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1. Introduction

The main objective of CARGO-ACT is to pave the way for global interoperability that will ultimately lead to
better harmonized global datasets of key atmospheric parameters, specifically for short-lived components
such as aerosol particles, trace gases, and clouds. In this deliverable, we report on the results of CARGO-
ACT’s first activities towards achieving this goal. Building upon the Milestone #4 of this project
(Documentation of standard operation procedures, calibration protocols, and processing), we assessed
existing protocols (global, EU, and US) and identified opportunities for harmonization - ensuring
measurement consistency across multi-network datasets employing different instruments and instrument

methodologies.

As proof of concept, our activities here are focused on 8 microphysical and optical aerosol variables, four
for each branch and listed in their respective chapters. We have chosen these variables because they are

the obligatory core aerosol measurements in ACTRIS.

The report proceeds as follows: the variables are grouped into the two branches, variables measured by
in-situ (IS), and variables measured by remote sensing (RS) methods, which are distributed into two
chapters. Here, we provide a summary of the state-of-the-art protocols of the relevant networks and
report on which aspects can be further harmonized. Finally, we provide a brief overview of CARGO-ACT’s

activities for harmonization where possible.
This deliverable uses the following terminology:

e ‘“variable” - microphysical and optical aerosol variable listed in Table 1 and Table 2
e “observatory” - measurement station/site;

IM

e “protocol” - collection of procedures;
o “network” — measurement observatories under one organization;

® “SOP” —on-site standard operating procedures
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2. In Situ (IS) Variables

The harmonization activities of CARGO-ACT are centred on the four aerosol IS variables listed in Table 1.
To achieve global harmonised datasets of aerosol variables, we focus our activities on four aerosol IS

measurement networks which are briefly described below.

Table 1. List of IS microphysical and optical aerosol variables and relevant measurement
principle/instrument.

IS Variables measurement methods/instrumentation

particle number size distribution (10-800 nm) (PNSD) | mobility particle size spectrometers (MPSS)

particle number concentration Dp > 10 nm (PNC) condensation particle counters (CPC)
particle light absorption coefficient (Abs) absorption photometers (AP)
particle light scattering coefficient (Scat) integrating nephelometers (IN)

Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS - EU)

Aerosol in situ

=
Cloud remote sensing

v L
Trace gases remate sensing A
2 |

Platform type

Figure 1. Map of ACTRIS sites for aerosol in situ measurements (source:
https://www.actris.eu/facilities/national-facilities)

The ACTRIS aerosol IS measurement network is part of an overarching long-term activity with more than
100 European partners engaged in building a single, pan-European, sustainable and distributed research

infrastructure. The aerosol IS network consists of fixed stations mostly in Europe with a few stations in the
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polar regions and around Africa all falling within the umbrella of the Centre for Aerosol In Situ — European
Centre for Aerosol Calibration and Characterisation (CAIS-ECAC). A unique feature of the ACTRIS aerosol
IS network is the World Calibration Centre for Aerosol Physics (WCCAP) which serves as a competence
centre for IS physical and optical aerosol measurements and provides services for the traceability and
quality assurance of these measurements, and station audits to improve infrastructures. WCCAP activities
is also part of the world-wide Global Atmospheric Watch (GAW) program of the World Meteorological
Organization (WMO).

National Oceanic and Atmospheric Administration - Federated Aerosol Network (NOAA NFAN - US) and
Global Atmospheric Watch (GAW)
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Figure 2. Map of NOAA NFAN stations (source: Elisabeth Andrews)

NOAA NFAN consists of NOAA Global Monitoring Laboratory (GML) operated stations and collaborations
through the use of either, or both of, their facilities or logging software, and GAW stations (30 sites across
13 countries). Some of these stations overlap with the ACTRIS and ARM networks. These measurements
are made both within the US and internationally and these networks provide their data to international
archives as well as to NOAA databases. GML maintains calibration scales and provides calibration services
to support the WMO GAW programs for a subset of their network measurements.

US Department of Energy - Atmospheric Radiation Measurement (DOE-ARM - US) fixed and mobile
observatories
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Figure 3. DOE ARM measurement network (source: Image courtesy of the U.S. DOE ARM user facility.)
The DOE ARM user facility operates a network of extensively instrumented long-term fixed-location
observatories and mobile facilities deployed in various locations and periods providing measurements of

atmospheric properties across the globe.

Atmospheric Science and Chemistry Measurement Network (ASCENT - US)

ASCENT: Armaspheric Science and Chemistry
mEasurement NeTwork.
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Figure 4. ASCENT measurement network (source: https://ascent.research.gatech.edu/measurement-
sites)
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ASCENT is a newly established comprehensive, high-time-resolution, long-term measurement network in
the US focused on characterizing the chemical composition and physical properties of aerosols. The
network consists of 12 long-term stations spread across rural, urban, and tribal sites in the US. Although
not a partner, ASCENT is one of the main stakeholders of CARGO-ACT IS activities, attempting to

incorporate harmonisation where possible as the network undergoes the implementation phase.

Atmospheric measurements across the globe can vary between and within measurement networks in
terms of scientific goals and, therefore, the atmospheric variables covered. ACTRIS and ARM observatories
measure all four of the ACTRIS core IS variables while NOAA does not measure PNSD and ASCENT doesn't
measure the Scat. In this chapter, we describe the current protocols of the networks identifying what are
common measurement and calibration procedures and what are the opportunities for harmonization of

these for the core IS variables.

2.1 Summary of the state-of-the-art protocols
2.1.1 General protocols for aerosol sampling inlets and conditioning

Many aspects of the general recommendations or protocols stem from WMO-GAW report No. 227, and
they are common among the observational networks assessed here. Protocols for aerosol sampling such
as the configurations of the inlets depending on the target variables, use of laminar flow, if possible, types
of pipes and tubing used, aerosol conditioning for controlling the relative humidity (RH), and a target data

coverage of >90% are similar across networks.
2.1.2 Network-specific protocols for IS core instruments

In this section, we describe the current protocols at a network level such as minimum requirements for

instrumentation and data processing software.
2.1.2.1 Instrument technical requirements

In the ACTRIS network, there are instrument design and technical specification criteria for each of
the IS variables. Instruments which satisfy the ACTRIS criteria are then included in the ACTRIS list
of compliant instruments, allowing them to be used in the ACTRIS observatories. For the ACTRIS

core IS variables, this is done by the Centre for Aerosol In-situ - European Aerosol Centre for
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Aerosol Calibration and Characterization (CAIS-ECAC) under the lead of the World Calibration
Centre for Aerosol Physics (WCCAP).

Below is an overview of the criteria for each instrument.
CPC:

e EN 16976:2024 compliant with certification from a calibration facility

e full flow CPC

e capability to provide pulse output (primary output of the photodetector)
e working fluid is n-butanol

e |ower detection efficiency diameter, Dp50, of 10 nm

e minimum PNC range up to 50,000 cm-3

e model-specific calibration factor between 1 to 10%

e model-specific coincidence correction equation

e CEN/TS 17434 compliant with certification from a calibration facility

e full flow CPC

® particle size range: 10 - 800 nm

e aerosol to sheath flow ratio between 1:10 and 1:4

e bipolar diffusion charger either Krypton 85 or Nickel 63

e use of a positive (preferred) high voltage power supply for the differential mobility
analyser (DMA) with possibility to measure the voltage output independently

® capable of performing up and down scans with high resolution, especially for the size
calibration

e particle size resolution of 16 -32 bins per decade

e time resolution of 5 - 10 minutes.
AP:

o ACTRIS compliant with a certification from a calibration facility and using a harmonization
factor

e the sample flow through the filter must be controlled

CARGO-ACT (www.cargo-act.eu) is supported by the European Commission under the Horizon Europe (HORIZON) - Strengthening the
international dimension of ESFRI and/or ERIC research infrastructures, HORIZON-INFRA-2023-DEV-01-07, Grant Agreement #: 101132093
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o the attenuation or transmission of light must be recorded

o when exceeding an instrument specific maximum attenuation, the filter must be changed
either automatically or manually

e the filter type must have been calibrated for use in that instrument with calibration

factors provided for data evaluation

® ACTRIS compliant with a certification from a calibration facility

e multi-wavelength

e capability of calibration with two gases

e automatic measurement of the baseline at regular intervals with particle free air
e truncation error scheme should be provided

e response time of < 5 minutes

e time resolution of O-level data should be >= 1 minute

o sampling flow rate of 5L/min

It is mandatory for all of these instruments to undergo biannual intercomparison and calibration
workshop at the CAIS-ECAC calibration facility. These calibrations are science and capacity

building-related and go beyond the maintenance procedures of the instrument manufacturers.

The other measurement networks do not require any instrument design and technical
specification to be allowed to operate in their observatories. They use different kinds of
instrument models from different manufacturers. Some of the instruments at the other networks

are also on the ACTRIS list of compliant instruments.

These specifications are not required in NOAA-operated observatories where water-based CPCs
are used as the replacement instrument for the 30-year-old n-butanol pulse output instruments.
For quality assurance, they intercompare their CPCs against a reference CPC calibrated at the
WCCAP. Similarly, they use different AP models which includes the AE33 (ACTRIS compliant). In
addition, only approved filter types are used, for instance, only Pall e70-2075w filters or Azumi
filters are allowed to be used in the NOAA continuous light absorption photometer (CLAP). Finally,

NOAA uses INs which are on the list of ACTRIS compliant instruments (TSI and Aurora).
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international dimension of ESFRI and/or ERIC research infrastructures, HORIZON-INFRA-2023-DEV-01-07, Grant Agreement #: 101132093

Page 10


http://www.cargo-act.eu/

CARGO-ACT
WP2 / Deliverable 2.1

At the ARM observatories, the PNSD measurements are done by different MPSS models with
different combinations of their integral parts (CPC, DMA, and particle chargers). For Abs
measurements, they mainly use the particle soot absorption photometer (PSAPs), which are not

ACTRIS compliant. ARM only operates the TSI 3563 IN in their network.

ASCENT uses the new “wide-range” TSI MPSS, satisfying ACTRIS compliance except for the CPC
component. ASCENT uses a water-based CPC in their MPSS. Similarly, they also use an AE33 in

their network which is ACTRIS compliant.
2.1.2.2 Data production software

Each measurement network employs their own data production software. Both NOAA and ACTRIS
submit data to the NILU EBAS database, and therefore, the data provided comply with the
requirements of EBAS (corrections and data format). The ARM network provides data to the ARM

Data Discovery database.

