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ABSTRACT: Vertical profiles of atmospheric temperature, moisture, wind, and aerosols are essential information for weather
monitoring and prediction. Their availability, however, is limited in space and time because of the significant resources required
to observe them. To fill this gap, the New York State Mesonet (NYSM) Profiler Network has been deployed as a national
testbed to facilitate the research, development, and evaluation of ground-based profiling technologies and applications. The
testbed comprises 17 profiler stations across the state, forming a long-term regional observational network. Each profiler station
comprises a ground-based Doppler lidar, a microwave radiometer (MWR), and an environmental Sky Imager—Radiometer
(eSIR). Thermodynamic profiles (temperature and humidity) from the MWR, wind and aerosol profiles from the Doppler lidar,
and solar radiance and optical depth parameters from the eSIR are collected, processed, disseminated, and archived every
10 min. This paper introduces the NYSM Profiler Network and reviews the network design and siting, instrumentation, network
operations and maintenance, data and products, and some example applications that highlight the benefits of the network.
Some sample applications include improved situational awareness and monitoring of the sea-land breeze, long-range wildfire
smoke transport, air quality (PM,s and aerosol optical depth) and boundary layer height. Ground-based profiling systems
promise a path forward for filling a critical gap in the U.S. observing system with the potential to improve analysis and predic-
tion for many weather-sensitive sectors, such as aviation, ground transportation, health, and wind energy.

SIGNIFICANCE STATEMENT: The New York State Mesonet (NYSM) Profiler Network enables routine measure-
ment of aboveground weather data and products to monitor weather and air quality across the state at high resolutions. The
NYSM Profiler Network provides real-time vertical profile information to users across the emergency management, avia-
tion, utility, and public health sectors, including NOAA and NASA, for operations and research, filling a critical gap in mon-
itoring the low-level atmosphere. These data have been used to improve situational awareness and monitor boundary layer
dynamics, sea-land breeze development, precipitation type, and air quality. Most important, the NYSM Profiler Network
provides a national testbed for the creation and evaluation of new ground-based profiling instrumentation and products.

KEYWORDS: Instrumentation/sensors; Lidars/lidar observations; Microwave observations; Profilers, atmospheric;
Remote sensing; Air quality; Boundary layer

1. Introduction Whereas surface networks are common across the United States
and Europe, they fail to capture aboveground thermodynamic
and transport processes that are critical for understanding
PBL dynamics and NWP. Because of their relatively high cost,
real-time observations of atmospheric profiles remain sparse,
although they are an increasingly important component of NWP
initialization (Illingworth et al. 2019). Satellites provide global
coverage, but the temporal and spatial resolutions of such meas-
urements are coarse, and routine satellite monitoring of the PBL.
is impeded by cloud cover. The National Weather Service
(NWS) radiosonde network provides profiles of temperature,
humidity, and wind speed and direction at high resolutions in the
vertical, but because they are routinely launched only 2 times per
day and are spaced hundreds of kilometers apart, they are not
suitable for the continuous and dense profiling necessary for
most NWP and other atmospheric modeling applications.

In 2009, a National Research Council (2009) report recom-
mended, “As a high infrastructure priority, federal agencies
and their partners should deploy lidars and radio frequency
profilers nationwide at approximately 400 sites to continually

Thorough monitoring of the atmospheric column is an essen-
tial element in reproducing accurate weather analysis and fore-
casts. The World Meteorological Organization (WMO) has
identified the vertical profiles of winds, temperature, humidity,
and aerosols at high spatial and temporal resolution as critical
atmospheric variables for high-resolution numerical weather pre-
diction (NWP) models (WMO 2018). Yet few sensing systems
can provide these much-needed data regularly. Despite their rel-
ative sparsity, radiosondes collect such vertical profile data and
thus are found to be among the most valuable inputs to NWP
model assimilation systems (Laroche and Sarrazin 2013). Air
quality monitoring, wind energy production, aviation hazard
avoidance, and weather warning operations are especially sensi-
tive to the accuracy and resolution of the aboveground weather
data, and particularly so from within the planetary boundary
layer (PBL; the lowest few kilometers above the surface).
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monitor lower tropospheric conditions.” A decade later, the
NASA Earth Science and Applications Decadal Survey (NASA
2019) identified “aerosol properties, aerosol vertical profiles, and
cloud properties,” “3D winds in the troposphere/PBL,” and
“Diurnal 3D thermodynamic properties and 2D PBL structure”
as observing system priorities for the decade ahead. Improved
sampling of the low-level vertical structure of the atmosphere is
a repeated refrain from the environmental science community.
The last few decades have seen a rapid development of com-
mercially viable sensors for collecting automated vertical profiles,
including active sensors such as lidars (Doppler, Raman, differ-
ential absorption), radars, sodars, and ceilometers and passive
sensors such as microwave radiometers (Wilczak et al. 1996;
Gildner and Spankuch 2001; Munkel 2006; Cimini et al. 2011;
Lee et al. 2019). Such proven technology is now hardened for
long-term, remote deployment and can provide automated, rou-
tine profiles of temperature, humidity, winds, aerosols, and
clouds in the troposphere throughout the day and night at high
vertical and temporal resolution. To research and develop these
technologies, several profiler networks have been deployed.
Table 1 provides a summary of profiler networks from around
the world. Nevertheless, many of these networks are limited in
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their period of record, spatial coverage and the number of sen-
sors deployed, often due to the relatively high purchase and
operations and maintenance costs. For example, the annualized
cost for the NOAA Profiler Network (installation began in 1988)
was close to $4 million at the time (Schlatter 2004), and the pro-
gram was discontinued in 2014. To move forward, a dedicated,
regional-scale testbed is needed to properly evaluate the robust-
ness of profiling technologies and to better define the applica-
tions for such data before these technologies can be fully
integrated into the U.S. weather observing enterprise.

