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1. ESA-L2A+ DIo3 — Overview.

This document consists the Deliverable Item 03 (DIo3) — ALGO — Version 2 (V2) submitted to the
European Space Agency (ESA) by the consortium of the project “Enhanced Aeolus L2A for
depolarizing targets and impact on aerosol research and NWP” (L2A+). DIo3— ALGO reports on
activities and developments related to L2A+ Work Package 3 (WP3000) — “Development of the L2A+
aerosol product” and Work Package 4 (WP4000) “Assimilation of L2A/L2A+ and application of
WRF-L experiments”. More specifically, DIo3 — ALGO aims to document on the algorithms and
methods used for the L2A+ retrieval and the data assimilation methodology and routines.

2. Introduction.

The European Space Agency’s (ESA) wind mission, Aeolus, hosts the first space-based Doppler Wind
Lidar (DWL) world-wide. Its scientific objectives are to improve Numerical Weather Predictions
(NWP) and to advance the understanding of atmospheric dynamics and its interaction with the
atmospheric energy and water cycle. Aeolus primary data product consists of profiles of horizontally
projected line-of-sight winds from the surface up to about 30 km, and spin-off products are profiles
of cloud and aerosol optical properties (e.g., Straume-Lindner et al., 2021). The Aeolus optical
properties spin-off product (L2A; Flamentet et al., 2021) has been used to study smoke emissions,
e.g., from 2019 Californian wildfires (Baars et al., 2021) and the early 2020 Australian fires,
enhancement of volcanic ash forecasting systems and the impact of the Tonga eruption on
tropospheric and stratospheric loads (e.g., Kampouri et al., 2021), and has been successfully
experimentally assimilated in Copernicus Atmosphere Monitoring Service (CAMS) model C-IFS.

While the L2A product has a reasonable quality (see Baars et al., 2021, GRL, Paschou et al. 2021), its
full potential for aerosol and cloud studies and for further improving NWP, has not been exploited.
This is mainly because L2A is not provided separately for aerosol and cloud targets. Furthermore,
the product is underestimated in terms of backscatter because the instrument measures only the co-
polar part of the atmospheric backscattered return of the circularly polarised emitted beam (Paschou
et al., 2021; Ehlers et al., 2022). Hence, in the case of strongly depolarizing targets (mainly desert
dust particles and ice crystals), the signal measured at the detectors is strongly reduced with respect
to non-depolarizing targets. Additionally, the expected atmospheric return signal in orbit is a factor
of 2.5 to 3 lower than expected before launch due to lower laser output energies than originally
intended (45—72 mJ) and decreased instrument transmission by about 30%, which has caused a
lower SNR since mission start (Reitebuch et al., 2020).
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Figure 2.1: Aeolus underestimation due to the missing cross-polar channel (a:) theoretical
calculation; (b) observational evidence.
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There is a certain scope for delivering an enhanced L2A product based on a more detailed and robust
classification, incorporating other data sources such as multi-sensor synergies or CAMS data.
Furthermore, the potential of the extinction product should be further exploited as a constraint for
the backscatter product for depolarizing targets, since the extinction is not affected by the missing
cross-channel.
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Figure 2.2: Estimates of Aeolus L2A underestimation due to the missing cross-channel using the
Aeolus-like profiles retrieved based on CALIPSO for the trans-Atlantic Godzilla dust event on the
23rd of June, 2020.

ESA-L2A+ overarching objectives include the development of a refined Aeolus L2A aerosol product

(L2A+), and accordingly test its applications for enhancing aerosol research, contributing to existing

climate datasets. Furthermore, L2A+ aims at assessing the impact of the new product on aerosol

assimilation towards improved dust transport modelling and for further enhancing NWP.

The following L2A+ individual objectives related to DIo3 — ALGO are related to:

1) Objective 1: To develop a refined Aeolus aerosol optical product (L2A+), based on AEL-FM/AEL-
PRO algorithms, geostationary AOD products, CAMS, and new AOD retrievals from the Aeolus
itself (WP3000). The product will be thoroughly compared with L2A and validated against
quality-assured measurements from the ESA-ASKOS/JATAC experiment in Cabo Verde
(WP2000).

2) Objective 2: To examine the impact of L2A and L2A+ on aerosol assimilation and dust transport
models (WP4000). Constraining aerosol loads through Aeolus assimilation is expected to
improve dust emission fluxes over the Sahara Desert and transport simulations of the full particle
size range (from fine to giant dust particles).

On the basis of L2A+, DIo3 — ALGO aims to provide a consolidated view of the algorithms and
methods used for the L2A+ retrieval and the data assimilation methodology and routines associated
with the ESA-L2A+ overarching Objectives (1)-(5).

ESA-L2A+ Deliverable Item 03 [DIo3] — Version 2 (V2)
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3. ESA-L2A+ WP3000: Development and validation of the L2A+ aerosol
product.

3.1. Description of WP3000.

While the primary Aeolus aerosol product (L2A) has reasonable quality, its applicability in aerosol
and cloud studies has not been exploited yet. The main reason is attributed to its deficiency to
provide retrievals separately for aerosol and cloud targets. Furthermore, an underestimation of the
backscatter coefficient is expected when the aerosol/cloud targets are depolarizing features (non-
spherical particles); ALADIN provided only the co-polar part of the atmospheric backscattered
return of the circularly polarized emitted light pulses. Towards overcoming the aforementioned
inherent deficiencies, WP3000 aims to deliver an enhanced L2A product (with focus on dust) based
on a more detailed and robust classification, involving multiple data sources such as multi-sensor
synergies in conjunction with reanalysis numerical outputs and reference ground-based
measurements. The new L2A product will be utilized on aerosol data assimilation schemes coupled
with dust transport models with aim to improve Numerical Weather Prediction (NWP). The study
period spans over the entire September 2021 when the JATAC/ASKOS campaigns took place in Cabo
Verde. The region of interest refers to an extended tropical domain including the Sahara Desert and
the Tropical Atlantic Ocean up to the Caribbean Sea. For the derivation of the enhanced L2A product,
a series of processing steps has been designed which are presented in Figure 3.1.
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Figure 3.1: A graphical presentation of the WP3000 processing steps.