In ACTRIS, a newly developed near-real-time (NRT) data reporting software is currently being
implemented at the National Facilities (observatories). The NRT software supports different types
of ACTRIS compliant instruments for each variable, INs, APs, CPCs, and MPSS. In ACTRIS, a
harmonization factor is applied to the AE33 data while the truncation error correction is applied
to the IN data same as in the NOAA software and ARM data processing. For the CLAP and PSAP in
the NOAA network the standard corrections (Bond et al., 1999, Ogren, 2010) including for flow
rate, spot size, scattering artifact and filter type are made. For the PSAP data, ARM applies an
improved gain calibration and a scattering correction to the data from PSAP. For ASCENT, the data
infrastructure is currently under development, which will include automated data quality

assurance and will be uploaded into their own database.

For the last 22 years NOAA has used a Linux-based software package developed in-house. The
software is used in different configurations for both data acquisition and data visualization/quality
control. Because of the wide number of instruments used in the NFAN network it is capable of
logging data from multiple PNC, AP, and IN, system housekeeping parameters (temperature, RH,
pressure, flow, etc), as well as a variety of other instruments not discussed here. The software
includes the capability of sending NRT raw data to EBAS (and other entities - for example DOE gets

NRT raw aerosol data from one of the NFAN stations).
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ARM currently uses a suite of internally developed LabView-based software applications to
acquire data from deployed instruments. These applications provide near real time visualization
of raw data along with instrument operating parameters. Data is stored in a plain-text format and
sent to ARM data servers for further processing, where it is converted to NetCDF format and
corrections/quality control checks are applied. There is currently interest in exploring alternative
options to modernize this software to further improve performance, maintainability, and

reliability.

2.1.3 Calibration procedure for core IS instruments

As mentioned above, in ACTRIS, the core IS instruments are required to participate in biannually
intercomparison and calibration workshop. If they pass, they are issued either a CEN certificate (for MPSS

and CPC) or an ACTRIS Calibration Certificate (for AP and IN).

In this section, we briefly describe the setup of the calibration facilities of WCCAP and its calibration
workshop program which will then be adapted by Center for Aerosol Measurement Science (CAMS) within
CARGO-ACT. The full detail of this knowledge transfer and capacity building will be reported in D2.5 -
Strategy plan for the harmonization of regional aerosol in-situ calibration center in the US with the ACTRIS

Central Facility for aerosols IS measurements by project month 17.
Calibration Facility Setup and Calibration Procedures

In ACTRIS (WCCAP), CPC and MPSS instruments are calibrated in separate laboratories for IS microphysical

instruments, while the APs and INs are calibrated in the same laboratory for optical IS instruments.

The WCCAP CPC calibration laboratory is equipped with a Faraday cup aerosol electrometer (FCAE) which
serves as a traceable primary standard for particle number concentration. The FCAE is regularly calibrated
by the German National Metrology Institute. A “master” CPC serves as a secondary standard. WCCAP uses
silver particles for calibration (EU Norm), which are formed by silver vapor after a tube furnace operated
at atemperature range between 900 and 1200°C under pure nitrogen. The generated silver aerosol is then
sintered in a second tube furnace at 700°C to obtain quasi spherical particles. Finally, monodisperse silver
particles in the range from 3 to 40 nm are obtained using a size selection rack equipped with a Nano-DMA

This set-up is based on the ISO 27891:2015 and modified for the calibration of several CPCs at the same
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time. The CPC calibration follows the procedures criteria detailed in EN 16976:2024 assuming all other

technical specifications are already met:

e |eak (zero) checks;

e flowrate;

e detection efficiency at 40 nm;

e detection efficiency at 20 nm;

e detection efficiency iat 10 nm;

e detection efficiency curve from 7 to 40 nm;

® concentration response and linearity compared against the FCAE.
The WCCAP MPSS calibration laboratory is equipped with a reference MPSS and a reference stand-alone
CPC both serving as secondary standards with the stand-alone CPC calibrated against the primary standard
FCAE. This allows a quality-assurance by an intercomparison between the total PNC and the integrated

PNC obtained from the PNSD. For the MPSS, the following basic checks are performed:

flow condition;
e flow rate;
e leak (zero) checks;
® particle size calibration accuracy test using nebulized 203 nm PSL particles;
e high voltage (HV) calibration if possible;
e check of the accuracy of the integrated number concentration measurement (compared against
the reference stand-alone CPC);
e the accuracy of the PNSD (compared against the reference MPSS).
Like the CPC calibration, CEN and ACTRIS standard compliant MPSS instruments are issued a CEN

certificate, otherwise a calibration report is provided.

The WCCAP set-up in the laboratory for the calibration of absorption photometers includes a secondary
standard absorption photometer with the extinction-minus-scattering (EMS) method as the primary
standard, using integrating nephelometers and extinction monitors at the different wavelengths. Soot and

graphite are generated as standard materials for the intercomparison. The following tests are performed:

® zero baseline measurement;

® accuracy against the reference method (EMS) and secondary standard;
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o flow re-calibration when necessary.
For the characterization of integrating nephelometers, the set-up uses the scattering of CO; gas as a
primary standard with a reference IN as a secondary standard. An ammonium sulfate aerosol is

additionally used to calibrate the particle scattering coefficient. The following tests are performed:

e zero baseline measurement;

® span gas check with CO;

e accuracy of the IN against optical reference using ammonium sulfate.
The NOAA measurement network, as briefly mentioned above, has two laboratory reference CPCs, one of
which is ideally regularly calibrated at the WCCAP. This reference CPC is then used to intercompare other
CPCs prior to deployment and after in-house repairs/maintenance. During the intercomparison, leak
(zero) and flow rate checks are performed, and the CPCs sample laboratory and ambient air to get three
orders of magnitude of number concentration. For the APs and INs, calibrations like ACTRIS procedures
are performed on-site with the exception of the accuracy check against a reference method or a primary

or secondary standard reference instrument.

At ARM, aside from factory calibration every two years, the ARM calibration procedure for their MPSS

systems have three Tiers which includes the CPC calibration:

1. Tier 1 - screening of instruments

a. flow rate
b. zero count rate (leak check)
C. sizing accuracy check with 4 PSL sizes (between 100 - 400 nm)

2. Tier 2 - evaluation of the MPSS CPC
a. flow and zero checks;
b. intercomparison of CPC against a “master” CPC (which has been factory calibrated
annually) through collocation and sampling ambient air
C. determination of size resolved biases, particularly at 15 - 100 nm using ammonium sulfate
concentrations between 1000 and 10,000 particles cm-3.

3. Tier 3 - detection efficiency of the MPSS CPC
a. Intercomparison against an FCAE (annual factory calibration) using ammonium sulfate as
standard material

4. Tier 4 - Closure validation of the MPSS
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a. check of the accuracy of the integrated PNC measurement (compared against the
reference stand-alone CPC) and the accuracy of the PNSD (compared against the reference
MPSS when available)
Similarly, for the APs and INs, calibrations similar to ACTRIS procedures are performed on-site with the
exception of the accuracy check against a reference method or a primary or secondary standard reference

instrument.

The ASCENT network is implementing ACTRIS standards with their MPSS and AE33 with the exception of

the water-based CPCs.

2.1.4 SOP at the observatory

This section describes the observatory SOPs of the networks for each of the core IS instruments. NOAA
and ARM provide detailed and documented SOPs for their users while ACTRIS currently provide only

general standard procedures. Detailed documents of observatory SOPs are under development.
PNC - CPCs

For the observatory SOPs, the following checks are common across all three networks (although the

frequency of checks may vary):

e zero (HEPA filter at the instrument inlet)
e aerosol flow rate
e liquid level
Because NOAA and ACTRIS sites submit PNC data to EBAS database, the data processing and reporting

procedures are the same for these two networks.
PNSD - MPSS

Several of the SOPs for the MPSS are common between the ACTRIS and ARM observatories, such as

regular checks of:

e zero (scan with HEPA filter at the instrument inlet);
e aerosol flow rate;
e closure of the integrated particle number concentration with a stand-alone CPC;

e checking of diagnostic parameters such as RH.
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On-site calibration procedures for an MPSS measuring PNSD can differ between makes and models and
can vary in complexity. This can also depend on the MPSS design criteria of the station or of the network.
An important calibration procedure which can be done on-site is the calibration of the sizing accuracy of
the system using certified monodisperse polystyrene latex (PSL) particles (ISO 15900). The ACTRIS
observatories follow the procedure outlined in CEN/TS 17434, which is also employed by the ASCENT
network. The procedure for the ARM observatories is similar: they use PSL spheres between 100-400 nm
while the ACTRIS (CEN) recommendation is to choose a particle size between 100 and 300 nm (normally

the PSL particle size of 203 nm is used).
Abs - APs

Commercially available APs employed in all three networks are relatively easy and straightforward to

handle with SOPs provided in the user manuals. Therefore, most SOPs request the following checks:

e the aerosol flow rate;

e zero (HEPA filter at the instrument inlet).
These checks are already common (for common instruments such as the AE33) across these three
networks. The AE33 is utilized in all of the 4 (ARM uses one AE33 in one of their mobile facilities) networks,
and the manufacturer recommended flow calibration procedure is, therefore, the same across the
networks, albeit with differences in the frequency. Because NOAA and ACTRIS sites submit Abs data to
EBAS database (although NOAA typically does not submit AE33 data), the data processing and reporting

procedures are the same for these two networks.
Scat-IN
ACTRIS, and the US measurement networks use common calibration procedures for the INs:

e zero calibration;

e span check with CO..

Therefore, aside from differing details such as frequency of calibrations, etc., the calibration procedures
of INs are already harmonized at least in observatories operated by ACTRIS, NOAA, and ARM. Because
NOAA and ACTRIS sites submit Scat data to EBAS database, the data processing and reporting procedures

are the same for these two networks.
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2.2 Opportunities for harmonization
2.2.1 General protocols for aerosol sampling inlets and conditioning

As mentioned in 2.1.1, specifications of the aerosol sampling and conditioning are common across
networks. The differences can stem from the needs of the wide range of instruments in operation. An
opportunity for harmonization is to share information between networks of ways to improve sampling
systems when accommodating new instrumentation (such as the MPSS). For high quality measurements,

the following criteria needs to be met:

e (ideally) laminar flow in the aerosol inlet;
e and/or the inlet is well characterized in terms of particles losses;
e theaerosol must have a RH <40% at the inlet of the microphysical or optical IS aerosol instrument.