To fill this critical observational gap and address the needs
of NWP, operational forecasters, and researchers, the New
York State Mesonet (NYSM) Profiler Network was devel-
oped. The NYSM Profiler Network (http:/nysmesonet.org/
networks/profiler) comprises 17 profiler stations deployed
statewide (Fig. 1). Each NYSM profiler station operates a
ground-based Doppler lidar, a microwave radiometer, and an
environmental Sky Imager-Radiometer. The profiler system
was developed with the following objectives:

1) Measure and provide continuous real-time, high-quality ver-
tical profiles of atmospheric data—wind, aerosol backscatter,

TABLE 1. List of profiler networks around the world.

Name Location Stations Sensors Measurements

Colorado Wind Profiling Colorado 5 Wind-profiling radar Wind profile
Network (Strauch et al.

1983)

ARM Radar Network? Around the world Over 20  Doppler, cloud, and Wind profile, cloud, and
(North et al. 2017; precipitation radar precipitation
Kollias et al. 2020)

The Helsinki testbed® Southern Finland Ceilometer, Doppler radar, = Wind, aerosol backscatter,
(Koskinen et al. 2011) radiosonde, wind profiler temperature, and

with RASS moisture profile

DWD Ceilometer Network ~ Germany 52 Ceilometer Backscatter profile
(Flentje et al. 2010)

Space Science and Mobile integrated profiling Atmospheric emitted Temperature, water vapor,
Engineering Center system radiance interferometer wind, and aerosol
(SSEC) Portable (AERI), Doppler lidar, backscatter profile
Atmospheric Research high-spectral-resolution
Center (SPARC) and lidar (HSRL),
the Collaborative Lower microwave radiometer,

Atmosphere Profiling and radiosonde
System (CLAMPS)
(Wagner et al. 2019)

Wind profiling radars on Along the U.S. West Coast 7 Doppler radar Wind profile
the U.S. West Coast
(Flaherty et al. 2016)

Unified Ceilometer United States and Canada 32 Ceilometer Backscatter profile

Network (Delgado et al.
2020)

European Meteorological
Network (EUMETNET)
Profiling System (E-
PROFILE) (Illingworth
et al. 2019)

European Union nations

Over 265 Automatic lidar and

ceilometer, radar wind
profiler, Doppler wind
lidar, and microwave
radiometer

Aerosol backscatter, wind,
temperature, and
moisture profile

% ARM Southern Great Plains sites have four extended facilities with interferometer, microwave radiometer, and Doppler lidar.
" Only profiler sensors are considered. The testbed also has 311 surface weather stations and 44 cellular-telephone base-station masts.
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FIG. 1. The NYSM Profiler Network (red dots) and Flux Network (green dots). Blue circles represent NWS radiosonde stations.

temperature, and humidity along with spectral solar radiance
and optical depth—from across New York for use in opera-
tions by multiple users, including emergency management,
aviation, utilities, and researchers.

2) Create a high-quality, multiyear archive of vertical profile,
flux, and atmospheric measurements for satellite remote
sensing and NWP model improvement, validation, research,
and development.

3) Engage a broad-based user community who can benefit
from output produced by such a network.

4) Develop value-added products to expand the utility and
value of the network.

5) Evaluate the economic viability of a large-scale profiler
network for use in operations. Specifically, develop and
implement a user-based model for financing and operat-
ing a stand-alone profiler network that is shared by the
commercial, government, and academic communities.

This paper provides an overview of the NYSM Profiler Net-
work and is organized as follows. The NYSM Profiler Network
design and siting are discussed in section 2. Instrumentation is
described in section 3. Network operations and maintenance
are presented in section 4. Data and available products are
presented in section 5. A few example applications highlight-
ing the benefit of the network are discussed in section 6, with a
summary and conclusions presented in section 7.

2. NYSM Profiler Network design and siting

The NYSM Profiler Network was configured in a way to
best satisfy mesoscale measurement needs for both operational
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monitoring and to study predictability and improve NWP (Fig. 1).
Hardware costs limited the number of stations to 17. Eleven sites
were deployed around the perimeter of upstate New York to
facilitate NWP model initialization by monitoring the airflow
entering and exiting the state, and they were evenly distributed to
maximize areal coverage. Several sites were deployed along major
transportation corridors (Interstate Highways 90 and 87) or near
major metropolitan areas (e.g., New York City, Buffalo, Syracuse,
and Albany). Three sites are located near the three NWS radio-
sonde sites in New York (Buffalo, Albany, and Upton; Fig. 1).
Three sites were placed on Long Island largely to monitor tropical
systems and northeasters, and another three sites were triangu-
lated around New York City (NYC) in the Bronx, Staten Island,
and Queens for overlapping radar/lidar coverage to facilitate dis-
persion modeling. Two profiler sites are located just to the north
(Suffern) and south (Wantagh) of the NYC sites for additional
upwind/downwind coverage. Most of the profiler sites (except
Albany, East Hampton, and Webster) are within 0.5 km of the
NYSM Standard site (Brotzge et al. 2020) that provides near-sur-
face atmospheric and soil measurements. Similarly, 6 of the 17
sites (Belleville, Chazy, Owego, Queens, Red Hook, and Staten
Island) are collocated with (or very near) surface energy budget
(flux) sites (Fig. 1), and they are referred to as “supersites.” These
sites are used to study land surface and atmospheric interactions.
Of the 17 sites, all but one (Albany) were placed on build-
ing rooftops. This provides additional security and access to
utility power and communications (i.e., ethernet). Cranes
were used to lift the equipment onto the roofs. Site hosts pro-
vide ready access to station equipment for regular operations
and maintenance, and they receive free use of the data col-
lected from each site. A long-term agreement was signed
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between the University at Albany and the site hosts to aim at
operating and maintaining the network for many years ahead
for both weather and climate research in contrast to the short
lifetime of past networks listed in Table 1. Most site hosts are
K-12 schools (7) or universities (5); the remainder include a
research institution, two wastewater treatment centers, a nat-
ural gas storage facility, and an airport. Site equipment was
placed in a way that allowed as close to a full sky view as pos-
sible from each sensor. [Detailed metadata and photographs
are available for each profiler site (http://nysmesonet.org/
networks/profiler).]