L2A+ starting point consists of the raw Aeolus L2A retrievals derived using several algorithms,
including the Standard Correct Algorithm (SCA), the Standard Correct Algorithm mid-bin (SCA mid-
bin) provided at the middle-bin vertical scale (23 instead of 24 vertical bins) and the Maximum
Likelihood Estimation (MLE) algorithm (Ehlers et al., 2022). These raw Aeolus L2A optical
properties were processed using a synergy of filtering tools. In the first working step a rigorous
filtering of the raw Aeolus L2A retrievals will be performed for the elimination of the cloud-
contaminated profiles. This cloud-filtering methodology will be performed relying on the AEL-FM
(Aeolus Feature Mask) product from the L2A processors II (originated from the developments for

ESA-L2A+ Deliverable Item 03 [DIo3] — Version 2 (V2)
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the forthcoming EarthCARE mission but adapted to Aeolus) and the MSG-SEVIRI (Meteosat Second
Generation - Spinning Enhanced Visible and Infrared Imager) CLAAS-3 cloud-mask (CM)dataset.
Based on AEL-FM retrievals, the features of the probed atmospheric scene are classified either as
clouds or as aerosols or as molecular (Rayleigh) atmosphere. Moreover, the MSG-SEVIRI CLAAS-3
cloud dataset is also utilized as an extra or optional cloud-filtering tool for selecting only the pure
aerosol Aeolus L2A profiles. The next working step focuses on the identification of the dust layers at
the cloud-filtered Aeolus vertically resolved profiles derived from the previous step. At this point,
CAMS reanalysis data are used for the assignment of aerosol typing under the absence of an aerosol
classification scheme on the raw Aeolus L2A data. In the third working task, the L2A+ aerosol
extinction profile will be retrieved by using the Aeolus L2A+ cloud-free backscatter values and an
appropriate lidar ratio value for the dust aerosol layers. Before the final product being injected in the
WP4000, an assessment of the new L2A+ extinction profiles will be performed in the final working
step against the corresponding ground-based retrievals acquired by the eVe and PollyXT lidars,
operated in the framework of the JATAC campaign.

In the next sections we will present all the processing steps that have been undertaken up until now
as well as some preliminary results.

3.2. Cloud-filtering of the raw Aeolus L2A retrievals.

In the first phase, a rigorous filtering of the raw Aeolus L2A backscatter coefficients retrievals has
been performed for the elimination of the cloud-contaminated bins. In order to achieve the optimum
cloud screening, the raw Aeolus L2a retrievals provided at BRC level, are jointly processed with the
AEL-FM (Aeolus Feature Mask) retrievals and the MSG-SEVIRI (Meteosat Second Generation -
Spinning Enhanced Visible and Infrared Imager) CLAAS-3 cloud dataset.

3.2.1. Cloud-filtering methodology based on AEL-FM feature mask product.

At first, the implementation of the cloud screening methodology was based on the AEL-FM
retrievals. It is worth mentioning that the AEL-FM feature mask does not separate between different
particle types but instead, it detects areas of strong and weak returns or those associated with clear
sky conditions (van Zadelhoff et al., 2023). Based on the AEL-FM retrievals, the features of the
probed atmospheric scene are classified either as clouds or aerosols or as molecular (Rayleigh)
atmosphere. These referenced categories of scatterers, as well as their respective sub-types, are
defined relying on image processing techniques and their availability along the Aeolus track
facilitates the selection of the cloud-free Aeolus bins on the raw L2A profiles. In Table 3.1, the
features that are categorized in the AEL-FM feature mask product are listed. In the first column, the
main output of the AEL-FM feature mask product is given and corresponds to a feature detection
probability index with values ranging from -3 to 10 and the second column presents how these
indexes are defined. Based on the definitions, clear-sky conditions labeled with feature index value
o0 are associated with very low signals expected to originate from clear air while stronger signals with
values between 6 and 10 are most likely to have originated from liquid or optically thick ice clouds.
Additionally, feature retrievals labeled with index value -3 are associated with signals directly
affected by the surface.

ESA-L2A+ Deliverable Item 03 [DIo3] — Version 2 (V2)
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Table 3.1: Aeolus feature-mask features’ definition. The first column provides the feature detection
probability index ranging from -3 to 10. The second column shows the definition of each index.

Index Definition

10 Clouds

9 Most likely clouds

8 Very likely clouds or aerosols

7 More likely clouds or aerosols
6 Likely clouds or aerosols

5 Expected low altitude aerosol
4 Unlikely clouds or aerosol

3 Likely only molecules

2 Very likely only molecules

1 Most likely only molecules

0 Clear sky

-1 Fully Rayleigh attenuated

-2 No retrievals

-3 Surface data

Since the AEL-FM product is provided at the measurement level (~3 km), for the implementation of
the cloud-screening procedure a conversion is required to be done in order to match the Aeolus’ SCA
horizontal and vertical resolution. The conversion process is illustrated in the figure below. In this
example and due to space limitations only 3 BRC profiles are presented comprised with 3
measurements each. Depending on the L2A processor version, the total number of measurements
accumulated in one BRC profile varies. According to the figure, in step 1 an example of the main
output of the AEL-FM product is provided giving the feature detection probability indices with values
ranging from -3 to 10. The conversion process (step 2) starts by putting the flag ‘cloud’ or “1” to the
AEL-FM index values between 6 and 10 since according to the definitions given in Table 3.1 the
associated returned signals are most likely to have been affected by clouds. The remaining AEL-FM
index values from -3 to 5 were flagged with ‘0’ since the associated returned signals are not likely to
have been affected by clouds. This process gives us a binary matrix with the cloud-contaminated (1)
and non-cloud-contaminated (0) measurements along the Aeolus track (step 3).