2.2.2 Network-specific protocols for IS core instruments

To achieve a high level of interoperability within a network, it is essential to establish network-specific
protocols including instrument design and technical specification requirements, and a universal data
production software. Harmonizing instrument design and data production software is understandably a

huge undertaking and should be supported by robust research.
2.2.2.1 Data production software

The data production of NOAA, ACTRIS, ARM, and ASCENT is an interesting and important aspect of
harmonization to explore. For instance, there are harmonization factors for the AE33 data (depending on
filter type) to make it comparable to MAAP (generally considered as reference absorption photometer)
based on the ACTRIS guidelines for Manual QC of AE33. Since NOAA and ARM do not apply these
harmonization factors to the AE33 data, this offers an opportunity to investigate how these harmonization
factors will impact their data. We also emphasize here the opportunity to harmonize the data obtained
from other absorption photometers employed such as the PSAP, CLAP and the 3-wavelength absorption
photometer (TAP) by deriving harmonization factors for each type employed in the observatories. This
investigation falls in T3.1 of WP3 (Cross-network intercomparison of instrument data acquisition and
automated processing tools) where we will be able to experimentally identify detailed similarities and

differences between the different data production software and find opportunities for harmonization.
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2.2.3 Calibration procedure for core IS instruments

The most significant opportunity for harmonization of calibration and operation practices for the core IS
variables is the establishment of regional calibration facilities in the US and other parts of the world
patterned on the WCCAP in Europe. Currently, for the US networks, some instruments are sent to
manufacturer for maintenance and calibration. Factory calibration has its advantages, although, with
several manufacturers in the market, the calibration procedure (beside the technical maintenance) not
only may vary greatly but may also be not entirely transparent to the customers. A traceable, standardized
and transparent calibration routine serviced by an independent facility would ensure harmonized quality
assurance and comparability across instruments of different manufacturers and models. In addition, the
establishment of a regional calibration facility would provide support closer to the measurement network
and would minimize data loss from shipping instruments to and from Europe for routine calibration.
Furthermore, having a calibration facility in the same country could mean simpler processes for
transporting hazardous material type shipments (for example, an MPSS along with its own radioactive

bipolar charger) - allowing the system as a whole to undergo a quality-check as well.

As part of CARGO-ACT, BNL and WCCAP (TROPOS) are collaborating to establish a calibration centre at
BNL, New York, USA, called the Center for Aerosol Measurement Science (CAMS). This activity falls under
T2.3 of WP2. In the first months of the project, BNL scientists visited the WCCAP twice: first as an
introduction and second for a calibration workshop for their own secondary reference instruments for
PNC and PNSD variables. Considering this, the calibration procedures may become more harmonized and

occur more frequently in the future.

The setup of the calibration facilities of WCCAP and its calibration workshop program for the MPSS and
CPC described in Chapter 2.1.3 will be adapted by CAMS within CARGO-ACT. The full detail of this
knowledge transfer and capacity building will be reported in D2.5 - “Strategy plan for the harmonization
of regional aerosol in-situ calibration centre in the US (CAMS) with the ACTRIS Central Facility for aerosols

IS measurements” by project month 17.

2.2.4 SOP at the observatory

An important aspect in harmonizing SOP at the observatory is the complete documentation of observatory

and instrument specific SOPs for the users (technicians, station managers, etc.). Both NOAA and ARM
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provide handbooks with detailed SOPs for their observatories while ACTRIS provides currently only
general standard procedures online. ACTRIS is currently in the implementation phase and their activities
here in CARGO-ACT provide an opportunity for ACTRIS to learn from the handbooks of NOAA and ARM as
they develop their own. This also presents a chance to compare the handbooks in detail and discover more
opportunities for harmonization across networks. ACTRIS could develop harmonized observatory SOPs for

the core variables.
PNC - CPC
SOPs for CPC operation at the observatory are basic and should be performed regularly such as:

e aerosol rate check;
e liquid-level check for CPCs;
e visual check of diagnostic parameters;

e zero/leak check.

Unlike the other instruments, calibration of CPCs is better done in a dedicated facility such as a calibration

centre (see Chapter 2.1.3). With the establishment of CAMS, this can be harmonized in the future.
PNSD - MPSS

PNSD measurements of fine and ultrafine particles require specific flow conditions to avoid particle losses.

It might be necessary to improve this infrastructure when adding an MPSS in a measurement station.

The basic checks and calibrations must be performed regularly (frequency depends on station needs and
available manpower). Therefore, we highlight the opportunity to harmonize the level of complexity of

these calibration procedures:

e aerosol rate check;

liquid-level check for CPCs;

e visual check of diagnostic parameters;

e sizing check: One approach is by settling for a simple yet harmonized procedure of the sizing
accuracy check and leave the sheath air flow rate adjustment in the DMA for the calibration
centre;

e zero check: zero filter in front of the instrument. If the CPC reading is zero, then it means there is

no leak;
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e offset and laminarity check with the high voltage power supply off - if the CPC reading is zero,

then it means there is no turbulence in the DMA.
Abs - AP

One important check which must be done is the zero-check using a HEPA filter in from of the instrument

to identify the noise level of the absorption.

Since most SOPs, especially for the AE33, are already similar across networks, details such as frequency of

the calibration procedures and checks may be further harmonized.
Scat - IN

Since most SOPs for the INs are already similar across networks, details such as frequency of the calibration

procedures and checks may be further harmonized:

e span check with CO, -- done at least monthly at NOAA, once or twice a year at ARM, and every
two to three months at ACTRIS observatories;

e automatic zero checks — are done daily at ARM and ACTRIS while hourly at NOAA.

The harmonization of the frequency of these routines is not simple. INs at observatories in areas with
lower particle concentrations may require more frequent zero calibrations. This is because of a daily
variability of the molecular scattering. An incorrect molecular scattering may cause a larger error for the
particle scattering if this is in the same range or smaller than the molecular scattering. We identify an
opportunity here to investigate and determine the best frequency of calibration with respect to the
aerosol load of each observatory type (urban, background, rural, remote) while keeping the desired data

coverage.

2.3 Summary

Understanding the role of aerosol particles in atmospheric processes, particularly for climate and air
quality studies - both of which impact the globe is a key objective of all the networks in this project.
Therefore, the measurement of key atmospheric variables needs to reach a high level of convergence
across networks on a global scale. As a proof of concept, CARGO-ACT aims to pave the way for the
harmonization of large measurement networks starting with eight microphysical and optical aerosol

variables; four in-situ (IS) and four remote sensing (RS) variables. This deliverable reports on the common
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practices, and more importantly, on the opportunities for harmonization across networks in terms of

calibration, operation practices, and data production software relevant to the eight targeted variables.

For the IS variables, we focused on the observatories within the ACTRIS, NOAA, ARM, and ASCENT (not a
partner in CARGO-ACT) networks. It must be noted that these networks operate with different scientific
goals and hence, some do not measure all four IS variables: e.g., NOAA does not measure PNSD and
ASCENT does not measure Scat. Nevertheless, since the existing protocols for all these networks largely
stem from the GAW Report no. 227, many protocols are, to some extent, already harmonized - particularly
the general observatory set-up and requirements, SOPs and calibration procedures, and data production
for commercially available instruments. This is particularly true for the most used instruments: the
absorption photometers AE33 and MAAP, and the TSI and Aurora nephelometers. Some instrument

design requirements are also common across networks measuring PNSD with an MPSS.

The opportunities for harmonization that we have identified apply to the range of instrumentation used
to measure the same IS variable and to the specific way the same procedures are done. For instance, some
networks use CPCs with different working fluids and different lower detection efficiency particle diameters
for their MPSS, which will influence the reported PNSD and the total or integrated PNC values. The same
is true for the several types of APs used. Because of differences in filter type and instrument specific
corrections or harmonization factors, the AP measurements need to be harmonized to ensure data
comparability between observatories and networks. As for the IN, although most of the procedures are
already common, the frequency of the calibrations differs from one network to another. The frequency of
IN calibrations is a balance between the aerosol conditions at the observatory and manpower and

resources. Recommendations on this must consider these two aspects.

Since the publication of the GAW report in 227 in 2016, several protocols have evolved resulting in the
current standards being implemented today in the ACTRIS observatories such as the European standards
for determining PNSD using an MPSS (CEN/TS 17434:2020) and determining PNC with a CPC (EN
16976:2024). These standards have paved the way for harmonizing PNSD and PNC measurements within
the ACTRIS network. This brings us to the most significant opportunity for harmonizing the IS variables:
the establishment of an independent calibration facility in the US, servicing the measurement networks

there with traceable, standardized procedures as in ACTRIS in the EU. As part of CARGO-ACT, the Center
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for Aerosol Measurement Science (CAMS) is currently in planning with the goal of serving as a calibration

facility for MPSS and CPC, (with the intention of extending to AP and IN in the future) in the US, including

intercomparison workshops and personnel training and capacity building. The WCCAP will be working

together with BNL to build up CAMS in the same way the Prague Aerosol Calibration Centre (PACC) was

established in Prague for ACTRIS. These activities are part of task T2.3 (capacity building) and will be

running parallel to T2.2 activities.

The outlook for WP2 following Milestone 4 (Documentation of protocols) and this deliverable (assessment

of protocols) is as follows:

1.

WP2 will be hosting a joint workshop with network coordinators and international
stakeholders as a project milestone. In this workshop, we will gather the insights of
the stakeholder in terms of the harmonization of the IS variables.

From here, identified opportunities for harmonisation in this deliverable will be
deliberated between the participating IS networks.

This deliberation will be part of Task T2.2 starting with the creation of a common
vocabulary (D2.2).

Based on D2.1, the insights of the stakeholder, and utilizing D2.2, we will draft a
recommendation for common calibration and operation procedures (D2.3).

This will be followed by recommendations on common approach in measurement
uncertainties (D2.4).

All this will be the basis of the strategy plan for the capacity building for CAMS (D2.5)

done as part of T2.3 which is running in parallel to T2.2.
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3. Remote Sensing (RS) Variables

CARGO-ACT- Cooperation and AgReements enhancing Global interOperability for Aerosol, Cloud and
Trace gas research infrastructures focuses on four aerosol remote sensing variables, which can be

measured by various lidar techniques.

Table 2. List of RS variables and relevant measurement principle/instrument.

RS Variables Measurement methods/instrumentation

Aerosol particle backscatter coefficient | CL, BL, BL_SP, RL, HSRL, MWBL, MWBL_SP, MWRL,
profile MWHSRL, DWL

Aerosol particle light extinction coefficient

) RL, HSRL, MWRL, MWHSRL, BL_SP (estimated)
profile

L PL, CL_SP_PL, BL_PL, BL_SP_PL, RL_PL, HSRL_PL,
Aerosol particle depolarization ratio profile | MWBL PL, MWBL_SP_PL, MWRL PL, MWHSRL_PL,
DWL_PL

Aerosol layer geometrical properties:
Aerosol layer base altitude
Aerosol layer top altitude

CL, BL, RL, HSRL, MWBL, MWRL, MWHSRL, DWL, DIAL,
IPDIAL

Definition of RS variables, Table 2, is taken from ACTRIS Vocabulary. Lidar types and codes are taken from

GALION Data and Instrumentation, where mapping to the WIGOS metadata standards is provided [note

that instrument options can include combinations from more than one standard by using an _ separator;
e.g. a polarised ceilometer would use “CL_PL” and those using co-located sunphotometers for retrievals

would add “_SP”]. WMO Integrated Global Observing System (WIGQS) provides a collective identity for all

WMO observing systems, and a framework for enabling their integration, interoperability, optimized
evolution and best-practice operation. Lidar types which are considered in CARGO-ACT for potential

harmonization are marked in bold, Table 3.