3. Instrumentation

Each of the 17 profiler sites has a collocated Doppler lidar,
microwave radiometer, and an environmental Sky Imager—
Radiometer (commonly referenced as a sun photometer). As an
example, the profiler site located at Albany is shown in Fig. 2.

a. WindCube 100S Doppler lidar

The WindCube 100S Doppler lidar is an active remote
sensing, commercial lidar manufactured by Leosphere (now
owned by Vaisala, Inc.; for specifications, see Table 2). This
system is based on the WindCube technology of fibered archi-
tecture, fibered amplification, and coherent detection (Cariou
et al. 2018). The flexible architecture of the system allows
the user to adjust the pulse repetition frequency and pulse
length to the desired measurement range and spatial resolu-
tion. A master oscillator power amplifier (MOPA) is used
as a transmitter with a laser at near-infrared wavelength of
1540 nm. At this wavelength, the laser is eye safe, and transmis-
sion through the atmosphere is efficient because of negligible
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molecular extinction. In general, the Doppler lidar emits short
laser pulses and records a small fraction of the Doppler-shifted
backscattered signal from aerosols and cloud particles along the
line of sight (LOS). Such backscattered signal is detected by a
highly sensitive heterodyne technique (Boquet et al. 2016) to
generate range resolved radial wind speed and carrier-to-noise
ratio (CNR).

The CNR is a modulated signal for a signal-to-noise ratio
(SNR), proportional to the backscatter signal (Boquet et al.
2016). To maximize the detection range, the emitted beam of
the lidar focuses on a range that is equal to the focal length of the
telescope, and hence a peak can be observed in the CNR profiles
due to its focal effect. Since the lidar beam has a sensitivity that
follows a Lorentzian function (Hill 2018; Yang et al. 2020), the
focal effect in CNR profiles can be easily corrected. During a
period with a well-mixed, relatively homogenous aerosol environ-
ment, low elevation scans are performed to estimate the fitting
parameters for instrumental/telescope function using the four
parameter Lorentzian function. The CNR data are then cali-
brated to retrieve attenuated relative backscatter B, The details
about the retrieval of B, can be found in Yang et al. (2020). The
Bre depends upon aerosol type and concentration and is used for
aerosol and cloud observations in the atmosphere (Royer et al.
2016) and is used for applications discussed in section 6.

For 3D wind measurements, the NYSM Profiler Network
Doppler lidars are configured to run in Doppler beam swinging
(DBS) scan mode. This scan can be quickly reconfigured to cap-
ture opportunistic (research) or potential severe weather events
(e.g., high winds) that demand other scanning configurations
including fixed LOS or adjusting range-height indicator (RHI),
plan position indicator (PPI), or a combination sequence of
scans. In DBS scan mode, the lidar makes four LOS scans at

F1G. 2. The NYSM profiler site located at Albany, showing microwave radiometer, Doppler lidar, and sun photometer.
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TABLE 2. The specifications of the Windcube Doppler lidar 100S.

Variable Specification
Wavelength 1540 nm

Pulse energy 25 ul

Pulse repetition frequency 20 kHz

Pulse length 50 m

Accumulation time 1s

Measurement range 100-7000 m
Radial wind speed range From —30to +30 ms ™!
Wind speed accuracy 05ms !

Wind direction accuracy 2°

CNR accuracy 2 dB

Scan configuration DBS with a cycle of ~20 s
Dimensions (L X W X H) 9.95 cm X 8.10 cm X 14.10 cm

Mass 232 kg

Operating condition
Temperature From —25° to 45°C
Humidity 10%-100%

north, east, south, and west directions at an elevation angle of
75° and one LOS scan vertically, with a total scan duration of
approximately 20 s. These five LOS scans are then combined to
retrieve 3D wind vectors. Details of the retrieval using the DBS
scan mode can be found in Newman et al. (2016) and Suomi
et al. (2017).

The performance of the Doppler lidar (data availability
and maximum measurement range) depends upon the aero-
sol type and concentration, atmospheric refractive turbu-
lence, humidity, and precipitation (Aitken et al. 2012). The
accuracy and validity of the lidar data has been tested by
several studies (e.g., Kumer et al. 2014; Aitken et al. 2012;
Suomi et al. 2017).

b. Microwave radiometer

A multichannel, passive remote sensing microwave radiome-
ter, the MP-3000, manufactured by Radiometrics, is deployed
at each NYSM profiler site (specification listed in Table 3).

SHRESTHA ET AL.
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TABLE 3. The specifications of the microwave radiometer

MP-3000.
Variable Specification
Brightness temperature accuracy ~02 K
Brightness temperature range 0-400 K

Std calibrated channels 35
Surface sensor accuracy
Temperature (From —50° to +60°C) 0.5°C at 25°C
Relative humidity 2%
Calibration types Tip and liquid nitrogen

Measurement range 0-10 km
Temporal resolution ~2 min
Dimensions (L X W X H) 31 cm X 53 cm X 86 cm
Mass 27 kg
Operating condition
Temperature From —40° to +45°C
Relative humidity 0%-100%
Altitude From —300 to 3000 m

Wind (operational/survival) 30/60 ms !

The microwave radiometer (MWR) measures the microwave
emissions from within the vertical column; each microwave fre-
quency corresponds to a brightness temperature using Planck’s
radiation equation, which are then converted collectively to a
single thermodynamic profile. There are 35 standard calibrated
channels that measure the brightness temperature (0400 K)
within the 22-30-GHz water vapor band (K band; 21 channels)
and the 51-59-GHz oxygen band (V band; 14 channels). The
accuracy of the brightness temperatures measurement is key
and that depends on the quality and stability of the hardware,
the accuracy and precision of the tip curve calibration and
liquid nitrogen calibration, thermal stability, and noise level
(Liljegren 2002; Kucher et al. 2016). The calibrated brightness
temperature accuracy is around 0.2 K with long term stability
of <1.0 K yr~ ! (Radiometrics 2013).

