 ºW

293

Huelva

Spain

Middle North Atlantic

37.02 ºN

6.57 ºW

25

Badajoz

Spain

Middle North Atlantic

38.88 ºN

7.01 ºW

186

Santa Cruz
Tenerife
Tamanrasset INM

Spain

Subtrop. North Atlantic

28.47 ºN

16.25 ºW

52

Algeria

Sahara

22.79 ºN

5.53 ºE

1377

Saada

Morocco

Sahara

31.63 ºN

8.16 ºW

420

Ouarzazate

Morocco

Sahara

30.93 ºN

6.91 ºW

1136

Calhau

Cape Verde

Tropical North Atlantic

17 ºN

25 ºW

40

Capo Verde

Cape Verde

Tropical North Atlantic

17 ºN

23 ºW

60

IER Cinzana

Mali

Sahel

13.28 ºN

5.93 ºW

285

Banizoumbou

Niger

Sahel

13.54 ºN

2.66 ºE

250

Dakar

Senegal

Sahel

14.39 ºN

16.96 ºW

0

Mezaira

Middle East

23.15 ºN

53.78 ºE

204

IASBS

United Arab
Emirates
Iran

Middle East

36.71 ºN

48.51 ºE

1805

Hada El Sham

Saudi Arabia

Middle East

21.8 ºN

39.72 ºE

254

KAUST Campus

Saudi Arabia

Middle East

22.3 ºN

39.1 ºE

11

Masdar Institute

United Arab
Emirates
Saudi Arabia

Middle East

24.43 ºN

54.65 ºE

27

Middle East

24.91 ºN

46.4ºE

764

Solar Village
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More details of individual stations can be consulted in http://aeronet.gsfc.nasa.gov.
AOD@550nm is the common product of dust aerosol models. However 550 nm is not a
standard channel in AERONET. So, this variable is calculated from AOD@ 440, 675 and
870 nm (AOD440, AOD675, AOD870) and the Ångström exponent 440-870
(AE440_870) using the Ångström law:
𝐴𝑂𝐷550 =

1
440 !"!!"_!"#
675 !"!!"_!"#
870 !"!!"_!"#
𝐴𝑂𝐷440
+ 𝐴𝑂𝐷675
+ 𝐴𝑂𝐷870
3
550
550
550

AOD@550nm AERONET data within 1h time period centered at 06, 12 and 18UTC were
averaged at the respective hours to obtain daily means. AOD and DOD at 550 nm at
06, 12 and 18UTC from the CAMS model runs are used to compute the corresponding
model daily means. The spatial resolution of the CAMS model runs is 0.75˚× 0.75 ˚.
Daily AOD data from MODIS-Aqua V5.1 (MYD08_D3.051), with a 1˚x1˚ resolution has
been extracted using the NASA GES DISC Giovanni online data system. A combined
product of AOD (AOD DeepBlue + AOD Ocean) has been computed to compare with
the CAMS model runs and AERONET.
The WGS 84 (World Geodetic System) has been used as geo-reference system, and the
nearest pixel to each AERONET station was used in case of MODIS-Aqua.

8.1 Validation of DOD against Multimodel Median from SDS-WAS
The multi-model Median is daily averaged from five dust prediction models
(NMMB/BSC-Dust, DREAM8b v2.0, DREAM-NMME-MACC, NASA-GEOS-5, NCEP-NGAC),
which are downloaded from the Sand and Dust Storm Warning Advisory and
Assessment System (SDS-WAS) Regional Center for Northern Africa, Middle East and
Europe. More details of each model can be found in SDS-WAS online data system
(http://sds-was.aemet.es/forecast-products/forecast-evaluation/model-evaluationmetrics?date=). The model outputs are bi-linearly interpolated to a common grid mesh
of 0.5 x 0.5 degrees.
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9 Validation with ground-based remote sensing networks.
9.1 Validation of O3, CO, H2CO, CH4, NO2, aerosol and temperature.
Data from the NDACC network is collected in a rapid data delivery and validation server
that has been developed in NORS (Demonstration Network Of ground-based Remote
Sensing observations in support of the Copernicus Atmospheric Service, EU FP7
project) (de Mazière et al., 2012, 2013), see http://nors.aeronomie.be and norsserver.aeronomie.be.
At present the NORS server validates O3 using FTIR, MWR, UVVIS DOAS and LIDAR
measurements, CO and CH4 using FTIR measurements, H2CO and aerosol using UVVIS
DOAS and NO2 using FTIR and UVVIS measurements. The validation method for all
these products is essentially the same. Below is a short description. A more detailed
description of the algorithms used in the NORS validation server will be published on
the NORS website.
Measurements are validated against model data if the difference between the
measurement time and validity time of the model data is not greater than a predefined threshold value (1h for MWR O3 and UVVIS H2CO measurements, 3h for FTIR
measurements, etc.) according to the variability of the measured species and their
available data. Using the model vertical pressure grid and the model geopotential
surface height, a vertical height grid for the model is constructed. Next, a model profile
is obtained at the sites location using a bilinear interpolation for the surrounding model
grid points.
The target model data is regridded to the measurement vertical grid using a massconserving interpolation (i.e. layer height weighted regridding for number density
profiles). If necessary, the model data (range surface-60km) is extended to the
measurement grid using the measurement’s apriori profile. Finally the regridded model
profile is smoothed using the averaging kernels (except for O3 LIDAR measurements,
where smoothing is not applicable), see Figures 4-6. From this smoothed model profile
the desired partial columns are calculated and compared against the measurements

