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A B S T R A C T

Understanding the kinematics of aerosol horizontal transport and vertical mixing near the surface, within the
atmospheric boundary layer (ABL), and in the overlying free troposphere (FT) is critical for various applications,
including air quality and weather forecasting, aviation, road safety, and dispersion modeling. Empirical evidence
of aerosol mixing processes within the ABL during synoptic-scale events over arid and semiarid regions (i.e.,
drylands) remains sparse. We explored how synoptic-scale weather systems impact aerosol mixing processes
within the daytime ABL over a site located in a dryland. We used ground-based Doppler lidar measurements
collected during three events: a cold-front passage, a fair-weather day, and a dryline passage over Lubbock,
Texas. The measurements of backscatter and vertical velocity fields were obtained with temporal and vertical
resolutions of 1 s and 60 m, respectively. Here, we documented observations of aerosol transport and mixing
within the ABL and found that frontal passages are crucial for understanding ABL features and aerosol mixing
processes. For example, our findings suggest that during a dryline passage yielding a water vapor mixing ratio
drop of 10 g kg− 1, the boundary layer characteristics transition from being shallow and stratified throughout a
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stable, pre-dryline ABL aerosol regime (300 m deep) to a deep and well-mixed structure within the post-dryline
ABL (2200 m deep) confirming a higher ABL depth growth rate (~300 mh− 1) than under quiescent conditions
(~125 m h− 1). The results for the frontal case reported aerosol mixing via frontal lifting to an altitude of 1250 m
from the ground due to strong updrafts (>7 m s− 1). Additionally, Doppler lidar measurements helped to char-
acterize the aerosol mixing and transport processes in dry regions under different weather conditions which
yielded close correspondence with the observed variability in near-surface particulate matter (i.e., PM2.5) con-
centrations (e.g., increase in PM2.5 from 9 μg m− 3 to 27 μg m− 3 due to a cold front passage). The aerosol
transport, along with the derived properties of the mean up- and downdraft observations and variance-based
(both vertical velocity and aerosol backscatter) turbulence profiling helped explain how frontal airmass ex-
changes impact aerosol loading near the surface. The results obtained emphasize the need to consider the impact
of synoptic-scale events over drylands in both observational and atmospheric modeling studies.

1. Introduction

Aerosols play an essential role in several atmospheric and climate-
relevant processes, including the radiation budget, cloud micro-
physics, convection initiation, cloud formation, and environmental
pollution (Intergovernmental Panel on Climate Change, IPCC, Reinman,
2013). Additionally, the level of scientific understanding for both
aerosol-radiation and aerosol-cloud interactions was reported to be
either “low” or “very low” (i.e., Lynn and Peeva, 2021), and recent IPCC
assessments documented that atmospheric aerosols are one of the most
uncertain elements of the Earth’s radiative budget (Forster et al., 2021).

The transport of diverse aerosols with different physicochemical
properties can lead to health problems such as malignancy of lung
epithelial cells (e.g., Yun et al., 2017). There is a strong need to address
the concerns of human health resulting from poor air quality (AQ) under
diverse weather conditions (e.g., Jhun et al., 2015). Consequently,
resolving AQ issues for different atmospheric processes and relevant
human health problems has been identified as a priority of the com-
munity and government. For instance, in the past two decades, the US
AQ showed marked improvement; however, 40 % of the population still
live in regions exceeding Environmental Protection Agency (EPA)
standards (EPA, 2021). By improving our understanding of aerosol
transport, resources can be developed and provided to at-risk pop-
ulations impacted by potentially harmful aerosols. For these reasons, it
remains essential to investigate aerosol transport processes across
diverse synoptic and mesoscale meteorological conditions (e.g., Grini
et al., 2005; Kassomenos et al., 1995; Vega et al., 2022).

The high spatial and temporal variability of atmospheric aerosol
particles makes it challenging to obtain a comprehensive understanding
of the vertical and horizontal transport of aerosols under different
weather conditions in the lower part of the troposphere, in particular,
within the atmospheric boundary layer (ABL, Pal and Lee, 2019a,b). The
ABL is a critical interface trading mass, energy, and momentum between
the surface and free troposphere (FT) via turbulence (Stull, 1988; Pal
et al., 2013). Obtaining insights into aerosol transport in both vertical
and horizontal directions within and above the ABL over arid and
semiarid regions becomes even more challenging due to the aridity and
abundance of dust (e.g., Achakulwisut et al., 2018).

While past studies noted deeper ABL depths in arid regions, they only
accounted for the surface fluxes and entrainment processes, excluding
the role of advection typically taking place during synoptic weather
events. Only recently have researchers explored changes in ABL kine-
matics and thermodynamics due to different types of frontal environ-
ments (e.g., Pietersen et al., 2015; Clark et al., 2022; Anand and Pal,
2023; Walley et al., 2022). Moreover, during the passages of synoptic-
scale weather systems (e.g., cold fronts, warm fronts, drylines, warm
conveyor belts), complex aerosol mixing and transport regimes emerge
yielding life-threatening incidents, such as hazardous driving conditions
and poor visibility that led to vehicle pileups (e.g., Liu et al., 2021a,
2021b; Tong et al., 2023). In North America and many other parts of the
world (e.g., subtropical southern Africa), drylines remain a critical air-
mass boundary for initiating convective processes (see, Scaff et al., 2021
for North America, and van Schalkwyk et al., 2022 for Africa). In

general, drylines are airmass boundaries that separate flows of airmasses
originating from very dry regions from humid and sub-humid regions
generally characterized with much higher moisture content. In partic-
ular, in the Southern Great Plains of the US, drylines are formed
frequently in spring and early summer months due to the merging of the
westerly drier air from southwestern US and northern Mexico and
moisture-rich southeasterly flow originated from the Gulf of Mexico
(Hoch and Markowski, 2005). One should note that the drylines are
closely associated with the presence of drylands (often called arid re-
gions), being a major source of drier air due to low precipitation and low
soil moisture content. According to Hulme (1996) and Huang et al.
(2017a, 2017b), dryland areas mainly refer to the regions where the
annual potential evapotranspiration (PET) remains much higher than
the annual precipitation (P). An aridity index (i.e., P/PET ratio) <0.65
broadly defines drylands.

Aerosol transport associated with the changes in ABL dynamics
during synoptic-scale events remains underexplored though critical for
the rapidly warming climate of the 21st century (NASEM, 2018a,
2018b). Drylands are home to>3 billion people and cover roughly 41 %
of the land mass on Earth (Safriel et al., 2005; Feng and Fu, 2013). In
semiarid and arid regions, less soil moisture and sparse vegetation cover
allow for stronger land-atmospheric coupling (Koster et al., 2004; Molod
et al., 2019). As a result, there is less modulation of the ABL diurnal
variability in semiarid regions compared to humid regions (Lee and Pal,
2017). Previous studies over semiarid and arid regions observed day-
time ABL depths >4 km in northwest China (Zhang et al., 2005; Ma
et al., 2011; Han et al., 2022) and up to 5.5 km in the Sahara Desert
(Marsham et al., 2008).

Additionally, drylands are expanding due to climate change (Huang
et al., 2016, 2017a, 2017b). This expansion yields concerns, especially
from weather forecasting perspective. Since there is less process-based
research work investigating ABL properties over drylands, numerical
weather prediction (NWP) models do not perform as accurately as in
other regions (Wehbe et al., 2019). For example, parameterization
schemes struggle with the initialization of convection over semiarid
regions (Couvreux et al., 2011; Wulfmeyer et al., 2018). Over drylands,
across a range of land-cover types and meteorological conditions, the
biosphere–atmosphere coupling is primarily linked to the energy parti-
tioning (latent and sensible heat fluxes) and associated surface energy
balance closure while soil moisture variability in these regions is
extremely low pertaining to the low precipitation, high temperature,
and strong windspeed favoring high evaporation rates. Consequently,
land-atmosphere feedback processes become extremely complicated
making parameterization of mean and turbulent structures of ABL
thermodynamics challenging, which are decisive factors for convection
initiation and cloud formation over land (e.g., Findell and Eltahir, 2003:
Bhowmick and Parker, 2018; Lee et al., 2023). Previous work showed
evidence that new observations help evaluate and develop model pa-
rameterizations and explore factors that govern the ABL thermody-
namics on diverse temporal and spatial scales (Ma et al., 2011). Because
a large portion of the Earth’s population already lives in arid regions and
the population growth of these regions is expected to increase due to
dryland expansion, improving the parameterization schemes over arid
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regions will benefit a significant number of the global population as well
as a newer population base that may be at greater risk due to unforeseen
changes in local climatology (i.e., humid to arid).