Table 3. List of instrument codes

Code Instrument WIGOS WIGOS_name
CL Ceilometer 245 Ceilometer
BL Backscatter Lidar 341 Backscatter lidar

CARGO-ACT (www.cargo-act.eu) is supported by the European Commission under the Horizon Europe (HORIZON) - Strengthening the
international dimension of ESFRI and/or ERIC research infrastructures, HORIZON-INFRA-2023-DEV-01-07, Grant Agreement #: 101132093

Page 23


http://www.cargo-act.eu/
https://vocabulary.actris.nilu.no/actris_vocab/aerosolparticlebackscattercoefficient
https://vocabulary.actris.nilu.no/actris_vocab/aerosolparticlebackscattercoefficient
https://vocabulary.actris.nilu.no/actris_vocab/aerosolparticlelightextinctioncoefficient
https://vocabulary.actris.nilu.no/actris_vocab/aerosolparticlelightextinctioncoefficient
https://vocabulary.actris.nilu.no/actris_vocab/aerosolparticlelightbackscatterlineardepolarizationratio
https://vocabulary.actris.nilu.no/actris_vocab/aerosolparticlelayerbasealtitude
https://vocabulary.actris.nilu.no/actris_vocab/aerosolparticlelayertopaltitude
https://vocabulary.actris.nilu.no/skosmos/actris_vocab/en/
https://galion.world/api/galion_metadata_standards.html
https://wmo.int/activities/wmo-integrated-global-observing-system-wigos/wmo-integrated-global-observing-system

CARGO-ACT
WP2 / Deliverable 2.1

RL Raman Lidar 143 Raman lidar
HSRL High Spectral Resolution Lidar | 342 High spectral resolution (HSR) lidar
DWL Doppler Wind Lidar 142 Doppler wind lidar
DIAL Differential Absorption Lidar 335 Differential absorption lidar (DIAL)
IPDIAL Integrated Path Differential 320 Integrated path differential
Absorption Lidar absorption (IPDA) lidar
PL Polarized Lidar pending pending
MPL Micro-pulse Lidar pending pending
miniMPL Mini Micro Pulse LiDAR pending pending
MWBL I\{lultl-WaveIength Backscatter 341 Backscatter lidar
Lidar
MWRL Multi-Wavelength Raman Lidar | 143 Raman lidar
Multi-Wavelength High . . .
MWHSRL Spectral Resolution Lidar 342 High spectral resolution (HSR) lidar
MWPL I\{lultl-WaveIength Polarized pending pending
Lidar
SP sunphotometer or  Sun-Sky 244 Sun-tracking photometry
Photometer

Atmospheric measurements across the globe can vary between and within measurement networks in
terms of scientific goals and, therefore, the selection of atmospheric variables covered is needed. For our
documentation, we looked at the variables covered by the following networks in the EU and USA with
respect to the RS variables in Table 2.

® ACTRIS (the Aerosol, Clouds and Trace gases Research Infrastructure) (EU);

e MPLNET (NASA Micro-Pulse Lidar Network) (US);

e Atmospheric Radiation Measurement (ARM) user facility (US) fixed and mobile observatories;

GALION (GAW Aerosol Lldar Observation Network) is a global network of lidar networks organized to

coordinate activities and provide comprehensive global profiling of atmospheric aerosols and clouds. It
plays a crucial role in connecting regional and global aerosol lidar networks, and advocating for
harmonization of 1) lidar data products, 2) observation methods, 3) calibration and QC/QA, and 4)
processing techniques. Progress has been made on topics 1-2 and GALION vocabularies and instrument
methodology forms the basis for CARGO-ACT. However, GALION harmonization of topics 3-4 across all
networks is in progress. CARGO-ACT will establish a framework to achieve these goals between ACTRIS,

MPLNET, and ARM, and thereby support GALION objectives as well.

MPLNET is a global federated network of Micro-Pulse Lidar (MPL) systems designed to measure aerosol
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and cloud vertical structure, and boundary layer heights. Most MPLNET sites are co-located with sites in
the NASA Aerosol Robotic Network (AERONET).

ACTRIS (35 aerosol remote sensing facilities, with 32 fixed and 3 mobile platforms) measure all four of the
ACTRIS core RS variables, operating different types of multiwavelength high-power lidar. More details will
be given in the next chapters.

ACTRIS also operates ceilometers and Doppler wind lidars at its cloud profiling observatories.

ARM operates ceilometers and MPLs at each of its six observatories. Raman lidars are currently deployed
to three observatories: the SGP, the Eastern North Atlantic (ENA), and the Bankhead National Forest (BNF).
ARM also began operating HSRLs in 2010. These HSRLs are in the process of being upgraded to include
1064 nm channels and a wide field of view channel in addition to the original 532 nm channels. The first
upgraded system is currently deployed to the SGP. A second system will be deployed to the BNF
observatory in 2025 and a new third system is being built for the North Slope of Alaska (NSA). The Southern
Great Plains (SGP) region is located in Lamont, Oklahoma, USA. The North Slope of Alaska (NSA) is centred
at Utqiagvik (previously Barrow), Alaska, United States. The Eastern North Atlantic (ENA) is located on

Graciosa Island, Azores, Portugal.

In this chapter, we describe the current protocols of the networks identifying what are common
measurement and calibration procedures and what are the opportunities for harmonization of these for

the core RS variables.

3.1 Summary of the state-of-the-art protocols

3.1.1 General requirements for the ARS observatories

ACTRIS

ACTRIS (Aerosol, Clouds and Trace Gases Research Infrastructure) is organized as a distributed research

infrastructure involving observation facilities/platforms located in various environments in 17 European
countries. The facilities may operate 1 up to 6 groups of instruments (so-called "components"), following
the ACTRIS matrix: in-situ / remote sensing; aerosol / clouds / reactive trace gases (Laj et al., 2024). For
each component ACTRIS has defined a minimum set of instruments to be operated and a minimum set of
variables to be delivered (the so-called "minimum setup"). ACTRIS has also defined recommendations for

the optimum setup, which basically describe the plan for even more comprehensive observations. Each
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component is supported by a dedicated topical centre and data flow (for remote sensing) by dedicated
unit at the Data Centre. Level 0 to Level 3 data (see ACTRIS Glossary) from all facilities are openly available
through the ACTRIS Data Portal, some in NRT.

ACTRIS aerosol remote sensing facilities operate co-located aerosol lidars and automatic sun/sky/lunar
photometers. QA/QC of the lidar data products is a shared responsibility between the observation

facilities, the ACTRIS Centre for Aerosol Remote Sensing (CARS), and the ACTRIS Aerosol Remote Sensing

(ARES) Data Centre unit. CARS is responsible for developing the general protocols for operation and quality

assurance, which are further applied by the facilities. CARS is also responsible for checking regularly the
performance of the lidars through specific tests performed remotely by the facility operator; the results
of the tests are transferred to the data processing system. ARES is responsible for running the centralized
data processing, data storage, traceability, versioning, quality control, and data provision. CARS/ARES is
organising regular workshops/webinars to make sure that quality assurance is achieved at the highest

level.

ACTRIS workflow for the aerosol remote sensing data is flexible to accommodate lidar systems of various
designs and performances. However, in order to maximize the physical information and to allow

microphysical retrievals by synergy with photometers, several requirements apply.

ACTRIS operates currently 35 aerosol remote sensing facilities/platforms (32 fixed sites and 3 mobile
platforms), distributed mainly over the European continent. Moreover, other facilities are in construction
by 2026 (8 fixed sites and 3 mobile platforms). Measurements of aerosol extinction, backscatter and
depolarization-ratio profiles (with a high-power lidar) are performed at least two wavelengths, out of

which at least one is either 355 or 532 nm.

ACTRIS aerosol remote sensing capitalizes on the methodological framework established by the EARLINET

(European Aerosol Research Lidar Network) quality assurance strategy, emphasizing rigorous instrument

calibration, standardized data processing protocols, and centralized data dissemination. This foundation
has facilitated the transition toward a more sustainable and interoperable observing infrastructure,
marked by enhanced spatiotemporal coverage, increased measurement reliability, and optimized

operational efficiency (Pappalardo et al,2014, Wandinger et al 2016).

Although the establishment of the ACTRIS ERIC has been concluded in April 2023, several protocols have

been issued even beforehand to allow the operations of the existing aerosol remote sensing observatories
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(candidate ACTRIS National Facilities). Statements in these documents follow:
a) the decisions of the Interim ACTRIS Council referring to the general requirements for an ACTRIS

aerosol remote sensing National Facility, as described in “D5.1 Documentation on technical

concepts and requirements for ACTRIS observational platforms*;

b) specific operation procedures and quality assurance for the aerosol high-power lidars

(capitalizing on the previous work in EARLINET and up-scaled to ACTRIS requirements);

c) the EARLINET Single Calculus Chain (SCC) for centralized processing of raw lidar data.

All protocols are in-line with the global protocols currently available and described in the GAW report 227,
however more detailed. One important requirement is the mandatory use of the SCC for processing the
raw lidar data, with an operational configuration that is annually validated against specific quality

assurance check-ups applied to the instruments.

Currently, all ACTRIS aerosol remote-sensing lidars are Raman lidars with polarization capabilities. In the
future ACTRIS is considering to also accommodate high spectral resolution lidars.

ACTRIS operates ceilometers at all ACTRIS cloud profiling facilities (currently 19 fixed sites and 2 mobile
platforms). The ceilometer types at the cloud-profiling stations comprise: Vaisala CL31, CL51, CL61, Lufft
CHM15k, CHM15k-x. There are 5 facilities operating the Vaisala CL61 model, which has depolarisation
capability. CARS is responsible for the general protocols for operation and quality assurance.

ACTRIS also operates Doppler wind lidars at some ACTRIS cloud profiling sit (currently at 13 fixed sites and
3 mobile platforms). The Doppler wind lidars are commercial instruments from Lumibird (previously Halo
photonics) or Vaisala (previously Leosphere) and have scanning capability for deriving the horizontal wind
vector (the majority have full hemispheric spanning capability, some only conical scanning close to zenith).