The MWR observes atmospheric brightness temperatures
at zenith and at an elevation angle of 20° above the horizon

TABLE 4. The specifications of the environmental Sky Imager-Radiometer (sun photometer).

Observation Variable Specification
Irradiance measurement Channels 415, 500, 610, 670, 870, 940, and 1020 nm
Accuracy Absolute calibration accuracy: 4%

Calibration based on Langley regression: 2%

Shadow band parameters Blocking angle 2°
Angular resolution 0.067°
Sky image Field of view 180°
Environmental measurement Air temperature +0.1°C
Humidity +2%
Air pressure +0.12 hPa
GPS location Position accuracy <3m
Measurement Temporal resolution 5 min
Instrument LXWXH 67.6 cm X 30 cm X 24 cm
Shadow band radius 28 cm
Mass ~22 kg
Operating condition Temperature From —30° to 50°C
Humidity 0%-100%
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4-Panel Lidar Plot for Queens, NY
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FI1G. 3. Doppler lidar four-panel time-height cross-section plot for (a) CNR (dB), (b) horizontal wind speed (kt), (c) vertical wind speed
(kt), and (d) wind direction (by sector) from Queens for 24 h starting at 0700 LT 4 Aug 2020.

as nominal and secondary directions. At most of the NYSM
profiler sites, MWRs are oriented in such a way that the
nominal direction is north, and the secondary direction is
south. Profiles of temperature, relative humidity, liquid den-
sity, and vapor density up to 10 km AGL are retrieved from
the brightness temperatures at those elevation angles using
the radiative transfer equation (Schroeder and Westwater
1991); however, the conversion step from brightness tem-
peratures to profile is inexact due to the limited degrees of
freedom within the vertical column measurement. To com-
pute the profiles from the brightness temperatures, the ven-
dor applies a neural network trained with radiosonde data
from a location with similar altitude and climatology to the
radiometer site (Solheim et al. 1998). Prior studies sug-
gested that the 1D variational (IDVAR) technique outper-
formed the neutral network method (Hewison 2007; Cimini
et al. 2011). In the future, the NYSM also plans to test
1DVAR retrieval algorithm to the MWR measurements.
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Additional information about the instrument and retrieval
algorithm can be found in Liljegren (2002), Liljegren et al.
(2001), Hewison and Gaffard (2003), Bianco et al. (2017),
Knupp et al. (2008), and Radiometrics (2013).

c. eSIR (sun photometer)

Referred to as an environmental Sky Imager—Radiometer
(eSIR), this multichannel remote sensing system (specifica-
tions listed in Table 4) provides estimates of direct and diffuse
radiation together with fish-eye imagery. The eSIRs were
built in house by research scientists in the New York State
Mesonet and Atmospheric Sciences Research Center
(ASROQ).

The eSIR comprises two modules: a multifilter rotating
shadow-band radiometer (MFRSR), and a shaded sky
imager-sun photometer. Both modules share a scanning
shadow band that tracks the path of the sun throughout the
day. The radiometer module has seven wavelength channels



NOVEMBER 2021

SHRESTHA ET AL.

1597

4-Panel Microwave Radiometer Plot for Queens, NY
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FIG. 4. Microwave radiometer four-panel time-height cross-section plot for (a) temperature (°C), (b) liquid density (g m ), (c) vapor den-
sity (g m~>), and (d) relative humidity (%) from Queens for 24 h starting at 0700 LT 4 Aug 2020.

(415, 500, 610, 670, 870, 940, and 1020 nm) and uses an auto-
mated shadow-banding technique to measure narrowband
spectral direct and diffuse irradiance (Yin et al. 2015). Multi-
channel spectral irradiances are useful in the retrieval of the
optical properties of aerosol, cloud, and trace gases such as
ozone, water vapor, and nitrogen dioxide in the atmo-
sphere (Alexandrov et al. 2001; Kassianov et al. 2005;
Alexandrov et al. 2008; Turner et al. 2014; Patadia et al.
2018). The sky imager module takes fish-eye sky images; a
shadow band blocks the direct beam of the sun to minimize
glare in sunny conditions. In addition, the eSIR also has
embedded meteorological sensors that track temperature,
humidity, and pressure and a GPS sensor to record the pre-
cise time and position (latitude, longitude, and elevation).
All measurements are taken every 5 min during daylight
hours. When the solar zenith angle is greater than 85° and
during nighttime, the shadow band stops its sweeping
motion and sky images are not recorded.
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To measure the atmospheric aerosol properties, spectral
aerosol optical depth (AOD) is retrieved using the spectral
direct normal irradiances measured by the eSIR. As described
in Koontz et al. (2013), AOD is estimated using the Beer—
Lambert-Bouguer Law and Langley regression. The contrib-
uting optical depth due to Rayleigh scattering and wavelength
dependency on water vapor, ozone, and trace gases such as
NO,, CO,, CHy, and so on are considered while calculating
AOD (Hansen and Travis 1974; Koontz et al. 2013; Patadia
et al. 2018). Since AOD represents the measure of aerosols in
the atmospheric vertical column, it is often used as a proxy to
estimate surface PM, s (Gupta and Christopher 2008; Schaap
et al. 2009; Hu et al. 2013; Chudnovsky et al. 2014; Hua
et al. 2019), particularly during well-mixed condition. The
Angstrom exponent (a; Angstrom 1929) can also be derived
from the AOD and is an indicator of aerosol particle size pre-
sent in the atmosphere: a = 1 represents coarse mode aero-
sols with radius =0.5 um such as dust and sea salt, and « = 2
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FIG. 5. Skew T plot generated from Doppler lidar and MWR data from Queens at (a) 1200 and (b) 1600 LT 4 Aug 2020.

represents fine mode aerosols with radius <0.5 um such as
urban pollution and biomass burning (Schuster et al. 2006;
Eck et al. 1999). A cloud-screening technique developed by
Alexandrov et al. (2004) is implemented to distinguish between
clear-sky and cloudy data.