A detailed characterization of aerosol concentrations within the ABL
on different timescales (e.g., diurnal, semi-diurnal, synoptic) remains
highly uncertain (Pal and Haeffelin, 2015; Kokkalis, 2017; Hara et al.,
2022). Complexities involved in the mixing and transport taking place in
the ABL and their representation in numerical weather prediction
models limit confidence in our understanding of the vertical and tem-
poral variability of aerosol features during synoptically active and
benign conditions (e.g., Zhang et al., 2009). We note that synoptically
benign weather regimes mainly refer to the atmospheric conditions
when they lack larger-scale kinematic forcing and any significant air-
mass exchanges; convective activity in this weakly sheared environment
is mainly generated by local scale forcing (e.g., Bentley et al., 2010;
Miller and Mote, 2018). On the contrary, synoptically active weather
conditions refer to the environment where synoptic-scale processes
dominate including the impact of frontal boundaries and associated
rapid airmass exchanges with surface features including a synoptic-scale
area of low pressure, among other factors (Hane et al., 2001; Burow and
Ellis, 2021; Anand and Pal, 2023). Due to an increase in high-resolution
observations using remote sensing instrumentations (e.g., lidar), ob-
servations of aerosol transport and ABL dynamics can be simultaneously
retrieved during various weather conditions (e.g., Behrendt et al., 2005;
Pal et al., 2008; Ma et al., 2020; Eck et al., 2020; Kokkalis et al., 2020).

The impact of frontal passages, including drylines, on trace gases,
greenhouse gases, and aerosols has gained some consensus from the
atmospheric science community, and an understanding of the processes
and mechanisms has been recognized (e.g., Pal et al., 2020; Pal et al.,
2021; Teixeira et al., 2021; Davis et al., 2021). But do the frontal pas-
sages have any significant impact on aerosol vertical and horizontal
transport over arid regions where aerosol abundance is very high? How
strong is the impact? What is the mechanism of influence during the
airmass change that takes place during the passages of mid-latitude
cyclones over land, in particular drylands?

We strive to answer the following key questions within this work: (1)
How do the drylines impact aerosol mixing processes over an arid region
site? (2) How do frontal passages and associated lifting impact aerosol
temporal and vertical variability over a location? (3) Do the aerosol
mixing processes differ between synoptically active and benign condi-
tions? (4) What are the key advantages of using simultaneous mea-
surements of aerosol features and ABL dynamics to obtain a broader
understanding of aerosol vertical mixing and horizontal transport? To
answer the above mentioned questions, a case study approach based on
the simultaneous ground-based Doppler lidar measurements, near-
surface meteorological observations, and nearby radiosonde launches
over an arid region of West Texas in the US are utilized.

2. Experimental site, instruments, and datasets

2.1. Site: Reese Technology Center (RTC)

The experimental facility at the Reese Technology Center (hence-
forth referred to as RTC) in Lubbock encompasses a complex region at
the interface of cold semiarid (BSk), hot semiarid (BSh), and humid
subtropical (Cfa) climate zones (Beck et al., 2018), providing a unique
opportunity to monitor meteorological conditions across distinct climate
classifications. The land cover around the RTC site (Fig. 1a–b) is mainly
characterized by shrub and scrub (e.g., grasslands and Herbaceous)
while the soil type of the region is mainly dominated by Acuff loam (Soil
Survey Staff, 2023). The region is characterized by frequently occurring
passages of boundaries that distinguish maritime airmasses originating
from the Gulf of Mexico from continental airmasses originating from
northern Mexico. Moreover, due to low soil moisture, aridity, and sparse
vegetation, the site is episodically impacted by the transport of dust from
the west and southwest. The other key meteorological aspects that

cumulatively define the weather features and climatological patterns of
West Texas include frequent extreme temperatures (i.e., scorching
summer and frigid winter), high variability in daily temperature range,
frequent synoptic events, sustained high-wind regimes, low soil mois-
ture caused by low annual precipitation (~500mm), and severe weather
systems associated with dryline passages (Kimmel et al., 2016).

2.2. Texas Tech Scanning Doppler Lidar (T2-SDL)

The Texas Tech Scanning Doppler lidar (henceforth referred to as T2-
SDL, Fig. 1) was deployed at the RTC site in Lubbock in August 2021.
The T2-SDL typically operates in both vertically pointing and scanning
modes and delivers three-dimensional wind and aerosol backscatter
structures. The T2-SDL, obtained from HALO Photonics, is a modular,
autonomous, turn-key, pulsed Doppler lidar that makes remote sensing
of motion and backscatter in the atmosphere (Vakkari et al., 2021). The
lidar emits linearly polarized light through a transceiver aperture of 75
mm at a pulse rate of 10 kHz (resulting in 1 s resolution after a 10,000-
pulse average during data acquisition) to observe targets that back-
scatter the transmitted pulses to the receiver. The receiver also can
observe the Doppler shift brought about by the motion of the targets
and, therefore, the radial component of their velocity. A large number of
past studies reported the accuracy and reliability of HALO Photonics
lidar system for diverse meteorological experiments (e.g., Hogan et al.,
2009; Barlow et al., 2011; Huang et al., 2017a, 2017b). The T2-SDL
system allows radial velocity (and vertical velocity) measurement with
an accuracy of − 2.0 cm s− 1 and velocity resolution reads 0.038 m s− 1

with a velocity precision of <0.20 m s− 1 for SNR > − 17 dB. Also, while
performing some tower-lidar intercomparison, we found mean wind
speed difference (lidar-tower) in the ranges of 0.01–0.02 m s− 1.
Regarding the aerosol backscatter signal intensity, since we used mainly
variance profiles to estimate the ABL depth, the normalization in the
variance signal provided us unique opportunity to explore the gradient
from ABL to FT and we mainly focused on the relative changes in the
backscatter coefficient while illustrating the impact of airmass ex-
changes on the aerosol field. Also, in the past, Tucker et al. (2009) and
Pal et al. (2010, 2013) illustrated the accuracy of different techniques
and reported that the vertical velocity variance and aerosol backscatter
variance remains the most reliable technique to determine ABL depths
with an accuracy of 50 m or less.

2.3. Other relevant meteorological datasets

We also used radiosonde measurements obtained from two sites:
Amarillo, TX (35.23◦N, 101.71◦W, and 1094 m MSL), located in the
middle of the Texas Panhandle and Midland, TX (31.94◦N, 102.19◦W,
and 873 m MSL), located in the Permian Basin of the West Texas plains
and approximately 387 km south of Amarillo, TX (Fig. 1a). The radio-
sonde profiles were obtained from the Integrated Global Radiosonde
Archive (IGRA, Durre and Yin, 2008) for both sites. To characterize
near-surface meteorological conditions, we used the measurements ob-
tained at theWest Texas Mesonet (WTM) site located within the domain.
The WTM is an integrated atmospheric observation network of >155
stations, spanning a sizable portion of the arid-humid gradient of the
West Texas region (105–99◦W) and adequately covering the mesoscale
boundaries (Schroeder et al. (2005). The WTM stations are equipped
with aboveground standard meteorological sensors (pressure, tempera-
ture, wind, radiation, humidity) and belowground instruments for
obtaining soil moisture and temperature at multiple depths. Table A1 in
appendix provides some brief information on the accuracy and resolu-
tion of WTM sensors used in study.