A few Doppler wind lidars also have polarisation capability. The ACTRIS Centre for Cloud Remote Sensing

(CCRES), is responsible for the general protocols for operation and quality assurance. The automated
processing includes QA/QC, background correction, calibration (signal and pointing) and derivation of the

telescope focus function required for retrieving the profile of attenuated backscatter coefficient.

For both ceilometers and Doppler wind lidars, all processing is centralised at the ACTRIS Cloud Remote

Sensing (CLU) Data Centre unit. About half of the ACTRIS cloud profiling facilities are co-located with

ACTRIS aerosol remote-sensing facilities.

MPLNET
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MPLNET (Welton et al., 2001; Welton et al., 2018) utilizes standard instrumentation, calibration, QA/QC,
and data processing for all sites in the network. MPLNET currently supports the original MPL (Spinhirne et
al., 1995; Campbell et al., 2002), and the polarized MPL and miniMPL (Flynn et al. 2007; Welton et al,,
2018). Here we will use the term “MPL” to refer to both the MPL and miniMPL, except where explicitly

mentioned. All data and on-site calibration measurements are sent to the MPLNET data center at NASA

Goddard Space Flight Center (GSFC) using automated hourly data communications. The raw data and
calibration files are archived for access by our automated processing system and calibration tools. All
calibration analysis, application, QA/QC, and data processing are performed by NASA MPLNET staff on our
data center. Calibration analysis includes inspection of the raw calibration data and processing the data to
create calibration files, and is the most time consuming MPLNET task. MPLNET is exploring options for
developing regional calibration centers that would be responsible for performing the calibration analysis.
This would remove a significant work load from our NASA staff.

MPLNET data products and our processing system are detailed under "Product Information" in the data

center portal. The suite includes signal, cloud, aerosol, and planetary boundary layer (PBL) products, with
references to foundational studies. Products follow AERONET V3 conventions, comprising near-real-time
Level 1 (unverified) and 1.5 (QA-verified) outputs, and offline Level 2 (QA + final calibration) data. NRT
products are updated hourly using the latest calibration files, while Level 2 aerosol products depend on
final AERONET data and may be delayed. All outputs are provided in NETCDF4, CF-compliant format with

propagated uncertainty estimates.

MPLNET lidars require calibrations to accurately transform raw data to the NRB signal product and are
shown in Table 4. Publications relevant to our calibration and data processing that are cited here are also

provided on the data center.

Table 4. MPLNET Instrument Calibrations

Calibration Explanation Lidar

DT Deadtime Correction of detector deadtime MPL, miniMPL
DC Darkcount* Subtraction of detector dark noise MPL

AP Afterpulse Subtraction of laser-detector crosstalk noise MPL, miniMPL
oL Overlap Correction for the near range signal loss MPL, miniMPL
POL Polarization Calibration of polarizing optics MPL**, miniMPL

* not possible for miniMPL, manufacturer provided values used

** only applicable for polarized MPL, all miniMPL are polarized
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ARM

Micropulse lidar

The Micropulse Lidar (MPL) is an eye-safe autonomous elastic-backscatter lidar system operating at 532
nm and is used at all ARM sites to determine the vertical distribution of cloud and aerosol layers. The MPL
raw measured signal at any given range is described with the lidar equation (Welton and Campbell, 2002),
which contains various terms/corrections that must be applied for accurate retrievals using the MPL data.
ARM currently provides its users these corrections (Muradyan and Coulter, 2020) ingested with the bl

level data.

ARM Ceilometers:

ARM uses the Vaisala Model CL31 ceilometers, with BL-VIEW software provided by the vendor, to display
real-time cloud base altitudes for up to three cloud layers and three potential boundary layer height
estimates, along with backscatter intensity profiles. These profiles have a maximum vertical range of 7,700
m and a vertical resolution of 10 m. The data are ingested into the ARM Data Archive following established
formatting and file-naming protocols (ARM Data Formatting and File Naming Protocols) and are freely
available for download on the ARM Data Discovery website. Automated quality control checks are applied
when data streams are processed and are embedded within the data files. Data are scrutinized with
automated routines to detect violations of simple physical limits (minimum, maximum, difference), and
for some measurements, sophisticated quality algorithms. Values that exceed these criteria are flagged
using accompanying variables within the data files, allowing the user to decide which flags to apply to the

data.

ARM HSRLs:

ARM HSRLs provide absolutely calibrated particulate backscatter coefficient, depolarization, as well as
extinction coefficient following the method developed by Eloranta et al. (2018). Data collection and
processing are performed by automated routines developed by the University of Wisconsin and are run
at ARM Data Center. The data are ingested following ARM data standards. The QC flag for each variable is

embedded within the data files.

ARM Raman lidars
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We note that the ARM Raman lidars are research grade instruments that were specifically developed for
the ARM program. All the data acquisition, signal processing and instrument control software were

developed by various members of the ARM instrument team over the years.

ARM Doppler lidars

The ARM Doppler lidars are commercial-grade instruments that transmit and receive at a single-
wavelength (1500 nm). The systems are primarily designed to provide velocity measurements, but they
can also measure attenuated backscatter when properly calibrated. Currently a factory calibration curve
is used to relate the wide-band SNR, as computed from the Doppler spectrum, to attenuated backscatter.
This factory curve corrects for the overlap and is unique to each system that ARM operates. To date we
have not evaluated the accuracy of the attenuated backscatter measurements from the ARM Doppler

lidars.

3.1.2 Network-specific protocols for QA/QC of RS measurements

In this section, we describe the current protocols at a network level such as minimum requirements for

instrumentation and data processing software.

3.1.2.1 Calibration procedures

ACTRIS

Quiality control of the aerosol high-power lidar Level 0 data (raw signals in standard format) is in
the responsibility of the instrument operator, with the support of the Centre for Aerosol Remote

Sensing (CARS). Quality assurance measures for aerosol lidars include:

1. Direct comparison with reference lidars operated by CARS. Intercomparison measurements with
one of the reference lidar systems operated by CARS is performed for new systems and after

major upgrades.

2. Performance of the QA tests and analysis by CARS. The QA tests are performed regularly by the
operator, and submitted to CARS in order to check and approve the instrument configuration in
the Single Calculus Chain (SCC).

Table 5. Mandatory Quality Assurance tests

QA test Purpose Periodicity for reporting
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Telecover Test optical alighment Every 6 months and after major upgrades
Rayleigh fit Test optical alighment Every 6 months and after major upgrades
Polarization calibration Calibration Every 6 months and after major upgrades
Zero bin test Electronic synchronization One-time test and after major upgrades

crenceddnkraties | Sorlc OO B 6 et Gl s e

Description of each test and the analysis method is described in "High Power Lidar: Standard

Quality Assurance Procedures for NF operation".

The Doppler lidars are calibrated and quality assured. Background correction is applied to the SNR.
The telescope focus function is derived using co-located ceilometer profiles and applied, with
calibration of the attenuated backscatter coefficient then performed as part of routine
operations. Radial velocity bias and azimuth pointing angle is checked using a hard target. The flip

test assesses beam alignment by rotating the scanner and comparing shifts in target position.

MPLNET

The calibration of an instrument involves three key steps: 1) acquisition of the calibration data, 2)
calibration analysis, and 3) applying the calibration to measured atmospheric data (Campbell et
al., 2002; Welton and Campbell, 2002; Berkoff et al., 2003; Welton et al., 2018). Step 2, calibration
analysis, is the most time consuming and includes inspection of the calibration and processing the

calibration data and saving the calibration file.

MPLNET follows strict QA/QC procedures to ensure accurate calibration, including testing new
calibrations on raw data before approval. These procedures also monitor instrument enclosures,
environmental controls, and diagnostic set-points. Calibration and QA flags in NRB product files

track calibration status and deviations.

MPLNET requires DC and AP calibrations at least every two months, while OL and POL calibrations
are performed before deployment and routinely inspected afterward. OL calibrations, which track
temperature and optical component shifts, are performed using wide FOV receivers, while POL

calibrations ensure polarization optics are properly adjusted.
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Calibration analysis occurs on a rolling 1-2 month cycle, covering all data from the preceding
period. The frequency of OL and POL calibrations depends on instrument stability. Final

calibrations are stored with metadata on validity periods.

MPLNET processes data in different levels: Level 1 and 1.5 use recent calibration files but lack
post-calibration analysis, making them suitable for near real-time applications. Level 2 processing
occurs months later with final calibrations, ensuring the highest quality data for research and

publication.

ARM

ARM MPLs provide corrections necessary for Normalized Relative Backscatter (NRB), which is a
range-corrected, energy-normalized signal. However, ARM does not include the lidar system
constant for fully calibrated attenuated backscatter. The key corrections include solar background
signal, updated continuously, which is calculated as an average per timestamp. The overlap
function is updated with repairs or as needed and accounts for near-field receiver efficiency loss.
Vendor-provided overlap is calculated by comparing measurements with a “gold standard”
instrument during repairs, while Wide Field Receivers (WFR) deployed at mobile facilities provide
in-field overlap corrections. Dead-time correction, updated with a new detector, compensates for
non-linearity caused by detector saturation. Afterpulse correction, updated quarterly, accounts
for detector noise induced by laser firing, while dark count correction, also updated quarterly,

measures instrument noise when the laser is turned off.

For ceilometers, calibration is verified by tilting the instrument toward a known target at least 300
meters away. The laser transmitter calibration is checked annually to ensure a range resolution of
10 meters. Additionally, ceilometer data is compared with other lidars and radars at ARM facilities

to improve accuracy.

ARM HSRLs measure both total and molecular backscatter, with absolute calibration achieved by

comparing the observed molecular lidar return to theoretical Rayleigh scattering values.

For ARM RLs, the ground bin is determined by analyzing photon counting signals, while analog
voltage delay is corrected by aligning the analog and photon counting signals. Pulse pileup
correction accounts for non-linearity at high irradiance, and dark counts are recorded hourly to

characterize noise background. The gluing process merges photon counting and analog signals to
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improve dynamic range. Aerosol backscatter is estimated using Raman lidar and interpolated
radiosonde data, while overlap corrections are applied to elastic and nitrogen signals. The
unpolarized elastic signal is computed by combining two orthogonally polarized elastic channels,
and the Angstrom exponent is estimated from sun photometer data. Calibration is performed by
scaling ASR values to match clean aerosol-free layers, and merging fields-of-view (FOV) occurs

within the lowest one kilometer altitude.