Step 1 Step 2 Step 3
AEL-FM data provided at Measurement level Selection of features to be flagged Cloud-flagged AEL-FM data at Measurement level
2 2 4 4 -3 1 -2 2 1 | _ndex |  Definiion | 0 0 0 0 0 0 0 0 0
1 6 1 1 1 2 32 2 4 Clouds o 1 o 0 0 o o o o
2 5 10 6 9 a 2 3 7 o | Most ikely clouds
E 10 3 7 5 a 0 1 2 2 I | Verylikely douds o aerosols i © i 1 1 0 o 0 1
3 2 3 10 2 & 5 2 1 0 AN | wore likely clouds or aerosols 1 1] o 0 0 1 0 1 0
= N 5 4 7 3 = > 5 B | & | Likely clouds or aerosols (1] 0 1 0 1 0 0 0 0
- B Expected low aititude aerosol 0 1 0 1 0 1 1 0 1
y 1 © 6 5] 2 Q =2 LD, [ 2 ] Unlikely clouds or aerasol 1 0 0 1 1 0 0 0 1
= 2 = i1 3 0 2 2 [ s | Likely only molecules o o o o o o o o 5
1 3 0 3 3 1 3 o 10 | 2 | Very likely only molecules
Most likely only molecules a U g U @ 0 o 0 1
Total number of measurements = 9 in this case [ o | Clear sky
_ I Fully Rayleigh attenuated
No retrievals
1BRC level E Surface data
comprised of 3 AEL-FM features index definition
‘measurements in this
example
Step 4 Step 5
Percentage (%0) of cloud-flagged measurements in each BRC bin Final cloud-masked product at BRC level
0% 0% 0% . 0% 0% 0%
33,3% 0% 0% Set a percentage threshold value above which a3% 0% 0%
33,3%  666%  33,3% all the BR(ZO‘?u}s 1;;]1 be eliminated: 3% ool 3
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Figure 3.2: A graphical illustration of the cloud-filtering methodology using the AEL-FM feature
mask product.
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Then, in the next step (step 4) for each BRC bin comprised of three measurements each in this
example, the total percentage of cloud-flagged measurements was computed. Based on the converted
AEL-FM product (at the Aeolus’ BRC level) giving the total percentage of “cloud-flagged”
measurements for each BRC, the observations with values exceeding a threshold value (0% in this
case) were considered as cloud-contaminated observations and the associated Aeolus SCA optical
properties observations were eliminated (step 5). Following the aforementioned cloud-filtering
process, the Aeolus L2A cloud-free backscatter profiles are derived.

For the first cloud-filtering methodology some preliminary results are presented for an indicative
study case on 17th September 2021. Figure 3.3 shows the region of interest and the Aeolus satellite
orbit path for the given case with the thick blue line indicating the ALADIN’s measurement track.

Aeolus Ascending orbit

Start: 17 Sep 2021 19:32:32UTC
Stop: 17 Sep 2021 19:44:07UTC

B7.5°W BO°W 75°W 70°W 65°W 60°W 55°W 50°W 45°W 40°W 35°W 30°W 25°W 20°“W 15°W 10°W 5°W 0° 5°E 10°E 15°E 20°E 25"E 30°E 35°E 40°E 45°E 50°E

Ww‘ aEy \ e IR N 5 : .‘\L_J:?J Do, 42.5°N
v 5 \ i ¥ R 1 g o
% ] = 3 Dl b R I W T T 4 40°N
WK g ST AT 4
: Lo A 2 4 37.5°N
Pt SRR 35°N
\ ol \ W
= = 32.5°N
\_ B
\ e 5 o zy, ~i 30°N
B AL M 27.5°N
f' Py "‘\
o S = 25°N
i ipes .
457 | , 22.5°N
\ ) :
20°N
! 1
!

+] 17.5°N
4 15°N
12.5°N
—H 10N
7 A 7.5°N
< A seN
2.5°N

2.5on [IERNNENENE /- | b N I St
. | A RSN G %

1 i
\

87.5"W 80“W-75‘°W70"_WGS“WGO“WSS“WSO"W4S°W40"W 35°W 30"W 25°W 20"W 15°W 10"W 5°W 0° 5°E 10°E 15°é 20°E 2‘“5“"5 30°E 35°E 40"‘E 45°E S0°E
Figure 3.3: Region of Interest and the Aeolus overpass (orbit id: 017790) on 17th September 2021.

The cloud-filtering results for the specific Aeolus orbit are presented in the next figure (Figure 3.4).
At first, the raw (unprocessed) Aeolus L2A profiles of the extinction and backscatter coefficient
retrieved with the SCA algorithm are presented. Next, the primary AEL-FM feature-mask output
along the Aeolus measurement track is shown where the classified features of the probed
atmospheric scene can be observed. It can be seen that features associated with “strong” returns
mainly attributed to clouds or high optically thick aerosol layers are colorized in brown and red
respectively while those associated with the molecular atmosphere or clear sky conditions are
colorized in green and cyan respectively. Then, for each BRC profile comprised of 30 measurements
in this case the total percentage values of cloud-contaminated measurements are computed and
presented in the next figure. Finally, based on the converted AEL-FM dataset given at the BRC level,
the cloud-covered BRC bins exceeding 0% are detected and eliminated with the associated primary
L2A Aeolus retrievals. In the last line of the figure the derived cloud-filtered extinction and
backscatter SCA profiles are presented.
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Figure 3.4: Unprocessed profiles of L2A SCA backscatter coefficient; AEL-FM Feature Mask
product at measurement level and cloud-covered (in%) BRC bins; Cloud-Filtered profiles of SCA
extinction and backscatter coefficient for the Aeolus overpass of orbit id: 017790 on 17 September
2021.