Additionally, we also used the datasets for the daily air quality
summary statistics reported by the US Environmental Protection Agency
(EPA). Also, at a continuous ambient monitoring site (CAMS) main-
tained and operated by TCEQ (Texas Commission of Environmental
Quality) in Lubbock (12th Street site, Site ID 4801028, 33.58◦N and
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Fig. 1. Location of T2-SDL measurement site at Reese Technology Center (RTC) near Lubbock (blue star) during the experiments and nearby upper air sounding sites
(Blue circle: Midland; Green circle: Amarillo) overlaid on a surface chart analyses map (panel a). Land cover map surrounding RTC site (blue star) using annual NCLD
(National Land Cover Database of U.S. Geological Survey) land cover data obtained MRLC (Multi-Resolution Land Characteristics Consortium) (b); city of Lubbock
(red shaded pixels) is clearly visible. Time-height cross-sections of aerosol backscatter within ABL aerosol and cirrus structures (c) and associated vertical velocity
field (d) at different heights (km AGL) obtained with temporal and range resolutions of 1 s and 60 m, respectively, over the measurement site on 3 March 2022.
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101.78◦W), routine aerosol measurements are performed using a Met
One Instruments, Inc. BAM 1022 Real-Time Portable Beta Attenuation
Mass Monitor which continuously measures the mass concentration of
ambient particulate matter (here PM2.5) collected onto glass filter tape
with a time resolution of 1 min. This instrument (i.e., BAM 1022,
https://metone.com) yields continuous (hourly) measurement of PM2.5
with high accuracy, and minimal measurement artifacts and meets US-
EPA Requirements for Class III PM2.5 FEM (Federal Equivalent
Methods for the US). The measurement range varies from 0 to 10,000 μg
m− 3 with measurement resolution of 1.0 μg m− 3 while the lower
detection limit is <4.8 μg m− 3 (hourly, 2σ).

3. Prevailing meteorological conditions

We present selected measurements obtained from the T2-SDL system
deployed at RTC for three cases from late spring and early summertime:
Case I- Cold-front passage during the late afternoon to early evening
hours on 21 March 2022; Case II- Fair weather conditions on 28 April
2022; and Case III- Dryline passage during the late morning hours of 2
May 2022. For each case, we provided a brief overview of the synoptic
setup based on both surface and upper air synoptic chart analyses and
nearby radiosonde-based profiles of thermodynamic variables. We also
analyzed the radiosonde profiles obtained over the two nearby upper-air
sounding sites (i.e., Amarillo and Midland; see Appendix). For case I,
radiosonde-derived profiles (Amarillo, Texas on 22March 2022 00-UTC,
i.e. 21 March 19:00 LT) of potential temperature and water vapor
mixing ratio yielded ABL depth (zi) of 0.5 km AGL most likely repre-
senting post-frontal boundary layer features (Anand and Pal, 2023). For
case II, the radiosonde profiles from both Amarillo and Midland sug-
gested the presence of a deep CBL with zi of 4.0 km AGL which often
occurs in the springtime over the experimental region. Midland sound-
ing evinced relatively moist-ABL (ABL-mixing ratio of 6–7 g kg− 1) than
over Amarillo (ABL-mixing ratio of 1.5–2.0 g kg− 1). Case III reported
spatial variability in regional scale zi as observed by the soundings over
both Amarillo and Midland yielding zi of 1.0 km and 2.3 km AGL,
respectively.

3.1. Case I (21 March 2022)

In general, the synoptic conditions from 20 to 23 March 2022 sur-
rounding the experimental region favored a significant amount of strong
wind, periods of fire weather conditions, pockets of rain, and storms. In
the low levels at 850 mb, backing southeast winds were observed in the
region, allowing more moisture from the Gulf of Mexico to be advected
into the region (Fig. A.5). Based on the meteorological measurements
obtained at the Lubbock airport (KLBB, located on the northeast side of
Lubbock), the dryline moved through the site around 16:00 UTC (11:00
LT) with a dewpoint change of 7.77 ◦C at 15:55 UTC to − 1.11 ◦C at
17:15 UTC (Fig. A.6). However, we note that for the analyses presented
in Section 4, we mainly used the collocated measurements obtained
from the WTM site at RTC. During the afternoon hours of 21 March
2022, southwest winds were sustained at 9–11 m s− 1, gusting up to 18 m
s− 1. The most intense storms formed along and ahead of a dryline over
central and northern parts of Texas in the late afternoon and evening
hours. The associated showers moved over the city of Lubbock, allowing
stronger winds aloft to mix down to the surface and resulting in a wind
gust of 22.8 m s− 1 at 20:55 UTC. The entire experimental region was
under the cooler post-frontal airmass by the next morning as the
northerly flows established.

3.2. Case II (28 April 2022)

On the morning of 28 April (12:00 UTC), West Texas was located on
the western edge of an upper-level ridge and under westerly-to-
southwesterly flow ahead of an upper-level trough along the western
Pacific coast (Fig. 2b). A dryline was backed into eastern New Mexico,

Fig. 2. Overall synoptic setup at 12 UTC on 21 March 2022 (a, case I), 28 April
2022 (b, case II), and 02 May 2022 (c, case III) using surface level analyses
obtained from NOAA Weather Prediction Center (WPC). Blue star marks the
location of RTC site near Lubbock, Texas. See Fig. A.7 in appendix for selected
analyses of synoptic systems at 850 mb and 700 mb levels.
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and a surface warm front was located across the Texas Panhandle,
extending southeast into north and central Texas. High pressure
centered in the southeastern US allowed southeast winds to advect low-
level moisture into West Texas ahead of the dryline. The deep surface
mixing behind the dryline allowed stronger winds aloft to mix down to
the surface resulting in southwesterly winds at the surface. The RTC site
and most of the Texas Panhandle were in the warm and dry sector west
of the dryline by 00:00 UTCwith moderate westerly winds aloft ahead of
the upper-level trough axis in the Intermountain West.

3.3. Case III (2 May 2022)

On 2May 2022, the experimental site was situated ahead of a dryline
in the moist pre-frontal sector, with the dryline mixing east past the
experimental site about 3 h into the measurement period. The experi-
mental site was then under the post-dryline environment for the
remainder of the measurement period. On the morning of 1 May 2022,

the experimental region was located under an upper-level shortwave
ridge in between a departing upper-level trough in the northern Mis-
sissippi River Valley and an incoming upper-level trough in the Pacific
Northwest. By the morning of 2 May, the base of the upper-level trough
was located in northeast New Mexico, progressing toward the east-to-
northeast (Fig. 2). Surface winds began to veer to the southwest allow-
ing the dryline to advance through eastern NewMexico into West Texas.
Daytime heating and continuous southwest-to-west winds allowed the
remaining low-level cloud cover to dissipate and the dryline to mix east
past the experimental site in the late morning hours (Fig. 2c). The region
was fully under warm, dry, southwesterly flow through the afternoon
hours before a surface cold front moved south on the backside of the
upper-level trough. This cold front moved through the northern and
central Texas Panhandle during the late afternoon and early evening
hours and through Lubbock and RTC shortly after sunset at 02:45 UTC
on 3 May.

Fig. 3. Time-height cross-section of (a) aerosol backscatter (m− 1 sr− 1 × 10− 6); and (b) vertical velocity (m s− 1) obtained by T2-SDL on 21 March 2022 for the entire
measurement period from 18:38–23:45 UTC. (c) Temporal variability of PM2.5 concentrations at the nearby TCEQ-CAMS site in Lubbock illustrating the impact of
frontal passage on near-surface aerosol regime. The vertical dashed-blue line marks the time of cold-front passage over the site yielding a significant increase in dust
concentrations over the entire experimental region of Lubbock.
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4. Results and discussion

Based on the analyses of the EPA datasets, we found that all three
cases were characterized by a low-to-moderate air quality index (AQI):

26, 51, and 52 during cases I, II, and III, respectively. Additionally, we
found daily mean PM2.5 (i.e., fine particles with diameters of 2.5 μm or
less) concentrations of 8.47, 12.95, and 12.58 μg m− 3 during cases I, II,
and III, respectively. Fig. A.0 presents a brief overview of the PM2.5

Fig. 4. Near-surface meteorological observations obtained from the WTM site at Reese Technology Center from 18:38–23:42 UTC on 21 March 2022 illustrating the
changes in temperature (a), dewpoint (b), water vapor mixing ratio, (c) and wind direction colored with the observed temperature field (d, see color bar on the right)
due to the cold-front passage over the site ~23:00 UTC as indicated by a shaded blue rectangle overlaid on each panel.
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variability during the three cases.
While comparing the temporal variability in PM2.5 before, during,

and after each case, we found striking evidence that the passages of both
cold front and dryline had a large impact on the PM2.5 variability (see
Fig. A.0 in appendix). For instance, on the day before the frontal passage
of case I, measurements showed a large enhancement in the PM2.5

concentrations (~55 μg m− 3) and remained high for >3 h while on the
day of the frontal passage, we found another enhancement at the time of
frontal passage at 23:00 UTC (18,00 CST) on 21 March 2022 (see panel
(a) in Fig. A.0). During case II, PM2.5 variability remained steady (day-
time mean value of PM2.5 of ~7–8 μg m− 3) and did not evince any
enhancement which is a typical springtime value for the region.