For ARM DW.Ls, overlap calibration is estimated by analyzing range-corrected signals. Attenuated
backscatter calibration, although not part of routine operations, could be achieved using surface
disdrometer data. Heading calibration determines the lidar’s orientation using reference targets
and is updated as needed. Radial velocity bias is checked using a hard target, and the flip test

assesses beam alignment by rotating the scanner and comparing shifts in target position.

These protocols ensure traceability and accurate calibration across ARM’s atmospheric
measurement instruments.

3.1.2.2 Standard Operation Procedures (SOP)

ACTRIS

ACTRIS high-power aerosol lidars are preferably operated continuously, in the absence of

precipitation or fog. The instrument is operated as described in the “Standard Operation

Procedure for aerosol high-power lidars”. Extended relevant publications list is available as

references in this document.

This document describes good practices in operating ACTRIS high-power lidars, however each
facility must adjust the procedures for its own instrument and particularities:

Installation:

Covers the preparation of the ACTRIS high-power lidar environment, including selection of
instrument location, consideration of ambient temperature and humidity, positioning of the
outgoing window, power supply connection, management of diffuse reflections, and mitigation
of interference with or from nearby instruments. It also includes initial instrument setup, on-site
installation tests, and the preparation of an operation and maintenance logbook.

Operation:

Involves regular checks of the ACTRIS high-power lidar environment and lidar system, the start-
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up sequence (including laser, polarization calibrator, and electronic systems), and alignment
verification. It also details the measurement procedures (dark, standard, and polarization
modes) and the proper completion of measurement sessions through raw data submission and
logbook documentation.

Maintenance:

Addresses the routine servicing of the laser, emission and receiving optics, as well as proper
recording of all maintenance activities in the dedicated loghook

This document High Power Lidar: Standard Quality Assurance Procedures for NF operation

outlines the general instrument quality assurance procedures that must be followed for all
Aerosol High-power Lidars operated at ACTRIS aerosol remote sensing observatories:
Telecover Test:

Description of the test, required environmental conditions, detailed test procedures for biaxial
and coaxial systems, testing schedule, internal data analysis with examples, and instructions for
completing the QA logbook.

Polarization Calibration:

Overview of the calibration test, environmental conditions, calibration procedure, scheduling
requirements, internal analysis with examples, and documentation in the maintenance logbook.
Rayleigh Fit Test:

Explanation of the test, environmental prerequisites, step-by-step procedure, testing frequency,
internal analysis examples, and logbook reporting requirements.

Zero Bin Test:

Details regarding the purpose of the test, environmental conditions, procedures for both elastic
and inelastic channels, scheduling, internal analysis with examples, and maintenance logbook
completion.

Extended Dark Signal Measurement:

Test description, environmental requirements, test procedure, schedule, internal analysis
guidelines, and proper recording in the maintenance logbook.

The procedures outlined above are mandatory for all ACTRIS aerosol remote sensing National
Facilities and associated EARLINET stations, currently comprising 33 fixed and 6 mobile

observatories, with an expected expansion to 43 fixed and 7 mobile facilities by 2027.
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Extended relevant publications list is available as references in this document.

If the instrument is not automated, it must at least provide unbiased long-term regular
observations following the pre-defined schedule with 5 observations per week, each with a

duration of minimum 3 hours, see Table 6.

Table 6. Minimum schedule of measurements to be performed, weather permitting (UT -

universal time, LT - local time)

No. Day of the week Time of the day
1. | Monday 11:30-14:30 LT
2. | Monday 18:30-23:30 UT
3. | Wednesday 11:30-14:30LT
4. | Thursday 18:30-23:30UT
5. | Friday 18:30-23:30 UT

In order to allow comprehensive climatology, additionally Saturday daytime measurements are
recommended but not mandatory.

Furthermore, measurements are to be performed upon alert, e.g., in hazardous situations such
as volcanic eruptions, for special events such as dust outbreaks or forest fires, and for dedicated
satellite validation purposes. Satellite validation measurements follow a specific strategy. Alerts
and measurement schedules for collocated observations during satellite overpasses are
distributed by the ARES unit of the ACTRIS Data Centre.

For operational data products, Level 0 data (raw lidar data in the SCC input format) shall be
submitted in RRT or NRT to the SCC, with a maximum delay of 1 day from the moment of the

measurement.

MPLNET

MPLNET on-site SOP covers a variety of topics and are outlined within network internal
documentation. MPLNET does not have a published or online copy of the on-site SOP at this time,
but plan to resolve this issue soon. Summary of the on-site SOP is below.

Standardized Instrumentation. MPLNET only supports commercial lidars with a proven history of
providing high quality data, peer review record, and the ability to operate continuously in

automated mode without eye-safety concerns. Further, MPLNET only supports the MPL and
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miniMPL models at this time due to budgetary restrictions. MPLNET is planning intercomparisons
and a pilot study to determine if other commercial lidar or ceilometer instruments could be
supported. But they must meet existing MPLNET requirements, have quality calibration processes
that are less time consuming than the MPL, and ideally provide increased capability relative to the
MPL (e.g. added wavelength channel).

Enclosure Specifications. The MPL must be deployed inside an enclosure that provides
environmental controls, physical protection and access control, an optical window port, and data
communications. Environmental controls must be capable of controlling humidity and
maintaining inside (ambient instrument) temperatures within + 2 C of a setpoint specified by the
MPLNET calibration center responsible for the site (currently this is GSFC for the entire network).
The setpoint temperature is determined by the OL calibration and the site climate (the setpoint
may be adjusted to warmer temperatures for tropical sites and colder for higher latitudes). The
setpoint temperature must be between 15 — 30 C to avoid data quality problems or potential for
instrument damage. Typical values are between 20 — 25 C. Interaction between the calibration
center and on-site personnel are required to ensure operational temperatures do not deviate out-
of-bounds from the setpoint.

Window Specifications. A standard MPLNET window mount must be installed on the enclosure
window port. The window mount is designed to reduce mechanical and temperature stress on
the optical window from the mount and enclosure, and to reduce afterpulse from window
reflections. The window itself must meet MPLNET optical specifications including: BK7 material,
transmitted wavefront error < 0.25 waves, fine ground surface finish, anti-reflection coatings for

532 nm, and a minimum clear aperture of 28 cm and thickness of 1.5 cm.

Laser Energy. The laser energy must be maintained within 10% of a setpoint specified by the
MPLNET calibration center responsible for the site (currently this is GSFC for the entire network).
The energy setpoint is determined from the AP calibration analysis and interactions between the
calibration center and on-site personnel are required to ensure operational energies do not
deviate out-of-bounds from the setpoint.

DC and AP Calibrations. On-site personnel are responsible for performing DC and AP calibrations
at least once every 1-2 months. These actions place the instrument in calibration mode, resulting

in loss of atmospheric data during the calibration period. First the enclosure window must be
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completely covered with an opaque laser safety quality blanket (or hard cover). It is not sufficient
to only cover the MPL instrument aperture since AP calibrations must include the optical window.
The DC and AP calibrations can be performed once the window is covered. DC calibrations require
turning the laser off and measuring the dark count rate of the detector for at least a 10-minute
period, ideally 15-30 minutes. AP calibrations require the laser be on at nominal energy, and
measuring the afterpulse crosstalk on the detector for at least a 15-minute period, ideally 20— 30
minutes. After saving the calibration files, the on-site personnel must rename the files by including
a .DC. or .AP. element in the file name to discriminate calibration files from atmospheric files.
NOTE: the miniMPL design does not accommodate DC calibrations, thus SOP for miniMPL sites
only include the AP calibration.

Health and Safety. On-site personnel must be aware of eye-safety and/or outdoor laser use
regulations for their region/country. MPLNET personnel provide basic laser safety training and will
assist partners with any local eye-safety requirements. The MPL and miniMPL are classified by
ANSI as class 1M devices, meaning the laser emission is eye-safe from the instrument aperture
(NOHD of 0 meters) for unassisted viewing. However, the MPL and miniMPL exceed the limits of
the laser free flight zone in the United States and may have similar issues in other countries.
MPLNET SOP is to avoid sites within designated laser free flight zones. In addition to laser safety,
on-site personnel are responsible for inspecting the deployed equipment and ensuring it is not
damaged or in need of repair. This includes keeping the optical window clean as needed, and
utilizing the proper cleaning tools and protocol (provided by the calibration center). On-site staff

are required to assist the calibration center with further inspection or testing of equipment.

ARM

The ARM MPLs consist of a single assembly transceiver unit, a laser controller, and a data system
running the latest SigmaMPL software. Since the window under which the MPL operates affects
polarization, ARM has conducted extensive evaluations on glass properties, including thermal and
stress effects. Since 2019, all sites have used 0.6” thick BK7 optical flat windows with anti-
reflective coating for 532 nm. The MPLs operate autonomously with SigmaMPL software for
configuration and data logging. Preventative maintenance includes daily window cleaning and

dust removal, while an IR heater assembly prevents condensation and precipitation accumulation.
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The ARM Ceilometers are automated, low-power instruments operating under standardized

protocols. The CL31 model's performance is verified based on the VAISALA CL31 User guide.. At

each observatory, technicians perform daily preventative maintenance, and an instrument
mentor reviews data plots weekly. If issues arise, the mentor issues a Data Quality Report (DQR)
detailing affected data and severity. When users request data through the ARM Data Discovery
platform, relevant DQRs are included.

The ARM HSRLs house all components within a single assembly. Once positioned beneath a
suitable window, operation begins after establishing power and Ethernet connections. Start-up
and calibration procedures are performed automatically by the onboard computer and can be
controlled remotely, with the only manual step being to cover the telescope output during a
specific calibration phase. The system operates autonomously using HSRL processing software,
while technicians conduct daily preventative maintenance. Any issues result in DQR issuance.
For ARM RLs, detailed specifications and operating procedures are available in the RL Instrument

Handbook (Newsom et al., 2022).

For ARM DWLs, information on deployment locations, operating procedures, and scan types can

be found in the DWL Instrument Handbook (Newsom and Krishnamurthy, 2022).

All ARM lidar systems operate 24 hours a day, 7 days a week in an autonomous mode.

3.2 Opportunities for harmonization

The three lidar networks ACTRIS (EU), ARM (US), MPLNET (US) considered in this analysis are dedicated,

each, to specific applications and are designed to serve specific scientific objectives. There are differences

in terms of number of facilities, lidar specifications, quality assurance, data processing and operation

procedures as are summarised in the Table 7.

Table 7. Highlights of the commonalities and differences between the lidar networks: common features

in green; major differences in red.