4. Network operations and maintenance

A field technician is assigned full-time to the ongoing
maintenance and calibration of the NYSM Profiler Net-
work. The technician oversees the communications, power,
and sensors at each site and responds (on site or remotely)
to problems as needed. While built for remote and auto-
mated operation, each sensor still requires some limited but
regular maintenance. The lidar laser degrades over about a
10-yr period, and the lidar scanning head incurs significant
wear and tear with time, requiring replacement after about
five years of continuous use. The MWR has several degrad-
able components that require regular replacement, includ-
ing a radome, fans, and an infrared thermometer. For major
sensor repairs, the MWRs are returned to the vendor,
whereas a contracted technician visits the lidar for onsite
repairs; the lidar’s weight (>200 kg) and rooftop location
make it cost prohibitive for returning it to the vendor unless
major repairs are needed.

The MWR and eSIR require regular calibration. The tech-
nician visits each site every 4-6 months to calibrate the
MWR. The MWR requires two types of calibrations; the cali-
bration resets the brightness temperatures of the noise diodes
for the K-band and V-band channels and hence, the quality of
data depends on precision and accuracy of the calibration. A
tip calibration is done remotely in the NYSM Operations Cen-
ter every two weeks to reset the K band. The brightness tem-
perature is measured at several elevation angles, and then a
fitting function is applied to estimate an updated, “corrected”
zenith brightness temperature (Hewison and Gaffard 2003).
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An in-person liquid nitrogen calibration is required for the
V band every 6 months. Liquid nitrogen is poured into a
polystyrene box and placed on top of the radiometer; data
are collected for 30-60 min to extract a stabilized noise
diode brightness temperature. Kucher et al. (2016) deter-
mined MWR calibrations are accurate within *0.5 K.
The eSIR requires instrumental recalibration about every
2 years.

5. Data and products

Data are collected from the profiler sites across the state
and transmitted to servers located at the University at
Albany, where the data are then quality controlled, archived,
and disseminated in real time every 10 min. Extensive net-
work, station, and sensor metadata are readily available and
accessible to users through the NYSM website. The primary
data available from the NYSM Profiler Network are profiles
of the u, v, and w components of wind speed and wind direc-
tion and CNR from the Doppler lidar; profiles of tempera-
ture, relative humidity, liquid, and vapor density from the
MWR; and spectral direct, diffuse, and total radiation, sky
images, surface temperature, relative humidity, and atmo-
spheric pressure from the eSIR. The combination of Doppler
lidar and MWR data provides continuous profiles of winds,
temperature, and moisture similar to that available from the
NWS radiosonde network, but with much higher temporal
resolution (every 2 min vs twice daily). The vertical resolution
of the lidar data is 25 m from 100 to 1000 m and 50 m from
1000 to 7000 m with a temporal resolution of approximately
20 s for a full DBS scan. The vertical resolution of MWR data
is 50 m from the surface to 500 m, 100 m from 500 to 2000 m,
and 250 m from 2000 to 10000 m with a temporal resolution
of approximately 2 min. The eSIR collects data over 5-min
periods during daylight hours. These data are archived in
NetCDF and comma-separated-values (CSV) format, and sky



NOVEMBER 2021

2.0

SHRESTHA ET AL.

1599

(@)
15

1.0

0.5

Total Radiation [Wm~2nm ]

0.0 = e — - -
08:-(;6 AM 11:00 AM 02:00 PM 05:00 PM 08:00 PM
— 415nm —— 500nm —— 610nm —— 670nm —— 870nm —— 940nm — 1020nm
20
T b
& (b)
+ 15 <
g —
£ 1.0
g i
+ 0.5 =
o |
=
5 00 i N
' 08:00 AM 11:00 AM 02:00 PM 05:00 PM 08:00 PM
— 415nm  —— 500nm —— 610nm —— 670nm —— 870nm —— 940nm

~—— 1020nm

FIG. 6. Sun photometer two-panel time series plot for (a) total radiation (W m ™2 nm™!) and (b) direct normal radi-
ation (W m ™2 nm ') from Queens for the daylight hours on 4 Aug 2020 along with the fish-eye images at (c) 1200 LT

and (d) 1600 LT.

images are provided in “.jpg” format. Data are available to
users upon request at cost in accordance with NYSM Data
Policy (http://www.nysmesonet.org/weather/requestdata). A
“ReadMe” file explains the data file format, variables, and
their units along with site and sensor information. A detailed
evaluation of the Profiler Network measurement data bias
with reference measurements (radiosonde and sun photome-
ter) is presented in B. Shrestha and E. Joseph (2021, unpub-
lished manuscript).

A real-time display showing the data collected during the
last 24 h is available online (http:/www.nysmesonet.org/
networks/profiler) and is updated every 10 min. As an exam-
ple, the 24-h four-panel time-height cross-section plots from

Brought to you by SUNY ALBANY LIBR SB23 | Unauthenticated | Downloaded 12/06/21 09:37 PM UTC

the Doppler lidar and MWR at Queens, New York are shown
in Figs. 3 and 4 Doppler lidar data are shown up to 3 km
AGL. The skew T plots generated using the Doppler lidar
and MWR data are shown in Fig. 5. The eSIR spectral total
and direct normal radiation time series plots for daylight
hours along with fish-eye sky images are shown in Fig. 6. The
combination of three measurement data shown in Figs. 3-6
demonstrate the value of the NYSM Profiler Network in
monitoring Tropical Storm Isaias and are discussed in detail
in section 6a. Additional real-time display of derived products
such as PBL height, air quality indicator (PM,s, AOD, and
Angstrom exponent), forecast, and stability indices are cur-
rently under development.
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FIG. 7. Skew T plots for NWS radiosonde data on 27 Mar 2018: (a) Albany at 0000 UTC, (b) Albany at 1200 UTC, (c) Buffalo at 0000 UTC,
and (d) Buffalo at 1200 UTC, retrieved from the University at Wyoming.