Fig. 5. Measurements of wind direction at 10 m using the observations obtained at the West Texas Mesonet site at Reese Technology Center (a) and a zoomed-in view
of T2-SDL measurements of vertical velocity (m s− 1) (b) and aerosol backscatter (m− 1 sr− 1 × 10− 6) from ground to an altitude of 1.2 km AGL from 21:00 UTC to 22:30
UTC on 21 March 2022 (c).
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4.1. Case I: cold-front passage on 21 March 2022

4.1.1. Aerosol backscatter and vertical velocity fields
On 21 March 2022, the T2-SDL measurements of aerosol backscatter

and vertical velocity were acquired from 18:45–23:45 UTC (LT = UTC-
5) at RTC (Fig. 3). Overall, the lidar measurements helped to obtain a
visualization of the aerosol mixing during the course of the cold-front
passage over the site yielding details on aerosol transport and stratifi-
cation within the ABL before, during, and after the frontal passage.
Instantaneous vertical profiles of aerosol backscatter and vertical ve-
locity fields were obtained with a temporal resolution of 1 s and a ver-
tical resolution of 60 m, as shown via the time-height cross-sections
(Fig. 3). The time of the cold-front passage (23:00 UTC) is marked using
a vertical dashed-blue line on each panel of Fig. 3. One should note that
23:00 UTC corresponds to 18:00 local time (i.e., LT=UTC-5) and typical
sunset in March takes place around 20:00 LT; thus, the lidar measure-
ments spanned during the daytime ABL regime. Fig. 3b also suggests the
presence of a relatively strong updraft (vertical velocity ~2–3 m s− 1

around 22:30 UTC (i.e., just before the cold front passage at 23:00 UTC)
which could be attributed to an outflow boundary (i.e., mesoscale
boundary separating thunderstorm-cooled air) as soon as the lift from
the approaching system spread over from the west. One should also note
that the most intense convective storms formed along and ahead of a
dryline over parts of central and north Texas. Additional details on the
impact of frontal passage on the aerosol environment and ABL kine-
matics are discussed in Section 4.1.3.

At the time measurements commenced, the site was behind the
dryline but in the warm sector of the synoptic system with extensive
cumulus cloud cover for most of the period due to the mid-level insta-
bility caused by the mid-level low in the Texas Panhandle (Fig. 2a). The
near-surface meteorological conditions showed an air temperature of
around 20 ◦C, mixing ratio of around 3.5 gkg− 1, and a dewpoint around
− 4 ◦C till 22:30 UTC (Fig. 4). The wind caused by the strong pressure
gradient around a deepening low-pressure system resulted in a dust
layer from the ground to an altitude of 700 m AGL, reducing visibility as
illustrated in the time-height cross-section of aerosol backscatter fields
(Fig. 3). Above the dust layer, a moderately strong aerosol field up to the
lifting condensation level (LCL) at approximately 3 to 3.5 km was
observed.

Higher aerosol concentration was consistently observed at the LCL
throughout the period, indicating the presence of low-level cumulus
cloud cover. The lidar measurements did not report any significant
aerosol backscatter above those optically thick clouds. Additionally, the
vertical velocity field suggested that the occurrence and fluctuations of
cloud layers were highly associated with the presence of updrafts and
downdrafts throughout the measurement period (Fig. 5). Additionally,
lidar measurements also confirmed the presence of a large number of
thermals and downdrafts and associated turbulent mixing of aerosols
over the site. In particular, one downdraft that occurred just around
21:00 UTC (Fig. 5b–c) was most likely related to virga caused by the
mid-level low and was associated with a slight decrease in temperature
and an increase in dewpoint (Fig. 4b–c).

4.1.2. Changes in aerosol backscatter field via wind shift
During the measurement period of 20:30–22:30 UTC, the lidar

measurements provided an opportunity to investigate the changes in
ABL aerosol field due to backing (i.e., wind direction changing counter-
clockwise from south-southwesterly to north-northwesterly) as illus-
trated in Fig. 4d. For instance, from 20:30–21:00 UTC under south-
southwesterly flows, we observed the presence of a deep aerosol layer
with backscatter coefficients of >5 × 10− 5 m− 1 sr− 1 at around 20:50
UTC (see Fig. 5b). Additionally, we also observed the presence of
frequent and intense turbulent mixing of aerosols in the ABL around
20:30 UTC as updrafts (with w of >4 m s− 1, see Fig. 5c) were found to
reach an altitude of 2 km AGL bringing the near-surface aerosol-laden
airmass to the upper altitudes (Fig. 5b).

Between 21:00 and 21:15 UTC, the lidar site was still under the in-
fluence of south-southwesterly flows. However, a moderate decrease in
aerosol backscatter coefficients (5 × 10− 5 m− 1 sr− 1 to 2 × 10− 5 m− 1

sr− 1) was reported (see the green shaded region in Fig. 5a and reduced
aerosol backscatter in Fig. 5b), presumably due to the presence of a
strong downdraft around 21:12 UTC bringing cleaner aerosol-free air
from the FT and presence of virga as mentioned before. Between 21:15
and 21:45 UTC, the lidar site experienced backing of the flows (i.e., SW-
NE shift with wind direction changing from 220◦ to 30◦, see the shaded
light-blue region in Fig. 5a). This change in wind direction was associ-
ated with a strong downdraft in the vertical velocity profile (Fig. 5b).
Consequently, lidar measurements also reported variable and moder-
ately lower aerosol backscatter coefficients compared to the previous
regime (i.e., between 20:30 and 21:15 UTC), in particular, from the
ground to 0.5 km AGL.

Finally, the time-series plot of wind direction evinces that starting
around 21:45 UTC, north-northeasterly wind prevailed over the site (see
the shaded blue region in Fig. 5a). We note that shaded boxes in Fig. 5a
were annotated based on the aerosol loading (qualitatively) so that
shaded blue, light blue, green, and red represent very low, low, mod-
erate, and very high aerosol loading, respectively, based on the findings
reported in Fig. 5c. Additionally, during this phase, winds veered from
northwesterly (at 21:40 UTC) to northeasterly (at 21:50 UTC), possibly
due to the development of a surface low east of the region (Fig. 2c).
Overall, the wind shift from south-southwest to northeast during the 1-
hour period helped to advect relatively cleaner air from the east (i.e., the
city of Lubbock) over the experimental site as seen by the lower back-
scatter values. Additionally, this resulted in a reduction in cloud cover
after 21:50 UTC in the hour before the frontal passage, as seen by the
aerosol backscatter profile (Fig. 5b).

Additionally, a schematic illustrating the impact of backing on the
aerosol loading over the site is presented (via colored wind vectors) in
Fig. 6b, where we used the identical color schemes as used in Fig. 5a.
Overall, the analyses presented in Fig. 6 provide a composite view on the
surface synoptic setup, changes in wind direction observed at different
periods discussed in Fig. 5, and a satellite map qualitatively yielding the
land-cover changes in a regional context. Previously, Pal et al. (2014)
reported diurnal changes in aerosol concentrations in a valley site in
central Virginia pertaining to the regular changes in up-valley versus
down-valley flows and associated changes in wind directions under
synoptically benign conditions. Also, recently, Takashima et al. (2019)
and Pozo et al. (2019) investigated the impact of local front systems
associated with typical sea-breeze and land-breeze regimes on stepwise
changes in aerosol and trace gas distributions. However, to the best of
the authors’ knowledge, the example measurements presented here
provide the first empirical evidence of the impact of the changes in
synoptically induced flow patterns on the variability in ABL aerosol
loading over an arid region.

4.1.3. Frontal lifting and ABL aerosol field
The interaction between the synoptic weather system and the ABL

aerosol field remains another underexplored area in the field of aerosol
research. In a number of past studies, surface network observations
provided details on the nature of frontal passages and associated ther-
modynamic conditions and frontal lifting mechanisms (e.g., Taylor
et al., 2005; Sinclair, 2013; Campbell et al., 2020). However, empirical
evidence on the ABL aerosol mixing and transport due to frontal lifting
remains sparse in the literature.