Aspect

ACTRIS (EU)

ARM (US)

MPLNET (US)

Primary Focus

Remote Sensing in
European observatories

Comprehensive atmospheric

profiling, including
clouds, and

’

Global and cloud
vertical profiling using
Micro-Pulse Lidar
systems
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High-power lidars

Micro-Pulse Lidars (MPLs

K Multiple lid t MPL . .
ey (MWBL_BR_PL), photometers, ultiple lidar systems ( . > and miniMPLs), ancillary
Instruments . ) Raman, HSRLs, Doppler lidars)
ceilometers, Doppler lidars photometers
Standardized lidar
instruments (MPLs only)
Instrument Diverse instrument designs Multi-instrument. Instrument- | and ancillary
. . g specific protocols tailored for photometers (AERONET)
challenge make harmonization difficult. . .
each type. ensures uniformity but
limits vertical profile
capabilities.
Centralised: Cer;tracl;szeg i;\llb-ratlon at
High power lidars: CARS Distributed: Vend i N/-I\'bA ; F d nsite
Calibration (instrument) and ARES (data) |str|_ uted: .(.en or—spgu ic calibration data sent to
e - and site-specific corrections and processed at the
Facilities Doppler lidars: CCRES X > )
. for each instrument type. central facility. Regional
(instrument) and CLU (data) I
calibration centers under
consideration.
. Focus on vendor and field-
Combines hardware . . . . . .
. specific calibrations for Calibration analysis,
characterization and software . ;
. - . consistency. QA/QC QA/QC, and corrections
corrections for traceability. High .
. . . procedures embedded in data | performed centrally at
Calibration power lidars: Overseen by CARS . .
. streams. Focused on robust, GSFC. Calibration
methodology | (instrument) and ARES (data) . .
. instrument-specific measurements
Doppler lidars: Overseen by .
. Automated and manual performed routinely
CCRES (instrument) and CLU ) . .
(data) QA/QC integrated into daily every 1-2 months.
operations.
Specific QA tests performed in Uniform calibration
defined conditions. Test data protocols for all MPLs;
analysed by CARS (CCRES for Instrument-specific includes detector
Calibration DWL). Instrument related calibration corrections, such deadtime and darkcount,
procedures processing parameters as overlap and dead-time afterpulse (laser-
(correction factors) used in the corrections, applied regularly. | detector crosstalk),
processing chain. Multiple overlap, and
quality checks on data products. polarization.
Processing varies by
instrument type, with tools
. . developed by vendors and All data processing is
Single Calculus Chain (SCC): velop vV . P "8 I.
. . researchers. Data processed centralized at NASA's
Centralized All lidar data from ACTRIS .
. . . at the ARM Data Center and GSFC, ensuring
Processing stations are processed using a . .
. quality controlled by the data | consistency across the
centralized system. . . .
quality office and instrument network.
mentors.
SCC enforces uniform Each instrument type has Uses standardized
Algorithm algorithms for data processing, specific algorithms, often algorithms for all MPLs,

Consistency

reducing variability in outputs
across observatories.

tailored for site conditions or
instrument modifications.

applied during central
processing.

CARGO-ACT (www.cargo-act.eu) is supported by the European Commission under the Horizon Europe (HORIZON) - Strengthening the
international dimension of ESFRI and/or ERIC research infrastructures, HORIZON-INFRA-2023-DEV-01-07, Grant Agreement #: 101132093

Page 39



http://www.cargo-act.eu/

CARGO-ACT
WP2 / Deliverable 2.1

Data Levels

Data are processed into quality-
checked levels, with corrections
applied for instrumental biases
and atmospheric variability.

ARM produces data at
multiple levels (

) using its ingest
pipeline.

Products are provided
include: 1and
Level 1.5 (both in NRT),
and final . Post
calibrations and QA/QC
are applied to Level 2.
Level 2 data are available
weeks to months later
(Level 2 aerosol products
are dependent upon
Level 2 AERONET data
availability)

Instrument
Installation

Requires co-located high-power
lidar and photometer; strict
environmental conditions.

Site-specific installation and
maintenance protocols for
each instrument.

Standardized enclosures
for MPLs; environmental
controls (e.g.,

temperature, humidity).

Data
Collection

Minimum of 5 lidar
observations of several hours
per week;
Detailed guidelines for duration
and timing.

for
DWL and ceilometer

for MPLs and ceilometers;
preventative maintenance
required.

data are
collected continuously
(24/7) at all sites,
automated data
transmission and
calibration updates; bi-
monthly checks for key
calibrations.

Maintenance

Regular QA tests for stability
each year & at change (e.g.,
polarization calibration, zero bin
tests).

Daily and quarterly checks,
including afterpulse and dark
count corrections.

Routine inspections and
calibration updates every
1-2 months.

Although is general, there is quite high level of similarities in the data harmonization, which is the sign that
all 3 networks follow correct pathway towards provision of high-quality research data, we identified
several common issues that can be addressed for further increasing the harmonisation of aerosol lidar
data products and their quality (as presented in the following sections).

3.2.1 Requirements for the RS observatories / Network design

In terms of network design, ACTRIS and MPLNET operate a large number of observation sites, while ARM
operates a smaller number with more comprehensive instruments.
ARM and ACTRIS use similar measurement techniques, with ACTRIS focusing on Raman depolarization
lidars and ARM specialising in high spectral resolution lidars. There are two opportunities for
harmonization between ACTRIS and ARM in terms of network design:

e Transfer of knowledge from ARM to ACTRIS for implementing HSRL at advanced observatories.

This involves expertise in technical requirements, instrument characterisation, instrument
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operation and data processing. With this, ACTRIS could update the requirements for RS
observatories, to include HSRL instruments (Wisconsin, Montana).

e Transfer of knowledge from ACTRIS to ARM for implementing polarisation calibration and QA
tests for Raman lidars. ARM could use the services of CARS for Raman polarisation lidars, if
considered of added value.

e Exchange of expertise between ACTRIS CCRES/CLU and ARM in view of harmonizing the QA/QC
procedures and tools for Doppler lidar observations.

All networks operate instruments at fixed locations but also mobile facilities. Exchange of experience
related to the specificity of necessary calibrations for the mobile facilities is highly recommended,

potentially leading to a harmonized approach.

A measurement technique similar to the one used by MPLNET serves a large network in Europe, ALC
Network part of E-PROFILE. Part of the observation sites are embedded into the ACTRIS cloud remote
sensing facilities. Two units of CARS are responsible for the QA/QC of automatic low-power lidars and
ceilometers (ALC). Currently no quantitative aerosol products are derived from ALC measurements in
ACTRIS, only the layer boundaries and attenuated backscatter profile. There are two opportunities for
harmonization between ACTRIS and MPLNET in terms of network design:
¢ Exchange of expertise between MPLNET and the ALC units at CARS, in view of harmonizing the
QA/QC procedures and tools.
e Uptake by ARES from MPLNET of algorithms for the retrieval of quantitative aerosol products
from ALCs.
e Specifically target harmonization of processing and QA/QC for widely used commercial lidars and
ceilometers. Provide CARS capability to calibrate and process MPL and miniMPL data, provide
MPLNET with similar capability for ceilometers to support new availability of US weather service

ceilometer data.
3.2.2 Network-specific protocols for QA/QC of RS measurements

The measurement technique and the technical specifications ultimately drive the calibration procedures,
the operations and the data processing. This is why we cannot completely separate these aspects. In the
following we shortly explain the linkages.

ACTRIS operates high-power, low repetition rate elastic-Raman-polarisation lidars. For quantitative

products such as particle backscatter coefficient profile and particle depolarization ratio profile, calibration
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is necessary, either at the hardware level (particle depolarization ratio profile) or in the molecular region
(particle backscatter coefficient profile). The first involves hardware features and specific tests. The second
involves gluing analog and photon counting signals or signals from low and far range telescopes, in order
to achieve a high dynamic range. Adding more components and channels means for ACTRIS adding more
actions for testing and characterising the instrument, and identifying biases and corrections. ARM is using
both high spectral resolution lidars, low repetition rate elastic-Raman-polarisation lidars, and low-power,
high repetition rate elastic-polarisation lidars. MPLNET is using low-power, high repetition rate elastic-
polarisation lidars. ARM and MPLNET focus on eye-safety therefore they use low power lasers at higher
repetition rates, while ACTRIS focuses on eye protection therefore they use high-power low repetition
rate lasers in combination with radars for emergency shut down.

3.2.2.1 Protocols for traceability and calibration facilities

Considering the differences in terms of measurement techniques at the three networks,
opportunities for harmonization of the technical requirements are not obvious.

ACTRIS deals with lidar systems of various designs and performances because the aerosol remote
sensing component has been built on the foundation of EARLINET, a research network. Many of
the lidar systems are developed by research groups independently, therefore not standardized.
Over time, the good practices in lidar development have been picked up by the lidar
manufacturers in Europe, which can now produce high performance commercial systems. Such
instruments are purchased and implemented at new ACTRIS aerosol remote sensing facilities but
it will take many years until all the lidars will be replaced. Efforts are being made to transfer to the
manufacturers not only good practices but also certain "best designs", so that in the future ACTRIS
can really benefit from standardized lidars. Until then, the entire chain from quality assurance of
the instrument and raw data to signal processing remains complex to accommodate the large
variety of lidar instruments. This complexity requires complicated procedures for quantification
of instrumental biases and retrieval of the correction factors, some of them interrupting the

measurements and therefore breaking the continuous operation.

Because of its heritage of non-standardized lidars, ACTRIS developed the technical requirements
for the aerosol high-power lidars not in terms of lidar design, blocks and components, but in terms
of necessary functionalities and performances to achieve certain scientific goals. For
harmonization purposes, ARM and MPLNET may translate the technical specifications using the
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same perspective. This will give the users an overview of aerosol lidar capabilities in Europe and
US, and will potentially help progressing with GALION. Nevertheless, it is not expected that either
of the networks will change strategy with regard to measurement technique, since all three
solutions proved to be successful.

There are, however, several aspects at the overlapping interests of the networks:

e Polarisation capabilities. Implementation of polarisation channels (with the associated
calibration) is considered by all three networks. ACTRIS has made good progress in developing
hardware and software tools for allowing calibration of depolarisation products, including specific
tests for calculating the depolarization correction factor. MPLNET has developed accurate
polarization calibration and processing protocols, specifically for the MPL product line, which uses
a unique polarization method due to its eye-safe transceiver design. There is an opportunity to
merge expertise in this area and produce a collection of best practices for existing lidar systems
and designs. This should be maintained into the future, and can grow with addition of new lidar
systems as they emerge.