9.2 Validation with Microwave radiation measurements (MWR)
Microwave radiation measurements use a FFT spectrometer to record the pressurebroadened ozone line spectra at 142 GHz with a bandwidth of 1 GHz. Measurements
are available every 30’ and sensitivity typically start at 25km. A detailed description of
the algorithms used in the NORS validation server will be published on the NORS
website (http://nors.aeronomie.be).
Figure 4 shows typical averaging kernels and from the measurement’s sensitivity
(dashed red line) the chosen altitude range (20-60 km) of stratospheric ozone columns
shown in section 3.6 is deduced: above and below this height range the instrument has
no sensitivity or the model does not provide data.
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Figure 4: Typical averaging kernels for the Ground-based MWR stations of the NDACC network: sensitivity
lies between ±20km and ±80km.

9.3 Validation with Fourier Transform InfraRed measurements (FTIR)
FTIR measurements of O3, CH4 and CO are taken by a Michelson-type interferometer,
looking directly at the center of the sun (or moon).
The validation of the model data against these observations is basically the same as for
MWR measurements. The only difference is that for FTIR measurements, model data
are validated against measurements which are within an interval of one time step
around the time of model output.
The FTIR data consists of total columns (mol/cm2), as well as VMR and partial columns
(mol/cm2) per atmospheric layer defined on a height grid (km). The averaging kernel
illustrate that these FTIR instruments can only be used up to +/-60km, as the
instrument has only little or no sensitivity above.
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Figure 5. Example of AVK’s in VMR/VMR units for ozone (left top) and CO (right) and methane (bottom).
The dashed curve in the right plot represents the sensitivity curve, which vanishes at between 50 and
60km for ozone. CO measurements are sensitive up to 25km.

9.4 Validation with H2CO and Aerosol UVVIS DOAS measurements
UVVIS DOAS (Multi-AXis Differential Optical Absorption Spectrometer) measures
scattered sunlight at different elevation angles above the horizon. Measurements are
sensitive to clouds and provide good tropospheric profile under homogeneous cloud
conditions see Gielen et al., (2014).
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Figure 6. A typical UVVIS DOAS OFFAXIS AVK for H2CO and NO2 (VMR/VMR) and Aerosol extinction profile
(m-1) retrievals. The measurement is sensitive below 1km. For the UVVIS ozone zenith sky measurements
(only column data) the column AVK is shown.

9.5 Validation with Light Detection And Ranging measurements
(LIDAR)
LIDAR measurements used in this report were also collected in the framework of the
NORS project (http://nors.aeronomie.be ). The lidar (Light Detection And Ranging)
technique (http://ndacc-lidar.org/) is a remote sensing measurement technique using
the scattering properties of light by gases, liquids, and solids in order to infer their
physical or chemical properties. This technique has many applications from either the
ground, aircraft or space such as atmospheric sensing, medicine, oceanography, and
topography. A laser beam is sent into the atmosphere. The light is scattered by the
atmospheric molecules and particles, and a fraction is collected back on the ground
with a telescope. Knowing the speed of light, the distance to a scattering molecule or
particle is deduced from the travel time of the photons on their way upward and then
back to the lidar. Since the lidar comprises the light source itself, the lidar technique is
known as an ‘active remote sensing’ technique, in contrast with other remote sensing
instruments such as radiometers and spectrometers. The precise timing of the lidarmeasured samples and the high-speed electronics available today yield a high vertical
resolution (from a few meters to a few hundred meters) compared to most passive
instruments which are sensitive to light reaching the instrument without precise
temporal information of its origin. The light collected by the lidar telescope is
geometrically and spectrally separated (e.g., with optical filters and beam splitters)
and detected with photosensitive devices (photomultipliers, abbreviated PMTs) where it
is converted to electro-photon counts, the so-called ‘lidar signals’. The signals are
sampled in time (i.e., distance) and after various corrections are proportional to the
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product of the number of photons emitted by the number of backscattering molecules.
This proportionality is expressed by the so-called ‘lidar equation’. This equation is the
starting point for the retrieval of many atmospheric properties. There are currently 30
lidar instruments worldwide contributing to NDACC. These instruments use three
different lidar techniques to retrieve atmospheric temperature, ozone and aerosol
properties:
•