3.2.2. Cloud-filtering methodology based on MSG-SEVIRI CLAAS-3 cloud
dataset.

For the second cloud screening process of the raw (unprocessed) Aeolus L2A profiles, the CLAAS-3
cloud dataset derived directly from the scene analysis of the MSG-SEVIRI (Meteosat Second
Generation - Spinning Enhanced Visible and InfraRed Imager) imagery, will be processed. CLAAS-
3 is the latest edition of CLAAS with previous editions documented in Stengel et al. (2014) and Benas
et al. (2017). CLAAS-3 includes the following cloud properties: cloud mask/type, cloud top
temperature/pressure/height, cloud thermodynamic phase, cloud optical thickness, cloud particle
effective radius and cloud water path. Additionally, cloud droplet number concentration and cloud
geometrical thickness are provided for liquid clouds. In cloud mask product, it is merely provided a
categorization of the clear and cloudy pixels rather than a detailed information of clouds’
macrophysical properties (i.e., cloud coverage), phase (i.e., ice, water, mixed) or types (i.e., low,
middle, high). For the needs of the WP3000, the dataset has been provided for the whole study
period of September 2021 from N. Benas - KNMI and S. Martin — DLR. An example of the MSG
SEVIRI cloud dataset is provided in the figure below (Figure 3.5) for an indicative study case on 17th
of September 2021 at 19.45 UTC where the grey and blue areas declare the cloud-covered and clear-
sky areas. Additionally, an Aeolus ascending orbit on the specific date and time is also depicted.
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Figure 3.5: SEVIRI CLAAS-3 cloud mask product for an indicative study case on 17th of September
2021 at 19.45 UTC and Aeolus orbit.

For the identification of the cloud-contaminated Aeolus profiles, from the SEVIRI CLAAS-3 cloud
mask dataset, the closest grid cells to the Aeolus ascending steps were selected. Then, for each grid
cell with the flag “cloud” the associated Aeolus measurement step was flagged with the value of “1”.
Once the cloud-flagging process was completed, for each BRC profile the total percentage of cloud-
contaminated measurements was computed. In the figure below the raw Aeolus L2A profiles of the
extinction and backscatter coefficients retrieved with the SCA algorithm are presented. Accordingly,
based on the MSG SEVIRI cloud dataset, the cloud-contaminated BRC profiles of the primary L2A
Aeolus retrievals are detected and eliminated taking into account different test cases with different
percentage values of cloud-covered BRC profiles.
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Figure 3.6: SCA raw profiles of extinction and backscatter coefficients for a study case on 17th of
September 2021. The associated cloud-free profiles for different percentage values of cloud-covered
BRC profiles are given.

3.2.3. Cloud-filtering methodology combining AEL-FM and MSG-SEVIRI
CLAAS-3 cloud dataset products.

To achieve more rigorous filtering of the raw Aeolus L2A retrievals, both cloud-filtering approaches
based on AEL-FM and MSG SEVIRI retrievals were combined and the pure aerosol profiles were
derived. Note that for the cloud-filtering methodology based on the MSG-SEVIRI cloud dataset
which has been described in detail in Section 3.2.2, after counting the total number of cloud-
contaminated measurements belonging to each BRC profile, we excluded only those BRCs with
cloud-contaminated measurements exceeding the threshold value of 60%. This is not quite a strict
filtering but taking into account that both filtering methodologies have been combined at this time
and a large number of BRC bins have already been excluded based on the AEL-FM feature mask
product, we selected an appropriate threshold value in order to have a sufficient number of BRCs to
work with for the derivation of the final L2A+ dust product. In the figure below, the totally cloud-
filtered Aeolus L2A backscatter profiles derived from the SCA, SCA mid-bin and MLE algorithms are
presented for an indicative Aeolus overpass on 17th September 2021 (orbit id: 017790).
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Figure 3.7: SCA, SCA mid-bin and MLE cloud-filtered profiles of backscatter coefficients for a study
case on 17th of September 2021. The cloud-filtered profiles were derived using both AEL-FM and
MSG-SEVIRI retrievals.
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3.3. Dust discrimination using CAMS reanalysis dataset

In this phase, the altitude ranges of the dust aerosol layers are defined on the derived cloud-free
Aeolus L2A+ backscatter coefficient profiles from the previous working phase. Due to the absence of
an aerosol classification scheme on the raw Aeolus L2A data, numerical outputs from the Copernicus
Atmosphere Monitoring Service (CAMS) reanalysis (Inness et al., 2019) are implemented towards
assignment of aerosol typing. The CAMS reanalysis, produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF), consists of three-dimensional time-consistent atmospheric
composition fields, including aerosols and chemical species (Inness et al., 2019) The CAMS aerosol
model component of the IFS includes twelve prognostic tracers, consisting of three bins for sea salt
of different size (0.03—0.5, 0.5—5 and 5—20 um), three bins for dust (0.03-0.55, 0.55—0.9 and 0.9—
20 pm), hydrophilic and hydrophobic organic matter and black carbon, sulphate aerosols plus its
precursor trace gas of sulfur dioxide (SO2) (Morcrette et al., 2009). For aerosol typing, some initial
processing steps of CAMS reanalysis outputs have been undertaken. Specifically, for the study period
of September 2021, gridded data for dust aerosols were extracted for the entire Region of Interest
(RoI). The data have a horizontal resolution of 0.5, 60 hybrid sigma-pressure model levels on the
vertical scale and a temporal resolution of 3h. An indicative study case is illustrated in Figure 3.8,
presenting a Saharan dust outbreak on the 17th of September 2021, when dust-abundant air masses
originating from N. Africa crossed the Tropical Atlantic Ocean with the red-coloured line presenting
the closest Aeolus’s ascending orbit on the specific time.