6. Example applications

As discussed in section 1, vertical profiling technology fills a
noted gap in atmospheric sensing with the expectation that
such data will improve NWP and enhance situational aware-
ness for operations by supplementing the NWS radiosonde
network with much greater temporal and spatial sampling. As
a participant of the National Mesonet Program, the NYSM
makes Profiler data available to the NWS in real time. Since
the feed was established in 2018, the Profiler data have been
used by regional NWS forecast offices to improve short-term
forecasts of low-level wind, temperature, fog and cloud devel-
opment and erosion, convective instability, precipitation onset
and type. However, the integration of multiple, collocated
profiling sensors—the lidar, microwave radiometer, and sun
photometer—has expanded the versatility and utility of the
network as well. Several examples below demonstrate some
of the benefits and products that such a network can offer.
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a. Improved situational awareness: High-temporal sampling

The high-temporal-resolution data of the NYSM Profiler
Network can provide critical insight for emergency manage-
ment operations. On 4 August 2020, the NWS issued a tor-
nado watch that included New York City effective from 1100
until 1600 local time (LT) as Tropical Storm Isaias
approached from the south. Figures 3 and 4 show the data
from the Doppler lidar and MWR at Queens. Winds > 40 kt
(1kt = 0.51 ms™") were observed between 1100 and 1500 LT
(Fig. 3b). Easterly to southeasterly winds were dominant until
about 1500 LT as the tropical storm approached from the
Atlantic Ocean, followed by weak westerly winds as the storm
moved past and weakened (Fig. 3d). Precipitation was
observed during the period as indicated by the negative verti-
cal wind speed (Fig. 3c), the relatively high liquid density and
relative humidity (Figs. 4b,d), and skew T plot indicating satu-
ration up to 500 hPa at 1200 LT (Fig. 5a). By late afternoon,
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the sun returned with partly cloudy skies as can be seen from  storm at 1200 LT (Fig. 6¢) and poststorm at 1600 LT (Fig. 6d).
the increased total (Fig. 6a) and direct normal radiation (Fig. The skew T plot at 1600 (Fig. 5b) also provides evidence for
6b) from the eSIR along with the fish-eye images during the  the presence of clouds at around 900-800 hPa. As the sun
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returned, vertical mixing increased as indicated by the positive
and negative vertical wind speeds measured from the Doppler
lidar (Fig. 3c). The vertical wind speed can be used as a proxy
to estimate mixed-layer height (e.g., thermals connected to the
surface indicated by positive vertical wind speed). Low-level
(boundary layer cumulus) clouds can be seen throughout the
day as indicated by the higher CNR values in the pink and red
colors (Fig. 3a). The high-temporal sampling of the network
provides emergency managers with much-improved under-
standing of rapidly evolving high-impact events.

b. Improved situational awareness: Greater spatial sampling

The NWS radiosonde network has only three sites across
New York, leaving large gaps in spatial coverage across the
state. A network of profiling sensors can help fill these spatial
gaps. A simple event from 26 to 27 March 2018 shows the
value of such a network for its ability to track individual fea-
tures in space and time. In this case, a dry upper-air distur-
bance moved quickly from west to east across the state, with
gradual subsidence associated with the strong high pressure sys-
tem. The NWS radiosonde data from Albany (ALB) and Buf-
falo (BUF) show extremely dry air aloft (approximately above
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1500 m or below 800 hPa) on 27 March 2018 (Figs. 7a—d
retrieved from http://weather.uwyo.edu/upperair/sounding.html).
The surface analysis map at 0600 UTC (Fig. 8a, retrieved
from https://www.wpc.ncep.noaa.gov/archives/web_pages/sfc/
sfc_archive.php) shows a strong high pressure system over
the northeastern United States, whereas the 700-hPa map
(Fig. 8b, retrieved from http://weather.uwyo.edu/upperair/
uamap.shtml) shows an unusually long southwesterly fetch of
air from Baja California to western New York.

This mostly quiescent upper-air disturbance was tracked
across the state by the NYSM Profiler Network. Figure 9
shows Doppler lidar data from a west-to-east transection in
the north from Buffalo, Belleville, and Chazy, and Fig. 10
shows a west-to-east transection in the south from Clymer,
Owego, and Staten Island (locations of these sites are shown
in Fig. 1). Lidar plots from each site location are very similar,
showing the air aloft gradually mixing down to the surface,
but data from multiple sites can track the rapid transport of
the boundary. Roughly in about 9 h, the bubble of dirtier air
from the west reaches to the east (in our case: from Buffalo to
Chazy and from Clymer to Staten Island) with approximate
speed of 18 m s~ (about 35 kt). The west-to-east movement


http://weather.uwyo.edu/upperair/sounding.html
https://www.wpc.ncep.noaa.gov/archives/web_pages/sfc/sfc_archive.php
https://www.wpc.ncep.noaa.gov/archives/web_pages/sfc/sfc_archive.php
http://weather.uwyo.edu/upperair/uamap.shtml
http://weather.uwyo.edu/upperair/uamap.shtml

NOVEMBER 2021

3000 §

0

-5
-10,,
-15°
-20
-25
-30

Mar. 27, 12AM

g

Height [m]
g &

g &

Mar. 26, 6PM Mar. 26, 9PM

§

Height [m)

SHRESTHA ET AL.