typically 30-80 km, down to 10 km if using Raman channels

•

typically 20-40 km

•

typically 10-45 km in the stratosphere, 1-10 km in the troposphere

Because the transition from L1 to L2 data is not based on optimal estimation, the
measurement data does not contain AVK and no smoothing is applied to the model
profile. To align the number density profiles of both model and measurement, a massconserving regridding technique is used. For temperature, an layer thickness weighted
mean is calculated to convert the lidar profile to the coarser model grid. The typical
uncertainty on the partial column data 15km<45km is 3% and, the profile NB
uncertainties range from ~1% at 20km to 30% at 50km.
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10 Comparison of model data with Ozone Mapping Profiler
Suite (OMPS) observations
OMPS measures the global distribution of the total atmospheric ozone column on a
daily basis (http://npp.gsfc.nasa.gov/omps.html). It also measures the vertical
distribution of ozone from about 15 km to 60 km, though somewhat less frequently.
The Nadir instrument looks directly below the satellite while the Limb instrument looks
at an angle to the Earth's surface. Combining the two views will enhance the ability of
scientists to measure the vertical structure of ozone, which is important in
understanding the chemistry of how ozone interacts with other gases in the
atmosphere. The third portion of the suite is the Main Electronics Box (MEB), which
controls the operation of the instruments and then captures and routes the data to the
spacecraft. The NPP OMPS instrument contains both the Nadir and Limb sensor while
JPSS-1 is flying only the Nadir sensor.
In a very recent performance evaluation (see Jaross et al., 2014), it is noticed that the
Limb instrument operatesmostly as designed and basic performance meets or exceeds
the original design criteria. Internally scattered stray light and sensor pointing
knowledge are two design challenges with the potential to seriously degrade
performance. A thorough prelaunch characterization of stray light supports software
corrections that are accurate to within 1% in radiances up to 60 km for the
wavelengths used in deriving ozone.
The limb instrument products daily NRT data Version 2 are delivered at
http://ozoneaq.gsfc.nasa.gov/omps.
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11 Comparison of model data with Optical Spectrograph and
Infrared Imaging System (OSIRIS) observations
Odin is an international minisatellite mission led by Sweden, with Canada, France, and
Finland as partners, which was launched on 20 February 2001. The Odin mission
objectives are mainly astronomy and aeronomy applications (atmospheric research:
observation of stratospheric ozone chemistry, mesospheric ozone science, summer
mesospheric science, coupling of atmospheric regions). It has two sensors: SMR (SubMillimeter Radiometer), which measures profiles of many atmospheric species, and
OSIRIS (Optical Spectrograph and Infrared Imaging System, http://osirus.usask.ca/).
The OSIRIS spectra of limb scattered sunlight are used to retrieve the ozone number
density vertical profiles over the altitude range from 10 to 60 km at a vertical
resolution of approximately 1.5 km using the SaskMART Multiplicative Algebraic
Reconstruction Technique, which is a one dimensional modification of a twodimensional tomographic retrieval algorithm. This technique allows for the consistent
merging of the absorption information from radiance measurements at wavelengths in
the Chappuis and the Hartley-Huggins bands at each iteration of the inversion. A set of
weighting factors is used to determine the importance of each line of sight and each
element of the measurement vector for the retrieved state at each altitude.
OSIRIS ozone profile measurements show agreement with coincident SAGE II
occultation measurements to within 2% from 18 to 53 km altitude over a large range
of geolocations and solar zenith angles.
For Level 2 Daily Data Products Users Guide see: http://odinosiris.usask.ca/sites/default/files/media/pdf/l2dataformat.pdf.
However, since December 2014, the delivery of Level 2 data has been postponed.
Quoting to the note on the home page of OSIRIS: “We have delayed release of the
OSIRIS level 2 products for 2015. The delay is so we can check the impact of new
operational scenarios upon the quality of the level 2 data product. OSIRIS runs a lot
colder than before and this may affect both the instrument point spread function and
fine pointing. We feel it is better to deal with these issues properly rather than release
a data product prematurely.”
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Annex 2: Regions
Figure 7 shows the regions used for spatial data-stratification as adopted for CO total
and NO2 tropospheric column evaluation (left) as well as H2CO tropospheric column
evaluation (right). The number of regions is limited to eight, including industrially
polluted regions, (tropical) biomass burning region and a polar region. The following
regions are defined: Europe (15W–35E, 35N–70N), Fires-Alaska (150W–105W, 55N–
70N), Fires-Siberia (100E–140E, 40N–65N), North Africa (15W–45E, 0N–20N), South
Africa (15E–45E, 20S–0S), South Asia (50E–95E, 5N–35N), East Asia (100E–142E,
20N–45N), United States (120W–65W, 30N–45N). Figure 8 shows the aggregation of
ozone sonde profiles, where all profiles within five different latitude bands are
combined. Stratospheric evaluations are also aggregated within these five latitude
bands.
The rationale behind the use of various regions is dictated by the emissions and
chemistry at stake, in combination with available observations. Major anthropogenic
and biomass burning emission hotspots emitting CO, NO2, H2CO are well visible from
the various satellite instruments, while for O3 this aggregation is constrained by the
availability of sounding observations distributed over the globe. In the stratosphere
horizontal gradients are generally more smooth.

Figure 7. (left) Recommended regions for spatial aggregation. (right) Chosen data stratification for HCHO
analysis.
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Figure 8: Location of the ozone sounding stations and their attribution to the different stratospheric
regions
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