¢ Quantification of the instrumental biases of the Raman lidars. Pre-processing of the lidar signals
to correct for the instrumental biases includes many steps, part of these being already considered
by ARM and ACTRIS. Nevertheless, the QA tests developed by ACTRIS are a powerful tool for
revealing technical problems but also to quantify the performance of the channels in terms of real
full overlap, maximum altitude, bin shift between analog and photon counting, etc. It could be an
opportunity for ARM to uptake these tools and adjust them for their own instruments and data
processing chains.

e High Spectral Resolution capabilities. As stated before, on long term ACTRIS would like to
implement HSRL at anchor observatories, especially to optimize data availability for particle
extinction profile. It could be an opportunity for ACTRIS to follow the technical requirements and
the design of ARM HSRLs, with all associated protocols, tools and algorithms.

e MPLNET has developed successful procedures for calibration, QA/QC, and processing of
automated, continuous data from MPL and miniMPL systems. MPLNET is also planning to work
with other commercial lidar systems and develop the same capability. There is an opportunity to
work with ACTRIS to expand upon support capability for its ALC components, as well as merging

and/or standardizing the data processing methods (retrieved products) between both networks.

CARGO-ACT (www.cargo-act.eu) is supported by the European Commission under the Horizon Europe (HORIZON) - Strengthening the
international dimension of ESFRI and/or ERIC research infrastructures, HORIZON-INFRA-2023-DEV-01-07, Grant Agreement #: 101132093

Page 43


http://www.cargo-act.eu/

CARGO-ACT
WP2 / Deliverable 2.1

This includes the SCC and MPLNET processing, as well as inclusion of open source packages such
as GRASP, etc.

¢ Doppler wind lidar capabilities. Both ACTRIS and ARM operate similar commercial instruments,
and both have developed successful procedures for many aspects of calibration, QA/QC and
automated processing. There is an opportunity to work together on converging and extending the
methods applied.
Calibration procedures
Each of the lidar networks has a different design, inherited from the past, which cannot be

changed easily considering the costs and the expertise needed.

An important difference between ACTRIS on the one hand, and ARM and MPLNET on the other
hand refers to the diversity of lidar instruments handled by the protocols (calibration, operation
and data processing). ACTRIS operates non-standardized instruments, while ARM and MPLNET
operate standardized / similar design instruments.
There is, however, one calibration procedure applied by all, which can be harmonized among
the networks:

e Direct comparison with a reference lidar. In this respect, work can be done to define the criteria

for assessing the performances of the lidar and tests to be applied.

3.2.2.2 Data production software and distribution

All three networks use centralized data processing, but each embeds different algorithms. Data
processing in all cases is done in 2 steps: 1) pre-processing of the raw data to correct and
preparation of the signals for inversion; 2) calculation of the optical products from the pre-
processed signals. The first step is instrument-specific; therefore, it cannot be harmonized as such.
The second step should, in principle, be similar for similar channels (or combination of channels)
but there are several retrieval algorithms that can be used, depending on the opportunity of
additional collocated observations.

One example of an already established common (or standard) algorithm is for the retrieval of
aerosol backscatter and extinction from elastic lidar signals. The Fernald-Klett algorithm is used
alone, or ideally with an iterative method constraining the retrievals with an independently

measured optical depth (e.g. MPLNET approach). Both methods assume the lidar ratio is constant
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through the atmosphere. The Fernald-Klett approach on its own requires a priori specification of
the lidar ratio value, however the iterative approach calculates a columnar average lidar ratio
similar to what is possible from passive observations such as from AERONET data. Elastic lidar
retrievals also require identification of an aerosol-free altitude where the particle backscatter
coefficient is assumed zero.

ACTRIS lidar data products and processing is handled centralized by the Single Calculus Chain

(SCC). The SCC (D’Amico et al.,2015, 2016) operated by ACTRIS-ARES is a very complex software
because, again, aerosol lidars in ACTRIS are so diverse. SCC has been developed for research
purposes, therefore allowing the lidar operator full access to change all instrumental and
processing variables defining the SCC configuration. Only recently ACTRIS has introduced the
principle of "operational configuration" which is checked by CARS and ARES based on the results
of specific tests, and is locked for editing for a certain time period. This improves the quality
control and the comparability of the data products, however not completely because: a) QA tests
cannot be performed too often so changes in the performance of the instrument cannot be
identified immediately; b) the operational configuration is fixed for a certain time but the
operation of the instrument includes some settings which cannot be fixed (e.g. neutral density
filters to avoid saturation of the signal in case of heavily loaded atmosphere), therefore in the
hands of the operator.

CARS webminars and CARS workshops are organised regularly and materials/ presentations are

available to the public.

Doppler lidar processing and product generation is performed centrally at CLU, using CLU-
developed tools (Manninen et al., 2016; Vakkari et al., 2019, Pentikdinen et al., 2020), to generate
horizontal winds (u, v, Paschke et al., 2015), vertical winds and variances, estimates of turbulent
parameters (O’Connor et al., 2010; Vakkari et al., 2015), and a boundary layer classification
(Manninen et al., 2018).

MPLNET data products and processing system is described in the data center portal under

Product Information. The product suite includes a collection of signals (Campbell et al., 2002;

Welton and Campbell, 2002; Berkoff et al., 2003; Welton et al., 2018), cloud (Lewis et al., 2016;
Lewis et al., 2020), aerosol (Welton et al., 2000; Welton et al., 2002), and PBL (Lewis et al., 2013)
products. MPLNET product levels follow AERONET V3 conventions, and include near real time

(NRT) Level 1 (no QA) and Level 1.5 (QA), and final Level 2 (QA and post calibrations) products.
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The NRT processing system generates all Level 1 and 1.5 products hourly using the most recently
available calibration files for each instrument. Level 2 processing is done offline and available
several months later (for Level 2 aerosol products we are dependent upon Level 2 AERONET data
availability). Level 2 products utilize all final calibration files. All MPLNET product files are
NETCDF4, CF compliant formats and variables include uncertainties derived from raw data and
calibration error propagation and additional algorithm uncertainties. More details at: training

page youtube presentation.

ARM data products and processing includes 3 levels of data products:

i) a-level: Raw instrument level data converted to standardized netcdf files with minimal QC
checks,

ii) b-level: Corrections and calibrations applied to a-level data with advanced QC checks, and

iii) c-level: Derived geophysical variables using input from multiple instruments.

Instrument specific processing software has been developed for each class of lidar that is run at
the ARM Data Center. The a-level data ingests are run routinely within a few days of data
collection. The b-level data is processed once corrections and calibrations are available, which
varies by instrument, and c-level data is run when b- and/or c-level input data are available. The
c-level data are commonly referred to as Value-Added Products (VAPs).

Doppler lidar estimates of the u, v, and w components of the wind field and vertical wind variance
are computed using the methodology described in Newsom et al. (2017, 2019). Raman lidar data
collection, ingest, and merging of analog voltage and photon counting channels are described in
instrument handbook and technical reports (Newsom et al., 2017, 2022). Advanced c-level Raman
lidar products include vertical profiles of temperature and mixing ratio (Newsom et al., 2018), and
feature detection and extinction profiles (Thorsen, et al., 20153, b; Chand et al., 2023).
Micropulse lidar b-level data include background, dead-time, afterpulse, dark count, and overlap
corrections applied to the ingest a-level data (Muradyan and Coulter, 2020). Derived c-level
products include cloud mask detection using traditional threshold and machine learning
approaches (Flynn, et al., 2020, 2023).

HSRL data processing software (Goldsmith et al., 2016) produces a-level data, which includes
calibration factors applied and primary variables including aerosol extinction, particulate

backscatter cross-section, and circular depolarization ratio. There are currently no advanced
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products available for HSRL, but there are several under development that will provide aerosol

feature mask and microphysical properties, and ice precipitation properties.

In conclusion, each data processing software of the three networks is different although based on
similar algorithms. Harmonizing the algorithms is possible but it would imply changes in the data
architecture of all networks, which is not practical. It is more practical to compare the
performances of the processing software and, if proved to be similar, qualify all.

3.2.2.3 Standard Operation Procedures

Operation procedures are instrument and network specific. Because of the variety of lidar
instruments and data acquisition protocols operated by the three networks, it is unlikely that
harmonization can be done. However, debates on good practices can be organized to identify
those aspects which are similar, e.g. inspection of the lidar, warming up of the laser, acceptable

signal levels, regular maintenance, etc.

3.3 Outlook

The analysis within the Cooperation and AgReements enhancing Global interOperability for Aerosol, Cloud
and Trace gas research infrastructures (CARGO-ACT) of the Aerosol, Clouds and Trace gases Research
InfraStructure (ACTRIS), NASA Micro-Pulse Lidar Network (MPLNET) and Atmospheric Radiation
Measurement facility unit (ARM) lidar networks highlights the opportunities for harmonization.
These networks are dedicated to specific applications and serve specific scientific objectives. However,
there are several common issues that could be addressed to increase the harmonisation of aerosol lidar
data product quality.
There are three ways of testing the performances of the data processing software packages:
* Ingestion of simulated aerosol profiles and comparison of the results versus the reference
¢ Ingestion of the MPLNET and ARM Raman lidar data into the SCC (the most complex and flexible
of all) and comparison of the results versus the ones obtained with MPLNET and FEX processors
e Utilization of open source processing packages (e.g. GRASP)
There is an opportunity for MPLNET to work with ACTRIS to expand upon support capability for its ALC
components, as well as merging and/or standardizing the data processing methods (retrieved products)

between both networks.

CARGO-ACT (www.cargo-act.eu) is supported by the European Commission under the Horizon Europe (HORIZON) - Strengthening the
international dimension of ESFRI and/or ERIC research infrastructures, HORIZON-INFRA-2023-DEV-01-07, Grant Agreement #: 101132093

Page 47


http://www.cargo-act.eu/

CARGO-ACT
WP2 / Deliverable 2.1

High Spectral Resolution capabilities could be an opportunity for ACTRIS to follow the technical
requirements and design of ARM HSRLs, with all associated protocols, tools, and algorithms.

All three networks are actively considering the implementation of polarization channels along with the
necessary calibration procedures. ACTRIS has made significant progress in developing both hardware and
software solutions to support the calibration of depolarization measurements, including specialized tests
to determine the depolarization correction factor. MPLNET has established a robust polarization
calibration and processing protocol tailored to its unique eye-safe transceiver design. Collaborating in this
area could lead to the development of a comprehensive set of best practices for existing lidar systems.
This framework should be sustained over time and expanded to accommodate emerging lidar
technologies.

Each lidar network has a different design, which cannot be changed easily due to costs and expertise
needed. However, one calibration procedure applied by all networks can be harmonized: direct
comparison with a reference lidar. This procedure can be defined by common criteria for assessing the

performances of the lidar and harmonized tests to be applied.

Operation procedures are instrument-specific, and harmonization is unlikely due to the variety of lidar
instruments operated by the three networks. Debates on good practices can help identify aspects similar

to each other.
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