1603

[

Mar. 27, 6AM Mar. 27, 9AM

Mar, 26, 6PM Mar 26,9PM

Height [m]

Mar, 27, 6AM

Mar, 27, 3AM Mar. 27, 9AM

\;v :

Mar. 26, 6PM Mar. 26, 9PM Mar. 27, 12AM

Height [m]

Mar. 26, 6PM

Mar. 26, 9PM

Mar. 27, 3AM
Wind Direction

Mar. 27, 6AM Mar.27.3AM  Mar.27,6AM  Mar.27,9AM

direction

Mar. 27, 3AM

Mar. 27, 6AM Mar. 27, 9AM

F1G. 10. As in Fig. 9, but from (a) Clymer, (b) Owego, and (c) Staten Island.

of the feature is consistent with the westerly winds aloft while
the weakening of the boundary (flow becomes diluent) as it
traveled easterly is consistent with subsidence. As demon-
strated, large-scale networks are necessary for tracking such a
feature across regional scales in real time.

c¢. Ability to monitor local features

The NYSM Profiler Network has proven beneficial for
monitoring rapidly changing conditions, such as presented by
the sea-breeze circulation along the Long Island (LI) coastal
region in New York. Several studies (Loughner et al. 2014;
Blaylock et al. 2017a; Zhang et al. 2020) have shown the con-
tribution of sea-breeze circulation to poor air quality by
increasing surface ozone concentrations in short periods
around coastal areas, particularly in the summer. The six
NYSM profiler stations located across NYC and LI provide a
means to monitor the sea-breeze circulation and its influence
on air quality around the region. For example, on 10 July
2018, ozone concentration increased from 80 ppb to over 120
ppb below 1.5 km within a 3-h period (1300-1600 LT), as
measured at Flax Pond, LI (Joseph et al. 2018). Figure 11
shows the wind speed and direction from the NYSM profiler
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sites at Wantagh, East Hampton, and Queens, which are
approximately 58 km southwest, 93 km southeast, and 75 km
west from the Flax Pond, respectively. After 1000 LT, an
abrupt shift in wind direction from offshore (west to north-
west) to onshore (southerly) accompanied by an increase in
wind speeds (from 5 to 10-20 kt) within a few hundred meters
AGL can be observed at Wantagh and East Hampton. A sim-
ilar trend can be observed at Queens shortly after 1200 LT.
Further analysis on the identification of the sea-breeze circu-
lation and its influence on ozone concentration are presented
in Joseph et al. (2018) and Zhang et al. (2020).

d. Ability to monitor wildfire smoke transport

The NYSM Profiler Network has also demonstrated an
ability to monitor long-range-transport smoke events. Despite
a long-term downward trend in PM, 5 and an improvement in
air quality across New York (Emami et al. 2018; Rattigan et al.
2015) and the United States (Black et al. 2017), episodic
events such as smoke from wildfires can cause periodic rises
and adverse effects on human health. Occasionally, wildfire
smoke from as far away as the western United States and
Canada can affect local air quality in New York by increasing
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FIG. 11. Doppler lidar wind speed (kt) data overlaid with 10-min-averaged wind barbs from (a) Wantagh, (b) East
Hampton, and (c) Queens for 10 Jul 2018 (in local time).

the surface PM,s concentration through boundary layer
entrainment and the vertical mixing process (Wu et al. 2018;
Rogers et al. 2020; Hung et al. 2020). It has been speculated
that the primary source of surface PM,s increases in the
future could be due to wildfire smoke rather than anthropo-
genic emissions (Ford et al. 2018; Black et al. 2017; Liu et al.
2016). Therefore, being able to monitor long-range smoke
transport is important for accurate air quality monitoring,
forecasting, and regulation.
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One such smoke episode occurred across New York from
13 to 17 August 2018. Time series of surface PM,s from
Buffalo, Albany, and Queens, as monitored by the New York
State Department of Environmental Conservation (NYS-
DEC) are shown (Fig. 12). The time series plot shows a nota-
ble increase of PM, s with values rising at Buffalo beginning
on 14 August, followed by rises at Albany and Queens
24 h later. Such a coincident but delayed enhancement of
PM, 5 at Albany and Queens indicates that the increases in
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PM, s values are not caused by local sources but are most
likely due to long-range transport of smoke entering the state
from the west. The smoke can be observed directly by the
lidar’s relative attenuated backscatter from the three NYSM
profiler sites during the period of elevated PM, s (Fig. 13).
The strong backscatter signal of red and dark red colors rep-
resents clouds, and they are observed at all three sites during
different parts of the day. The lidar shows a backscatter signal
of 1077-107> m~ ' sr™! near the surface and up to 2 km at all
three sites. At Buffalo, aerosols are seen aloft between 2 and
5 km starting the night of 14 August until the afternoon of 16
August. Similarly, aerosols are seen around 2 km on 15-16
August at Albany and between 2 and 4 km on 15-17 August
at Queens. The aerosols at Albany and Queens are seen
approximately 12-16 h later than at Buffalo. These layers of
aerosols encountered subsidence and mixed into the PBL.
The PBL processes of entrainment and vertical mixing pro-
vided favorable conditions to bring them down slowly to the
ground causing the enhancement of PM, s seen in the NYS-
DEC time series in Fig. 12.

Smoke can also be identified using the eSIR; here, the
AOD at 500, 670, and 870 nm and Angstrom exponent (based
on 500 and 870 nm) were derived using the eSIRs at Buffalo
and Queens (Fig. 14; the eSIR at Albany was not active at
that time). For all three channels, AOD values greater than
0.2 and Angstrom exponents in the range of 1.5-2 provide evi-
dence for the presence of fine mode aerosols such as pollution
or smoke. However, since urban pollution is typically found
within the boundary layer, aerosols as seen from lidar back-
scatter above 2 km can be classified as smoke plumes. Such
aloft aerosols are also evident overnight and in early morning,
which therefore provide additional evidence for the smoke
plume. Further evidence for the smoke plumes, their source,
trajectories of transport, and detailed analysis of this smoke
episode and its effect on air quality are presented in Hung
et al. (2020).

e. Ability to monitor air quality

A fifth example demonstrates the value of the NYSM Pro-
filer Network for the estimation of aerosol mass concentra-
tion, in terms of PM,s. A remote sensing technique can be
used to combine the aerosol backscatter with meteorological
data (B. Shrestha and E. Joseph 2021, unpublished manuscript).
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This nonlinear regression model is applied to data during
the warm months from May to September of the years
2017-20 from Queens, New York. Data from the years
2017-19 are used for fitting the model, and then tested on
data from 2020. Relative backscatter data are obtained from
the NYSM Doppler lidar; temperature, relative humidity
and wind speed data are collected from the coincident
NYSM standard site—both located at Queens and PM, s
data are obtained from the NYS DEC air quality monitoring
site at Queens College. The NYSM site is about 1 km away
from the NYS DEC site. All data are averaged hourly and
are selected based on the availability of Doppler lidar data.
Values retrieved from the nonlinear model are compared
with the surface measured PM, s (Fig. 15). The slope and y
intercept are 0.84 and 1.32, respectively. The coefficient of
determination R? and root-mean-square error (RMSE) are
found to be 0.70 and 2.30 ug m >, respectively. Applying an
F test, the p value is below 0.05 (standard significance level)
yielding a corresponding confidence level of 95%. The non-
linear model continues to be evaluated at other sites along
with its application on vertical profiling of PM, s.