During Case I, the lidar observations provided some comprehensive
details on the impact of frontal lifting on the ABL aerosol field, as
illustrated via a zoom-in view of the time-height cross-sections (i.e.,
measurements covering the period of 22:45–23:15 UTC and altitudes
ranging from 0.1 to 2.0 km AGL) of both aerosol backscatter and vertical
velocity profiles (Fig. 7). The yellow-dashed line in both panels marks
the time of frontal passage based on the findings of the temporal vari-
ability of near-surface thermodynamic variables at the site (Fig. 4)
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yielding a sharp drop of 10 ◦C (from 18 to 8 ◦C) in temperature. Addi-
tionally, the measurements at TCEQ-CAMS site in Lubbock also reported
a significant increase in PM2.5 concentrations from 22:00 to 23:00 UTC
time period (9 μg m− 3 at 22:00 UTC to 27 μg m− 3 at 23:00 UTC, Fig. 3c).

During the time of frontal passage over the site (~23:05 UTC), the
lidar measurements reported the presence of strong updrafts (with w of
7 m s− 1) due to frontal lifting, while moderate downdrafts (with w of − 2
m s− 1) were observed right afterward (23:08–23:15 UTC). These find-
ings suggest that the vertical motion associated with the front was
stronger in magnitude compared to the local thermals and downdrafts
caused by surface heat fluxes and entrainment of FT air into the ABL.
Additionally, lidar measurements provided strong evidence that cold
fronts can impact ABL dynamics on a larger scale, confirming the frontal
lifting of aerosols over the site. For instance, a strong dust plume was
observed with aerosol backscatter coefficient values as high as 1 × 10− 4

m− 1 sr− 1 during the passage of the cold front. This dust plume resulted in
a depth as high as 1.25 km reducing visibility to less than a km (see the
squares annotated on Fig. 7a and b for the aerosol structure and vertical
velocity field, respectively).

The observed, dense aerosol plume was also associated with strong
cold air advection and moisture advection. The WTM station at RTC
observed a temperature drop from 16.55 to 9.85 ◦C between 23:05 to
23:28 UTC (Fig. 4a). During the same time, the dewpoint increased from
− 3.98 to 3.81 ◦C (Fig. 4b) with associated increase in water vapor
mixing ratio (henceforth referred to as simply the mixing ratio) from 3.2
to 5.5 gkg− 1. At the Lubbock International Airport (KLBB, located ~45
km northeast of the lidar site), the temperature dropped from 17.78 to
10 ◦C and the dewpoint increased from − 6.11 to 2.78 ◦C also during this
time (not shown here). Wind speeds behind the front increased instan-
taneously due to an increase in surface pressure with sustained winds
between 13 and 18 m s− 1 and gusts of 26.38 m s− 1 at 23:15 UTC.

Enhanced wind speeds caused widespread blowing dust and reduced
visibility to 1 km near the end of the measurement period, yielding
significant enhancement in the aerosol backscatter coefficients, in
particular, from ground to 0.3 km AGL as reported by the lidar mea-
surements (Fig. 7a). However, the temperature drop, and dewpoint in-
crease due to the cold front were not associated with a wind shift to the

north as northerly winds were already observed approximately 90 min
before the frontal passage, as discussed before. This again could be due
to the mid-level low in the Texas Panhandle causing surface cyclogenesis
in central Texas.

The counterclockwise flow around the surface low resulted in
northerly winds in the region before the cold-front passage. This is a
common occurrence in the central US with pre-frontal wind shifts
associated with lee troughing east of the Rocky Mountains, as was dis-
cussed previously by Schultz (2004), where they illustrated the mech-
anism for frontal passages with and without wind shifts.

Additionally, the vertical velocity became less strong (w decreasing
from >4 m s− 1 to 2 m s− 1) within the surface dust plume with stronger
updrafts and downdrafts observed above the dust plume on the order of
2–3 m s− 1 (Fig. 7b). This indicated that the cooler and more stable air-
mass advected over the site by the cold front resulted in less turbulent
mixing and a more stable ABL profile due to elevated showers
approaching the site. The lidar measurements were performed until
23:45 UTC as the showers generally washed out the aerosols present in
the ABL, making it a challenge to determine aerosol backscatter using
lidar measurements.

Overall, T2-SDL observations during case I suggest that a cold front
passage and associated changes in kinematics (e.g., presence of vigorous
updrafts and downdrafts, strong windspeed) and thermodynamic con-
ditions (e.g., large increase in moisture during the frontal passage with a
sudden decrease in temperature) results in substantial changes in the
overall ABL aerosol regime (e.g., a substantial increase in aerosol
backscatter field, prevailing dust layer in the lower part of the ABL,
lifting of the dust) over an arid region site in West Texas.

4.2. Case II: fair weather conditions on 28 April 2022

This case occurred during fair weather conditions on 28 April 2022
after a dryline passed over the Lubbock area around 18:00 UTC (Fig. 2b).
There was no significant cloud cover throughout the measurement
period on this day (19:30–00:32 UTC). Wind speeds measured at the
Lubbock Automated Surface Observing Systems (ASOS) station at 18:00
UTC were light and variable. Measurements of dewpoint and mixing

Fig. 6. Surface analysis at 21:00 UTC showing the development of lee low in central Texas (a). Red stars on all three panels indicate the location of the experimental
site in Lubbock, Texas. A schematic depicting wind direction changes for four different periods and associated aerosol regimes (T1, T2, T3, and T4) caused by the
development of the lee low (b). The red, green, light blue, and blue colors indicate the wind direction of SW, SE, NW, and NE, respectively, during the four periods,
while the color bar matches the colors of the wind vectors illustrating four different aerosol loadings over the site obtained via lidar measurements (red: very high;
green: moderate; light blue: low; and blue: very low on a relative scale). A satellite map depicting the overall terrain of the region with drier terrain to the west and
greener terrain to the east of the experimental site (c, source of the image: Google Map).
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ratio from the WTM site at RTC reveal the impact of the dryline passage
on the near-surface thermodynamic conditions (Fig. A4 in supplemen-
tary materials). The results showed a steady decrease in dewpoint as the
dryline passed over the site. The temporal evolution of the mixing ratio
also depicted a similar downward trend.

Additionally, the lack of a sharp decrease in dewpoint and mixing
ratio could be attributed to the fact that there was no significant
convergence as southerly winds were observed on both sides of the
boundary. Note that while the dryline passed before 18:00 UTC, there
was little accumulated rainfall measured at RTC up until this time of the
year, causing abnormally dry conditions and revealing why a sharp
decrease in dewpoint and mixing ratio was not observed. The thermo-
dynamic profiles obtained in the late afternoon (i.e., 00:00 UTC on 29
April 2022) from the nearby upper air sounding sites confirmed the
presence of a deep ABL regime over the entire West Texas region
yielding ABL depths of 3.9 and 4.2 km AGL over Amarillo and Midland,
respectively (See Fig. A2 in supplementary materials). Similar deep ABL
regimes over the region were reported in past studies (see McGrath-
Spangler and Denning for global analyses, Lee and Pal (2017) for con-
tinental analyses, and Anand and Pal (2023) for regional-scale analyses
of ABL depths). Additionally, lower, and less variable temporal vari-
ability in PM2.5 concentrations throughout the measurement period
could be mainly attributed to the ABL dilution in a deep ABL.

The T2-SDL measurements of aerosol backscatter and vertical ve-
locity showed occurrences of episodic, strong, and deep thermals
reaching up to 4 km with w peaks of 6 m s− 1 (Fig. 8b). These strong

updrafts could be primarily attributed to the presence of high sensible
heat flux at the site and the presence of the extremely dry and warm
airmass originating from the southwest prevailing over the entire re-
gion; for instance, the daytime maximum temperature was recorded to
be as high as 34 ◦C while the mixing ratio within the ABL (panel a
Fig. A.2) and near the surface (panel b in Fig. A.4) was found to be 1.2
and 2.0 g kg− 1, respectively, confirming a dry and warm surface layer.
Additionally, as the strong thermals lifted near-surface aerosols upward
within the ABL, significant amounts of aerosol plumes with high aerosol
backscatter coefficients (~5 × 10− 5 m− 1 sr− 1) were also reported by T2-
SDL measurements (Fig. 9). In contrast, cleaner FT air (aerosol back-
scatter coefficients of ~2 × 10− 6 m− 1 sr− 1) was entrained via broad
downdrafts.