Date: 17 Sep 2021 21:00 UTC
Pressure Level: 710 hPa
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Figure 3.8: CAMS dust mass concentration over L2A+ Rol for an indicative study case on the 17th
September 2021. The red-coloured line presents the closest Aeolus orbit on the referenced time.

Next, for the dust-typing, CAMS data were spatiotemporally collocated and vertically integrated to
derive an Aeolus-type dust product from CAMS. In Figures 3.9 a,c, the vertical profiles of dust mass
concentration from CAMS along the specific Aeolus orbit (id: 017790) on the 17th of September 2021
are presented separately for the regular (24 vertical bins) and middle bin (23 vertical bins) vertical
scale where we can clearly observe specific BRC bins over the latitudinal band of 5°- 15°N up to 6km
with elevated dust mass concentration values exceeding in many cases the value of 50 pug/ms. For a
more robust and detailed discrimination of the pure dust layers, the proportion of dust in the total
aerosol mass concentration was also used by computing the dust-to-total aerosol mass concentration
ratio. Figures 3.9 b and d present the vertical profiles of the dust-to-total mass concentration ratio
values (expressed in percentage) along the specific Aeolus overpass (orbit: 017790). Then, the
correction of the Aeolus cloud-free L2A backscatter profiles was focused only on the dust-
contaminated BRC bins with dust mass concentrations above the median value of 1.3 pg/m3 and
dust-to-total mass concentration values exceeding 50%.
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Figure 3.9: Vertical profiles of CAMS dust mass concentration and dust-to-total aerosol mass
concentration ratio along the Aeolus orbit (id: 017790) provided in the regular (a, b) and middle-bin
(c, d) vertical scales on the 17th of September 2021.

3.4. Reconstruction of the L2A extinction profiles

In this part, the Aeolus L2A cloud-free extinction profiles were reconstructed focusing on the pure
dust profiles identified from CAMS reanalysis dataset (Section 3.3). For the derivation of the new
L2A+ extinction profiles, the Aeolus L2A cloud-free backscatter profiles (co-polar part) were
converted to total backscatter by accounting at first the missing cross-polar component. The formula
used to convert between the 355 nm co-polar backscatter and total backscatter is the following:

total

co 355
355 — 1 + circ (1)
355

where BS2s ., is the measured Aeolus 355 nm co-polar backscatter coefficient, Bi22L | the 355 nm
total backscatter coefficient and 655, is the particle circular depolarization ratio at 355 nm. It is
noteworthy to mention that since the particle circular depolarization ratio at 355 nm (855s,,,,) is not
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directly measured, it can be computed indirectly using the particle linear depolarization ratio at 355
nm via the following conversion formula:

e = 2B )

’ 1- 835
where the value of particle linear depolarization ratio at 355 nm (842¢3") for mineral dust particles
was selected according to the DeLiAn database (Floutsi et al., 2023). Finally, the new L2A+
extinction profiles were computed using the estimated total backscatter coefficient and a lidar ratio
of 53.5 sr at 355 nm for Saharan dust (Floutsi et al., 2023). Figure 3.10 gives a graphical illustration
of the reconstruction process of the L2A pure-dust extinction profiles including the pure dust Aeolus
SCA co-polar backscatter profiles, the converted total SCA backscatter profiles after adjusting the
mis detected cross-polar component of the backscattered lidar signal and a lidar ratio for Saharan
dust (53.5 sr). Note that the aforementioned methodology has been implemented for all the available
Aeolus retrieval algorithms and specifically for the SCA, SCA mid-bin and MLE algorithms (all
included in the latest processor version of Baseline 16) and for each of them, the L2A+ extinction
profiles have been derived.
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Figure 3.10: Illustration of the L2A extinction profiles reconstruction process

3.5. Derivation of the dust mass concentration using the POLIPHON method

This is the last step of the WP3000 which includes the conversion of the L2A+ extinction profiles to
dust mass concentration using the POLIPHON method. A more detailed description of the
POLIPHON method can be found in Mamouri and Ansmann (2014; 2015; 2016; 2017), Ansmann
and Mamouri (2019), and concerning the INP concentration retrieval in Marinou et al. (2019). The
core concept of the methodology is briefly outlined in the current section.

POLIPHON (Polarization Lidar Photometer Networking) is a powerful technique that allows the
separation of mineral dust and non-dust aerosols by combining the unique capabilities of the
polarization lidar with the well-established global aerosol climatology of aerosol optical and
microphysical properties provided by AERONET (Aerosol Robotic Network) (Holben et al., 1998).
The first step of the POLIPHON technique includes the analysis of the polarization lidar observations
based on the different polarization properties of the different aerosol types to obtain vertically-
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resolved profiles of dust and non-dust backscatter coefficients, and thus the backscatter-related dust
fraction (Ansmann et al., 2019). Then, the derived dust and non-dust backscatter coefficients are
converted to respective dust and non-dust extinction coefficients using appropriate dust extinction-
to-backscatter ratios or lidar ratios. In the second step of the POLIPHON technique, the vertically-
resolved profile of the dust mass concentration (both fine and coarse dust particles) is derived using
the respective coarse- and fine-dust extinction coefficients and extinction-to-volume conversion
factors determined from AERONET observations (Ansmann et al., 2019). Additional products that
can be retrieved using the POLIPHON technique include the particle number, surface area, volume
concentration for dust and non-dust aerosol components as well as meteorological parameters such
as cloud condensation nuclei (CCN) and ice nucleating particle (INP) concentrations.