f- Ability to monitor PBL height

The NYSM Profiler Network can be used to monitor PBL
height. The lidar has become a powerful tool in the detection
of PBL height due to its continuous measurement, broad
measurement range, and high vertical and temporal resolu-
tion. Several lidar techniques have been developed for esti-
mating PBL height; three common approaches include the
gradient, variance, and wavelet covariance transform (WCT)
methods. The gradient and variance methods assume the PBL
height corresponds to the minimum gradient and maximum
variance in the relative attenuated backscatter. The WCT
method (Brooks 2003; Baars et al. 2008; Granados-Munoz
et al. 2012) assumes a higher concentration of aerosols within
the PBL with a steep decrease in concentration in the free tro-
posphere above. The sharp transition zone (largest gradient)
of the lidar signal change is considered to be the PBL height,
usually near the center of the entrainment layer. Using these
three techniques, PBL heights are retrieved from Doppler
lidar and are compared with PBL heights estimated from a
nearby NWS radiosonde using the Heffter method (Heffter
1980; Sivaraman et al. 2013) and from the High-Resolution
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FI1G. 13. Doppler lidar relative attenuated backscatter data from (a) Buffalo, (b) Albany, and (c) Queens during
14-17 Aug 2018 (in local time).

Rapid Refresh (HRRR; Blaylock et al. 2017b, https:/
rapidrefresh.noaa.gov/hrrr/) model, shown in Fig. 16.
Retrieved PBL heights for 22 June 2020 are plotted for
Buffalo (Fig. 16a), Albany (Fig. 16b), and Queens (Fig. 16¢c). At
Buffalo (Fig. 16a), the variance and gradient method fail to
detect PBL height in the presence of complex aerosol layers
between 0600 and 1200 LT and after 1700 LT when the residual
layer starts to develop. The WCT and HRRR model show good
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agreement with each other for most of the day. The WCT also
shows good agreement with the radiosonde at both launch
times. At Albany, (Fig. 16b), all three lidar methods show good
agreement throughout the day except during 0600-0900 LT
when the gradient and variance method are affected by the pres-
ence of the residual layer. The WCT and HRRR model are con-
sistent in capturing the growth of the PBL during 0800-1300 LT
but show significant differences after 1300 LT. Since the HRRR
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resents AOD, and light color represents cloud-

model is based on potential temperature and sensible heat flux
while the lidar method is based on aerosol backscatter, the dis-
crepancies could be due to the different input parameters and
scale. However, it is most likely that the HRRR overestimated
the PBL height as all three lidar methods agree with one
another and they closely match the radiosonde at 1900 LT. Simi-
lar to that at Buffalo, the gradient and variance methods at
Queens (Fig. 16¢) fail to detect PBL height correctly before
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FIG. 15. Comparison of measured observations and nonlinear
model-retrieved PM; 5 at Queens during May—September 2020.

Brought to you by

contaminated optical depth.

1000 LT and after 1600 LT due to the presence of multiple aloft
aerosol layers. The WCT and HRRR show consistency in the
PBL structure throughout the day. The HRRR model and
radiosonde agree with each other at 0700 LT while all three lidar
methods, the HRRR model and the radiosonde agree very well
at 1900 LT. As demonstrated above, a profiler network provides
an opportunity for accurate spatiotemporal monitoring of the
PBL height across a large-scale region.

7. Summary and conclusions

The NYSM Profiler Network is a unique statewide obser-
vational network of 17 ground-based profiling stations. With
a Doppler lidar, MWR and eSIR deployed at each site,
atmospheric profile data (wind speed and direction, CNR,
temperature, relative humidity, liquid, and vapor density)
along with spectral direct, diffuse, and total radiation and
fish-eye sky images are collected, archived, and dissemi-
nated every 10 min with the real-time graphics displayed
at NYSM Profiler Network web page. The proximity of the
NYSM Standard and Flux Network with the NYSM Profiler
Network provides additional surface, soil, and energy bud-
get data. Collectively, these real-time measurements yield
valuable opportunities for monitoring and understanding
key atmospheric exchange processes within the boundary
layer and lower atmosphere. The network’s high-spatial-res-
olution and high-temporal-resolution data within the PBL
provide an important aid in understanding local heterogene-
ities across the state. Specifically, the NYSM Profiler Net-
work allows for real-time monitoring of the sea breeze,
long-range wildfire smoke transport, PBL height, and pollu-
tants such as PM, s that play important roles in local and
regional weather and climate and air quality.
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The NYSM Profiler Network is foremost a research plat-
form designed to address research questions through the
assessment of profiles of kinematics and thermodynamics and
optical depth variables with high temporal and spatial resolu-
tions. For example, what is the optimal network density?
What temporal resolution and configuration of sensors pro-
vides the greatest benefit? What value does such a system
bring to NWP or weather operations? Observing system
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experiments (OSE) are currently under way to evaluate the
benefit of assimilating ground-based profiler sensors data into
numerical models. The monitoring of forecasting indices dur-
ing high impact weather events has been demonstrated in
B. Shrestha and E. Joseph (2021, unpublished manuscript).
The NYSM Profiler Network is now fully operational, dis-
tributing data to forecasters and researchers from across the
state and to agencies such as the NWS and NASA. Such a



NOVEMBER 2021

large-scale network offers a long-term and reliable platform
for operations and research, bringing potential benefits to the
weather, water, and climate enterprise for a wide variety of
applications, including emergency management, renewable
energy, aviation, and health.
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