During 20:00–20:30 UTC period, there were intermittent intervals of
upward and downward motion indicating the presence of strong ther-
mals within the ABL. Another feature present throughout the analysis is
the coupling of updrafts and downdrafts, which indicate the presence of
horizontal convective rolls (HCR) (i.e., 22:00–23:30 UTC) over the re-
gion. Since these measurements were taken after a dryline passage, the
presence of HCR is expected based on past findings (Peckham et al.,
2004; Buban et al., 2012). The strongest HCR occurs just before 21:30
UTC, denoted by large values of upward motion followed by lesser
values of downward motion. When this strong thermal occurs, there is
also an increase in aerosol backscatter.

A zoomed-in view of this event is shown in Fig. 9, covering obser-
vations from 21:00–21:30 UTC. For instance, during the presence of

Fig. 7. A zoomed-in view of the time-height cross-sections of both aerosol backscatter (m− 1 sr− 1 × 10− 6) (a) and vertical velocity (m s− 1) (b) obtained via T2-SDL
measurements from 22:45 to 23:15 UTC centered around the time of the cold-front passage (23:00 UTC, marked by a vertical blue-dashed line) on 21 March 2022
illustrating an example of significant aerosol vertical mixing from ground to an altitude of 1.5 km AGL via the frontal lifting mechanism which was associated with a
vertical velocity of up to 7 m s− 1. Note saturation of color bar beyond 4 m s− 1 vertical velocity values. Two other rectangular boxes spanning the periods of T1
(23:00–23:08 UTC, marked by the red arrow) and T2 (23:08–23:15 UTC, brown arrow) indicate high and moderately deep aerosol loadings (panel a), respectively,
and strong updraft and downdraft regimes, respectively (b).
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thermals around 21:18 UTC, a significant increase in aerosol backscatter
within the lower 500 m of the ABL was observed. From 23:45 UTC until
the end of the measurements, upward motions dominated the entire ABL
regime. The thermals observed from the vertical velocity measurements
on 28 April 2022 were strong and broad compared to the findings

reported in previous literature (Lenschow and Stephens, 1980; Hogan
et al., 2009), which could be a feature associated with an arid region
site. Lastly, the strong thermals shown in Fig. 9 serve as an example of
the vertical transport of aerosols from the surface into the ABL over an
arid region site. Previously, while exploring spaceborne lidar

Fig. 8. Time-height cross-sections of aerosol backscatter (a) and vertical velocity (b) retrieved from lidar measurements on 28 April 2002. Temporal variability in
hourly PM2.5 concentrations observed at the nearby TCEQ-CAMS site in Lubbock (c). PM2.5 measurements were missing around 21:00 UTC due to instrument
malfunctioning yielding poor quality data which was screened during quality assurance and quality check processes. Vertical profiles of water vapor mixing ratio (d)
and potential temperature (e) obtained from the 00:00 UTC sounding on 29 April launched from Amarillo, Texas, located 120 km north of the experimental site in
Lubbock, illustrating a deep ABL scenario in the region with zi of 3.9 km AGL; see supplementary document for details (Fig. A.2).
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measurements over various parts of the globe, McGrath-Spangler and
Denning (2013) found a deep ABL (>3000 m AGL) over the deserts in
Africa, the Middle East, Asia, and Australia in summer. Additionally,
using radiosonde-based analyses, Lee and Pal (2017) reported the
presence of deeper ABL (>3500 m AGL) over the semiarid southwestern
US throughout the year compared to the other climatic regions of the US.
However, none of the past studies provided empirical evidence on the
connection among ABL depth features, vertical transport of aerosols,
and kinematics of thermals via vertical velocity field as reported here.

4.3. Case III: dryline passage on 2 May 2022

4.3.1. Aerosol backscatter and vertical velocity fields
The key aim for selecting case III (2 May 2022) was to investigate the

impact of a dryline passage on the ABL aerosol mixing and transport.
The T2-SDL measurements acquired from 13:30–00:15 UTC (i.e.,
08:30–19:15 LT) are shown in Fig. 10. During the first part of the lidar
measurement period (i.e., from 13:30–15:00 UTC), the experimental site
was ahead of the dryline with low-level moisture still present as indi-
cated by the higher aerosol backscatter signal (Fig. 10a). The initial low-

level cloud cover dissipated and moved east of the site just after 14:00
UTC due to the drier low-level southwesterly flow. This was indicated
through the aerosol backscatter profiles, with lower values observed
after 14:30 UTC. Temporal variability in aerosol measurements at the
nearby TCEQ-CAMS site confirmed a steadily decreasing trend in PM2.5
concentrations from 15 to 21 UTC (Fig. 10c) presumably due to (1) the
wind shift from southwesterly to northwesterly bringing relatively
cleaner air into the region; and (2) rapid growth of the ABL during post-
dryline conditions allowing strong and rapid dilution and favoring ABL
volume mixing (Stull, 1988; Pal et al., 2014).

Additionally, the thermodynamic profiles obtained in the morning (i.
e., 12:00 UTC profiles of 2 May 2022, in Fig. 10d–e) and late afternoon
(i.e., 00:00 UTC profile of 3 May 2022) over the nearby radiosonde site
(Amarillo) showed a substantial decrease in the ABL mixing ratio (i.e., a
decrease of about 5 g kg− 1 (i.e., from 11 to 6 g kg− 1, Fig. 10d) due the
passage of dryline over the entire region. The dryline passage occurred
during 15:00–16:00 UTC on this day over the RTC site as marked by the
brown shaded box overlaid on the time-height cross-sections of aerosol
backscatter and vertical velocity in Fig. 10a and b, respectively.

In the beginning, the ABL over the site was relatively shallow (~600

Fig. 9. A zoomed-in view of aerosol backscatter coefficient (a) and vertical velocity (b) during the presence of a deep, strong thermal that occurred just before 2130
UTC on 28 April 2022.
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Fig. 10. Same as Fig. 3 but for aerosol backscatter (a) and vertical velocity (b) from 13:27 to 00:12 UTC during Case III (2 May 2022). Temporal variability in near-
surface PM2.5 concentrations at the nearest TCEQ-CAMS site in Lubbock. The shaded brown regions in all three panels mark the period of the dryline passage over the
site. Vertical profiles of water vapor mixing ratio (q in g kg− 1, panel c) and potential temperature (θ in K, panel d) obtained via radiosonde launches at Amarillo
(12:00 UTC on 2 May and 00:00 UTC on 3 May) illustrate the changes in q and θ in the ABL due the dryline passage in the region.
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m AGL), with moderately high aerosol backscatter coefficients in the
lower 500 m altitude (Fig. 10a) and without the presence of any sig-
nificant updrafts until 15:30 UTC, indicating a more stable ABL during
this time (Fig. 10b). It is possible that the low-level moisture ahead of the
dryline resulted in reduced latent heat fluxes and thus limiting the
growth of the ABL during this time. Before the dryline passage, there was
a gradual growth in the ABL, with the ABL top heights approaching 1 km
by 15:30 UTC, most likely due to surface heat fluxes increasing as
indicated by rising surface temperatures (Fig. 11a). Thermals and
downdrafts in the vertical velocity fields began to increase after 15:00
UTC possibly due to the beginning of drier air being advected over the
site as the dryline approached from the west (Figs. 2c and 11).

4.3.2. Dryline passage
The dryline passage on this day was relatively gradual, as illustrated

in Fig. 11. The brown shaded rectangular boxes overlaid on the time
series of dewpoint (Fig. 11b) and mixing ratio (Fig. 11c) observations at
the nearby WTM station indicated a dewpoint decrease from 14 ◦C at
15:00 UTC to − 5.0 ◦C at 16:30 UTC) and a mixing ratio drop from 12 to
3 g kg− 1 during the same time. These changes were also associated with
a veering wind regime from the southwest in the pre-dryline sector to
the west in the post-dryline sector (Fig. 12). It is worth noting that the
frontal and dryline passages in the experimental region are typically
shallow density currents and are heavily influenced by the complex
terrain and nearby Rocky Mountains (e.g., Geerts et al., 2006; Bluestein,

Fig. 11. WTM observation at RTC site from 13:30–23:30 UTC on 2 May 2022 illustrating the changes in temperature (a), dewpoint (b), and water vapor mixing ratio
due to the passage of the dryline during the measurement period (15:00–16:30 UTC).
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Fig. 12. The WTM observation at Reese Technology Center illustrating the changes in near-surface dewpoint (◦C, panel a) and wind direction (b) from 14:00–17:00
UTC on 2 May 2022. The two brown rectangles mark the period of wind shift around the time of the dryline passage in the region. Dewpoint as a function of wind
direction (in o) while colored symbols indicate time in UTC (panel c) indicating the simultaneous changes in dewpoint and wind direction at the site around
15:30 UTC.
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2008) though this case indicated a gradual change in the near-surface
thermodynamic features over a period of 1.5 h. Similar lidar studies
could be conducted to investigate the impact of frontal passages on ABL
aerosol fields over the eastern US or continental Europe since frontal
passages in those regions behave more like synoptic-scale fronts, unlike
the density currents over the southern Great Plains.