For our study, the POLIPHON method was implemented and the mass concentration of dust was
derived using;:

Ma=pa*va (3)

where pq is the dust particle density (2.6 g cm3) and vq the dust volume concentration. The latter was
estimated using

Vd = Cd,532 ¥ Od, 532 (4)

with 0q, 53 expressing the L2A+ extinction coefficient at 532 nm and cq, 55 the extinction-to-volume
conversion factor at 532 nm derived from the AERONET observations. All the AERONET-based
conversion parameters required in the conversion of particle extinction coefficient at 532 nm into
particle number, surface area and volume concentration are described in Table 4 of Ansmann et al.
(2019). Before using Eq. (4) for the derivation of the dust volume concentration, a previous step was
the conversion of the measured L2A+ extinction coefficient from 355 nm to 532 nm using the
empirical relation introduced by Angstrom (1929):

o _ Moo o
o = ©)

where At and A2 the two wavelengths of 355 and 532 nm respectively and a with value 0.1 is the
selected Angstrom exponent for Saharan dust derived from DeLiAn database presented in (Floutsi
et al., 2023). Using Eq. (5) the L2A+ extinction coefficient at 532 nm was derived and then it was
introduced in Eq. (4) for the derivation of the dust volume concentration before the final estimation
of the dust mass concentration (Eq. 3). Figure 3.11 illustrates the results of the final step on which
the pure dust Aeolus L2A+ extinction profiles are converted from 355 to 532 nm before being
converted to mass concentration using the POLIPHON method.
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Figure 3.11: L2A+ extinction profiles at a) 355 nm, b) 532 nm, and c) the final dust mass
concentration profiles.
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4. ESA-L2A+ WP4000: Assimilation of L2A/L2A+ and application of WRF-L
experiments

4.1. Description of WP4000.

The aim of this work package is to carry out Data Assimilation (DA) experiments to study
the impact of joint Aeolus wind & aerosol information in a regional model, as well as
determine the improvements brought by the development of the L2A+ product. As such,
work was focused on setting up a regional dust transport model (WRF-CHEM) for
assimilation (with NCAR DART) and incorporating the necessary tools and algorithms to
assimilate Aeolus data. In this section we begin by describing our assimilation approach and
how variables are transformed from model space to observation space and conclude by
briefly describing the 3rd-party tools used and presenting their configuration.

4.2. Data Assimilation Overview.

The overarching goal of any assimilation system is to estimate the probability distribution function
(PDF) of the Earth system state at the initial time. To achieve this goal, a forecast is corrected with
information from observations to provide a better estimate of the system state, called the analysis.
This general idea is presented visually in Figure 1.

Observations Observations Observations

\ 4 v A 4
Forecast Forecast Forecast

Analysis » Analysis —>

A 4

Analysis

Figure 4.1: A graphical presentation of the WP3000 processing steps.

Assimilation systems can be intuitively grasped by looking at the problem from a Bayesian
perspective: we aim to update our prior knowledge of the Earth system state distribution (prior, also
called the background), to produce a posterior of the distribution (also called the analysis) as the
conditional probability of the prior given the observations. There are two major schools of thought
for tackling this problem. The first, Variational Data Assimilation, includes popular algorithms such
as 3D-Var and 4D-Var, work by determining the best possible model trajectory (in a “least square”
sense) that fits the available observation data. The second school of algorithms, called Ensemble
Kalman Filters (EnFK), operate by using an ensemble of forecasts at each time step, which is treated
as a random draw from the probability distribution of the model state. This probability distribution
is then updated using information from the observations. Because the quantities that we can observe,
especially using space-borne instruments like ATLID, are not necessarily part of the model state,
assimilation systems use “observational operators” that calculate the expected observation from the
model state. These operators are also known as the “forward model” in retrieval problems.

While most operational Numerical Weather Prediction systems rely on variational methods, in L2A+
the assimilation experiments are conducted using EnKF because of a distinct advantage. Variational
systems require linearized versions of both the forecast model and the observational operators,
something that requires significant development effort to achieve. In contrast, EnKF methods do not
have this requirement, allowing rapid prototyping of a system that can assimilate new and novel

ESA-L2A+ Deliverable Item 03 [DIo3] — Version 2 (V2)



KO

Ref: Ref: ESA AO/1-11041/22/I-NS

DIo3: Description of the Algorithm
g L2A+

. R oy Developments (ALGO) — V2.
e e ECMWEFF Page: 18

AL

observations. An important disadvantage of EnKF is the requirement to use an ensemble of N
independent forecasts (members), which is computationally demanding. However, this issue is less
of an obstacle in research scenarios where there is no “real-time” requirement (Bannister, 2017).

@ Model state Assimilation step
7 Model Run (forecast) Expected measurement
. Repeat
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Figure 4.2: A schematic showing how an Ensemble Kalman Filter data assimilation system
operates.

Figure 4.2 shows a high-level overview of how EnKF works. Let x, be the model state vector at time
t and y, denote the available observations, close to time t (exactly how close is a tunable parameter).
An intuitive way to imagine the EnKF method is to think of it as an update of the PDF of x through
the information in the PDF of y, like the Bayes theorem. So, to compute the posterior (analysis) x;,
we would compute at all grid points:

x¢ =X+ Ky — H(xp) (1

As aforementioned, since our observations do not concern physical variables that are part of the
model state, it is necessary to compute the expected observation from our model state. This
observation operator is denoted with H(:).

For each kind of observation, the appropriate operator must be developed to map the model state to
observation space. For Aeolus, this is developed during the project and described in a later
subsection. At each timestep, the analysis (x{) is used to initialize the model for the next timestep, a
technique known as cycling. The above description was an introduction into the intuition of the EnKF
method, the exact formulation can be studied in J. Anderson (2001).