Another distinguishing feature is an increase in the magnitude of
vertical velocity after the dryline passage at 16:00 UTC. Almost imme-
diately after the dryline, there were more intense updrafts and down-
drafts. Moreover, the thermals became deeper, reaching upwards of 1.5
km after 16:00 UTC, while in the pre-dryline sector, they were closer to
1.0 km in depth. The profiles of SNR (not shown) and aerosol backscatter
coefficients (Fig. 10a) show higher aerosol loading within the first 500
m.

Both the fields of vertical velocity and aerosol backscatter co-
efficients during the passage of the dryline indicated the presence of
stronger updrafts (w of 4–5 m s− 1), in particular, around 16:30 UTC (i.e.,
at the end of the dryline passage) as drier and warmer air established
over the region. Isolating the effects of diurnal changes in heat fluxes
and dryline passage on ABL aerosol mixing and associated dynamics
would be an interesting future research topic. Nevertheless, based on
past studies on dryline circulation, one would expect that the dryline

helps promote the dry air aloft to mix down to the surface (Buban et al.,
2007).

Additionally, large, and intense plumes of alternating updrafts and
downdrafts every 5–7 min were observed in the post-dryline environ-
ment indicating the presence of horizontal convective rolls (HCRs),
which have been noted in past observational studies (Peckham et al.,
2004; Xue and Martin, 2006; Buban et al., 2012). The HCRs helped
result in a more turbulent ABL mixing in the post-dryline environment
(Fig. 10b). Near the end of the measurement period, there were in-
stances of updraft regions reaching the top of the ABL. The updrafts and
downdrafts within the ABL reduced in intensity at the end of the mea-
surement period, indicating a reduction in surface heat fluxes as the
sunset approached at 23:00 UTC.

Based on the overall observations from this day, it can be concluded
that the dryline helped promote the transition from a stable stratified
ABL in the pre-dryline airmass to a deep convective ABL in the post-
dryline airmass. Another interesting observation from this case is that
the ABL depth in the post-dryline airmass was shallower compared to
the 21 March case. This might have occurred due to precipitation that
fell across the region after an extended dry period. Even though the RTC
did not receive any precipitation from convective activity on 1 May
2022, higher soil moisture in surrounding locations might have helped

Fig. 13. Time-height cross-section of ABL-kinematics using both vertical velocity variance and aerosol backscatter variance estimated for every 30 min period for all
three cases. Aerosol (vertical velocity) variance for cases I, II, and III are shown in panels a (b), c (d), and e (f), respectively. Variance-based ABL depths are overlaid
(red dotted lines) on each panel illustrating remarkable variability among cases, and within each case pertaining to synoptic scale processes discussed in Section 4.4.
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increase evaporation rates and introduce latent heat fluxes contributing
to the shallower ABL depths. Additionally, the thermals observed on this
day did not have as intense updrafts as seen on 28 April 2022, which is
most likely due to rainfall on 1 May 2022 and a consequent increase in
soil moisture and reduction in sensible heat fluxes.

4.4. ABL kinematics and aerosol turbulence mixing

The vertical velocity variance (σw2 ) serves as an estimate of turbulent
mixing within the boundary layer and is calculated using the vertical
velocity measurements provided by the Doppler lidar. Numerous studies
explored variance-based analyses (aerosols, water vapor, temperature)
to determine mean ABL depths and illustrated turbulence features
within the CBL (Tucker et al., 2009; Wulfmeyer et al., 2010; Pal et al.,
2010, 2013; Behrendt et al., 2015). For each level, σw2 was calculated
across 30-min intervals. To provide a representative σw2 within the CBL
for each interval, σw2 is averaged across zi2 ± 100 m (Clark et al., 2022;
Clark, 2023). To identify the ABL top (i.e., zi), a σw2 threshold (0.1 m2 s− 2;
Barlow et al., 2011) was used within a height range for each case. The
minimum height for each case Is defined as follows: Case I: 250 m; Case
II: 2250 m; Case III: 250 m. Note Case II’s minimum height was
increased because the σw2 threshold was rarely met due to poor signal at
the ABL top due to low aerosol content; hence, the minimum σw2 above
the approximate height of the maximum σw2 , in this case, 2250 m, was
used instead. The maximum height for Case II was found to be 4000 m
AGL, while the maximum height for Case I was 2500 m to avoid cloud
interference in the retrieval. In case the 0.2 m2 s− 2 was not met, the
minimum value in the profile, within the height range, was selected
instead. The time-height cross-section of variance of vertical velocity
and aerosol backscatter fields for all three cases (Fig. 13) yielded some
distinct nature with respect to their turbulence processes while the zi
(overlaid on each panel) also showed significant variability among the
cases. For instance, much deeper ziwas observed during case II and case
III compared to case I as briefly discussed below.

Case I. The mean σw2 (zi2) leading up to the frontal passage on 3 Mar
2022 (18:00–23:00 UTC) was 1.97 m2s− 2 with an ABL top of 2070 ±

312 m, rounding to the nearest resolvable height. After the frontal
passage (23:00 UTC), the variance dropped down to 0.505 m2s− 2, and
the ABL top decreased to 400 m. Notably, the σw2 increased by about
0.986 m2s− 2 just before the frontal passage, after which σw2 rapidly
decreased by 1.17 m2s− 2 due to the increased stability behind the front.

Case II. The mean σw2 (zi2) on 28 Apr 2022 was 4.56 m
2 s− 2 with an ABL

top of 3210 ± 443 m, rounding to the nearest resolvable height. The
maximum ABL top for this day was recorded at 3930 m at approximately
21:45 UTC, and the lowest was 2550 m at 20:15 UTC. The peak σw2 was
6.26 m2 s− 2 at approximately 19:45 UTC.

Case III. The mean σw2 (zi2) before the dryline passage on 2 May 2022
(19:00–21:00 UTC) was 0.236 m2 s− 2 with an ABL top of 810 ± 123 m,
rounding to the nearest resolvable height. During the dryline passage
(15:00–17:00 UTC), the variance increased to 1.68 m2 s− 2, and the ABL
top increased to 1530 m. Finally, after the dryline passage (17:00–19:00
UTC), σw2 was 3.31 m2 s− 2, and the ABL top was 2190 m. For the
remainder of the day (19:00–00:00 UTC), σw2 was 4.04 m2 s− 2 with a
peak at 22:45 CST of 7.21 m2 s− 2. The ABL for the remainder of the day
was 2930 ± 282 m, with a maximum of 3330 m at 20:15 UTC. The
temporal variability in vertical velocity variance around zi/2 (i.e., σw2 (zi2))
for all three cases (see Fig. A.7 in appendix) was also found to be very
high while overall magnitude of σw2 (zi2) was found to be lower during case
I compared to case II and case III. The high value of σw2 (zi2) during case III
could be mainly attributed to the deep boundary layer and very high
turbulence mixing within a dryline environment over arid region
(Anand and Pal, 2023).

5. Overall discussion

The results presented in this work centrally focused on the explora-
tion of the horizontal and vertical transport of aerosol within daytime
ABL over a dryland ecosystem during three events under contrasting
synoptic conditions (cold-front passage, fair weather, and dryline pas-
sage). Our findings suggested that frontal passages are crucial for un-
derstanding ABL features and aerosol mixing processes.