4.3. Experiment setup in L2A+.

In L2A+ the regional numerical weather prediction model used is WRF-CHEM (Advanced Research
Weather version of the Weather Research and Forecasting coupled with Chemistry) (Grell et al.,
2005; Skamarock et al., 2008), Georgia Institute of Technology-Goddard Global Ozone Chemistry
Aerosol Radiation and Transport (GOCART) aerosol model and the Air Force Weather Agency
(AFWA) dust emission scheme (LeGrand et al., 2019) for studying the life cycle of mineral aerosols.
The Data Assimilation Research Testbed (DART) by the National Center for Atmospheric Research
(NCAR) is used for its EnKF implementation (Anderson et al., 2004). Specifically, the Ensemble
Adjustment Kalman Filter (EAKF) (Anderson et al., 2001) implementation is selected for its ability
to avoid the filtering divergence problem.

In technical terms, the experiment setup requires running N independent forecasts with WRF-
CHEM for a period of time (a cycle), at which point DART is used to assimilate Aeolus observations.
The resulting analysis is used as initial conditions for starting the forecasts again for the next cycle.
The number of ensemble members (N) and the cycle length are yet to be finalised. This procedure is
shown visually in Figure 4.3.
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Figure 4.3: Experiment setup with WRF and DART. Blocks and arrows colored orange denote
developments that happened in L2A+, specifically the chemistry pre-processor (IFW), the cycling
assimilation system (which includes management of the model ensembles, experiment
configuration, the cycling script and HPC automations), and the AEOLUS observational operators.

conditions

The model domain is shown in Figure 4.4. It covers the general North Atlantic region, parts of Africa
which are important for their dust emissions and parts of North and South America which are
receptor points for dust transport. The exact domain boundaries and the exact configurations for
WREF and DART are subject to change as the experiments continue.
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Figure 4.4: Model domain shaded in blue.

The ensemble of forecasts used in EnKF reassembles a random draw from the Earth system state
probability distribution. Thus, we expect the forecasts of the ensemble member to differ more in
areas of the Earth at which the model is less certain about the prediction. The numerical models used
are deterministic, i.e. they give a specific output for a given input. In order to encourage the forecasts
to “spread” appropriately and give us an estimate of the uncertainty, perturbations are applied to the
initial conditions of each member. The algorithm for creating spatially correlated perturbation fields

is based on a technique described in Tsikerdekis et. al. (2021, supplement) and consists of the
following steps:

1. For each variable to be perturbed, generate a random field of the same dimensions by
sampling from a Gaussian distribution with known mean and standard deviation

2. For n steps, apply a Gaussian filter (i.e. rolling average window) of size 1 (3 X 3).

3. Standardize the distribution of the perturbation field as to have a mean value of 1, then scale
it to get the desired mean perturbation.

4. Add the perturbation field to the variable being perturbed.
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Each ensemble member gets different perturbation fields, which are also stored for diagnostic
reasons. When comparing between two experiments (e.g., a control run against a run with Aeolus
assimilation), the same perturbation fields are used. The list of perturbed variables (beyond the wind
elements U and V) is still under consideration.

The forecast model is initialized using ERA5 re-analysis meteorological fields (Hersbach et. al, 2020)
and CAMS global reanalysis (EAC4) aerosol fields (Inness et. al, 2019). The initial condition fields
must be interpolated to the regional model’s grid before use and while the ERA5 meteorological fields
are supported by WRF’s Preprocessing System (WPS), there is no support for aerosol fields. In
addition, EAC4 has three dust aerosol size bins compared to AWFA-GOCART’s (the dust scheme
used in WRF-CHEM) five. To enable use of EAC4, an application was developed to 1) interpolate the
EAC4 fields onto the regional model grid, and 2) map the EAC4 dust species to AFWA-GOCART’s
species. The application is developed in Python and is generic enough to allow interpolation of any
global chemistry model fields onto a WRF grid if you can implement a file reading routine in Python.
The application is called “interpolator-for-wrfchem” (henceforth IFW) and is available on Github.

The methodology of IFW is based on the WPS, with the additional step of doing the species mapping.
The distinct steps are:

1. For each variable of the source aerosol fields
a. Horizontally interpolate each CAMS level (2D) to the WREF lat-lon grid.
b. Vertically interpolate each CAMS column to the WRF vertical levels.

2. Map the source model species to the target model species.

The above procedure is performed once for the initial fields and one time for each of the regional
model boundaries.

CAMS before interpolation CAMS after interpolation
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aermrod Je-7

08 08
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02 02
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08
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Figure 4.5: The aerosol field preprocessing methodology shown visually. All values refer to mixing
ratios (kg/kg).

The mapping of WRF-CHEM species to AFWA-GOCART is constructed using a mass size
distribution derived from the mean lognormal number size distribution, which is fitted to the in-situ
size distributions measurements inside the Saharan Air Layer (SAL), during the AER-D campaign
(Table 5 in Ryder et al., 2018, Table XX1 herein). The conversion factors (Table XX2) for each WRF-
Chem model size bin (D; = 0.2 — 2.0 um, D, = 2.0 — 3.6 ym, D3 = 3.6 — 6.0 um, D, = 6.0 — 12.0 um,
Ds = 12.0 — 20.0 um) are calculated as the fraction of the mass contained in each CAMS model size
bin range (DCAM51 =0.06—-1.1 pm, DCAMSZ =11-1.8 um,DCAMs3 =1.8—-40 p.m). The denSity of

dust particles is assumed equal to 2610 kg m~3.
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Table 4.1: Lognormal mode properties for the mean number size distribution, fitted to the in-situ
measurements, taken within the SAL during AER-D campaign. d,,, stands for the median diameter,
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o, for the geometric mean, and N for the total aerosol concentration.

MODE 1 MODE 2 MODE 3 MODE 4
Dpg 0.150 0.851 1.850 32.527
M) 2.2 1.181 1.928 1.528
N 3.91x102 8.39x10° 1.16x10? 1.38x104

Table 4.2: Calculation of mixing ratios at the AFWA-GOCART size bins using linear combinations

of components from CAMS-EAC4.

Dust Bin CAMSD1 CAMSD2 CAMSD3
DUST1 0.96 1.0 0.16
DUST?2 0.19
DUST3 0.30
DUST4 0.35
DUSTS5 0.11
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4.4. Operators.

4.4.1. L2B Wind HLOS observations.

Aeolus measures horizontal line-of-sight (HLOS) wind speeds, which must be compared with the
model’s U and V wind vectors. The following observational operator is used (Savli et al., 2018, Krisch
et al. 2022), where a is the azimuth angle, defined clockwise from north:

HLOS = Usina+ Vcosa (3)

This operator is implemented in DART, alongside a program that reads AEOLUS DBL files and
converts them to DART intermediate format, as required for assimilation. These developments are
available on a Github fork and will be contributed upstream when validation is complete.

4.4.2. L2A and L2A+ aerosol observations.

In order to assimilate the extinction coefficient profiles of the L2A and L2A+ products, an operator
must be used to calculate extinction coefficient profiles from the model state. In our case, the model
state consists of dust mixing ratio at each model grid point, at distinct size bins. For every cell, the
dust extinction coefficient EC is calculated as:

K
EC Z S MQ
= K
- 2piDesr

where My is the dust concentration for size bin k in gm™3 (calculated as the product of the
corresponding dust mixing ratio and air density), py is the particle density (g m~3), D¢ is the effective
diameter (m), and Q is the extinction efficiency factor.

The extinction efficiency factor Q is wavelength-dependent and thus must be provided at 355nm,
corresponding to the operation wavelength of ATLID. This calculation is performed using the Mie
scattering code (Mie, 1908), assuming spherical particles and a refractive index of 1.55 + 0.005i,
which is considered representative of dust (Dubovik et al., 2002). While the spherical assumption
for dust is not perfect, as dust particles are known to have irregular shapes, the focus on this study is
not to push the boundaries of dust representation in operators.
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Figure 2.1 Aeolus underestimation due to the missing cross-polar channel (a:) theoretical
calculation; (b) observational evidence.

Figure 2.2  Estimates of Aeolus L2A underestimation due to the missing cross-channel using
the Aeolus-like profiles retrieved based on CALIPSO for the trans-Atlantic Godzilla
dust event on the 23rd of June, 2020.

Figure 3.1 A graphical presentation of the WP3000 processing steps.

Figure 3.2 A graphical illustration of the cloud-filtering methodology using the AEL-FM
feature mask product.

Figure 3.3 Region of Interest and the Aeolus overpass (orbit id: 017790) on 17th September
2021.

Figure 3.4  Unprocessed profiles of L2A SCA backscatter coefficient; AEL-FM Feature Mask
product at measurement level and cloud-covered (in%) BRC bins; Cloud-Filtered
profiles of SCA extinction and backscatter coefficient for the Aeolus overpass of
orbit id: 017790 on 17 September 2021.

Figure 3.5 SEVIRI CLAAS-3 cloud mask product for an indicative study case on 17th of
September 2021 at 19.45 UTC and Aeolus orbit.

Figure 3.6 ~ SCA raw profiles of extinction and backscatter coefficients for a study case on 17th
of September 2021. The associated cloud-free profiles for different percentage
values of cloud-covered BRC profiles are given.

Figure 3.7 SCA, SCA mid-bin and MLE cloud-filtered profiles of backscatter coefficients for a
study case on 17th of September 2021. The cloud-filtered profiles were derived using
both AEL-FM and MSG-SEVIRI retrievals.

Figure 3.8  CAMS dust mass concentration over L2A+ Rol for an indicative study case on the
17th September 2021. The red-colored line presents the closest Aeolus orbit on the
referenced time.

Figure 3.9  Vertical profiles of CAMS dust mass concentration and dust-to-total aerosol mass
concentration ratio along the Aeolus orbit (id: 017790) provided in the regular (a,
b) and middle-bin (c, d) vertical scales on the 17th of September 2021.

Figure 3.10  Illustration of the L2A extinction profiles reconstruction process

Figure 3.11  L2A+ extinction profiles at a) 355 nm, b) 532 nm, and c) the final dust mass
concentration profiles.

Figure 4.1 A graphical presentation of the WP3000 processing steps.

Figure 4.2 A schematic showing how an Ensemble Kalman Filter data assimilation system
operates.

Figure 4.3  Experiment setup with WRF and DART. Blocks and arrows colored orange denote
developments that happened in L2A+, specifically the chemistry pre-processor
(IFW), the cycling assimilation system (which includes management of the model
ensembles, experiment configuration, the cycling script and HPC automations), and
the AEOLUS observational operators.

Figure 4.4 Model domain shaded in blue.

Figure 4.5  The aerosol field preprocessing methodology shown visually. All values refer to

mixing ratios (kg/kg).
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Table 3.1 Aeolus feature-mask features’ definition. The first column provides the feature

detection probability index ranging from -3 to 10. The second column shows the
definition of each index.

Table 4.1 Lognormal mode properties for the mean number size distribution, fitted to the in-
situ measurements, taken within the SAL during AER-D campaign. d, stands for
the median diameter, o, for the geometric mean, and N for the total aerosol
concentration.

Table 4.2 Calculation of mixing ratios at the AFWA-GOCART size bins using linear
combinations of components from CAMS-EAC4.
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