The first case (i.e., case I, 21 March 2022) helped to illustrate ABL
aerosol transport and the evolution of ABL kinematics from the post-
dryline, pre-frontal sector to the beginning of the post-frontal sector.
All the findings for this case cumulatively suggest that cold front pas-
sage, associated meteorological conditions and front-relative kinematics
(i.e., vigorous updrafts and downdrafts) had a significant impact on
aerosol vertical and horizontal transport. For instance, the aerosol
backscatter coefficients were found to be reduced by an order of
magnitude (i.e., from 10− 4 to 10− 5 m− 1 sr− 1) from ground to ~750 m
AGL around 21:00 UTC due to the presence of virga. However, frontal
lifting (strong updrafts, >4 m s− 1) yielded aerosol backscatter co-
efficients to once again increase by more than an order (0.6 × 10− 6 to 5
× 10− 4 m− 1 sr− 1) and such aerosol loading sustained over the site for
>30-min until the environmental conditions became hazardous and
unhealthy due to strong gust and blowing dust. The elevated showers
and virga resulted in strong downdrafts within the ABL and instances of
shallower ABL depth of approximately 1 km, yielding a substantial in-
crease in the aerosol backscatter coefficients in the ABL. Even though a
substantial temperature drop, and moisture increase occurred due to the
convergence, a wind shift occurred 90 min beforehand, potentially due
to the development of a surface low east of the experimental site.
Another observation to note is that the subsidence and advection of a
shallow cold airmass behind the cold front did not impact the ABL
aerosol field and kinematics until just before measurements were
concluded.

The T2-SDL measurements during case II (28 April 2022) provided
details on the impact of surface forcing on ABL aerosol mixing processes
during synoptically benign (quiescent weather conditions) regime when
horizontal advection on ABL was negligible. For instance, results yielded
frequent presence of deep and strong thermals up to an altitude of 4 km
AGL over the site. These observational results suggest that over arid
regions, deep thermals often reach the entrainment zone (here till 4 km
AGL) during quasi-stationary ABL regime; finally, aerosol backscatter
measurements also show evidence of thermals and aerosol-laden air
reaching to the FT via strong updrafts (up to 6 m s− 1), thus, impacting
the near-surface atmosphere.

Case III (2 May 2022) explored aerosol mixing and transport and
associated ABL kinematics during a late morning dryline passage. Dur-
ing this part of the day, we found an increase in ABL depths and vigorous
aerosol turbulent mixing due to the strengthening of updrafts and
downdrafts as reported by the profiles of vertical velocity and aerosol
backscatter variances. The dryline passage showed an increase in the
ABL depth from 1 km AGL at 14:00 UTC to around 3 km at 17:00 UTC in
a post-dryline environment, which was assisted by the presence of an
elevated mixed layer from the adjacent plateau. Anand and Pal (2023)
showed frequent presence of drylines and elevated mixed layer over the
region during spring and early summer months. The observed increase
in turbulent mixing allowed drier air from the FT to dilute the higher
surface moisture near the surface and cause deep, strong thermals in the
post-dryline environment. It is worth noting that this particular dryline
passage was more gradual (i.e., a decrease in surface moisture occurring
over a 60-to-90-minute period) than typical dryline passages in the re-
gion, which are more abrupt (Conder, 2005).

For brevity, we found it relevant here to discuss and answer the
research questions posed in Section 1. Regarding the impact of drylines
on aerosol mixing processes, our measurements showed that since the
dryline passage took place during the diurnal heating period (16:00
UTC, i.e., 11:00 LT), the westerly drier air remained warmer than the
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moist air in the east. For instance, WTM measurements showed the
growth rate of near-surface temperature to be 6 ◦C h− 1. Additionally, 00-
UTC soundings from the region confirmed a large dewpoint depression
at 700 mb level (16 and 23 ◦C in Amarillo and Midland, respectively
while further west in Albuquerque it was 26 ◦C) with low mixing ratio
ranges of 1–2.8 g kg− 1 above those sites. Under such dry, warm, and
westerly and southwesterly flow regimes at both surface and upper air, a
deep boundary layer had prevailed, which finally favored significant
“volume mixing” of aerosols allowing strong entrainment of further
drier and cleaner air from the FT above to the local ABL over the site.
Finally, aerosol backscatter coefficients within the ABL were found to be
(Fig. 10) lower compared to the other two cases (case I and case III). For
case I, the results presented show the impact of frontal passages on ABL
aerosol transport and mixing via strong westerly flow bringing aerosol-
laden air at the lower level while frontal lifting facilitated making almost
the entire ABL aerosol-rich. Also, the impact of pre-frontal wind shift on
aerosol mixing was noted making the ABL cleaner due to the “fetch”
effect transporting cleaner air from a region affected by recent
precipitation.

We take this opportunity here to provide some additional insights on
the applicability of the findings reported here to other arid or semi-arid
regions. As recently reported by Dieudonné et al. (2024), more than a
thousand Doppler lidars are operational around the world while PM2.5
monitoring sites are also available in most of the sites or at location close
to those sites; there exists huge potential for the application of the
proposed framework to explore the impact of changing airmass
boundaries over land on aerosol variability, in particular, over arid and
semi-arid regions. For instance, Huang et al. (2014) provided some
excellent reviews on the typical transport paths of aerosols over east
Asian drylands; implications of airmass boundaries on those pathways
could be explored for more insights into this topic. Sorooshian et al.
(2011) demonstrated the potential of in-situ and columnar aerosol
measurements to examine monthly trends in aerosol composition,
aerosol optical depth (AOD), and aerosol size and characterized aerosol
properties using meteorological measurements and back trajectory an-
alyses in the southern Arizona region. However, airmass boundaries and
associated kinematics were not explored in detail. We are convinced that
airmass boundaries impact significantly the local ABL kinematics and
thermodynamics which finally plays a vital role governing both local
and regional scale aerosol variability. Thus, a huge opportunity exists
when aerosol variability is explored using a lens of changing airmass
boundaries over arid and semi-arid regions where dust remains abun-
dant due to aridity, high wind, and extremely warm temperatures (e.g.,
Huang et al., 2017a, 2017b). In this context, we note that within NASA’s
AERONET efforts, we installed a Cimel Sun Photometer in June 2023 at
RTC site for continuous daytime measurements of AODs and ongoing
research suggests some important evidence on the impact of synoptic
scale processes on AOD variability over the site (see Dhaliwal et al.,
2023 for some preliminary results). In future, we will combine collo-
cated measurements from Doppler lidar, Cimel and other in-situ sensors
measuring PM2.5 to explore additional details on the front-relative
spatiotemporal variability in aerosol features.

We also note that while there exists a plethora of research work citing
the implications of typical synoptic weather conditions on diverse
meteorological phenomena including convection initiation, aerosol
cloud microphysics, urban heat island, surface energy balance, carbon
cycle, to name a few, their (i.e., synoptic-scale systems) impact on the
variability in ABL aerosol field remained underexplored to a large extent
over arid regions, mainly due to lack of routine robust measurements.
Thus, it remained difficult to compare our findings with past work that
are also based on Doppler lidar derived ABL kinematics and aerosol
fields for exploring the impact of frontal systems including dryline
passages on aerosol variability over dryland ecosystems. For instance,
Takemi (1999) reported empirical findings while examining the impact
of squall line on severe dust storm over an arid region in China. Their
findings on the deep dry ABL in the pre-convective environment, frontal

lifting, and horizontal transport of heavy dusts are similar (if not iden-
tical) in nature as the case I reported here. Also, Holben et al. (2018)
using the Distributed Regional Aerosol Gridded Observation Networks
(DRAGONs) provided some pathways to report the meso- and micro-
scale aerosol features and processes across the world. Though synoptic
scale processes were acknowledged, they did not discuss the critical role
the airmass boundaries pose during the passages of mid-latitude cy-
clones on aerosol variability on diverse timescales. Also, Ledari et al.
(2020) used satellite measurements and model simulations to document
a frontal dust storm in west Asia and associated dry deposition; however,
ABL aerosol processes were not discussed.

6. Summary, conclusions, and outlook

Within this work, we argue that frontal passages are often not
explored yet crucial for understanding ABL features over arid regions,
particularly changes in aerosol turbulent mixing and transport within
the ABL. Using three case studies, we show evidence that the advection
of ABL airmasses plays a critical role in aerosol transport and mixing
over an arid region site in West Texas. Using Doppler lidar (i.e., T2-SDL)
observations of aerosol backscatter and vertical velocity fields as well as
tower-based measurements of thermodynamics conditions and near-
surface PM2.5 concentrations, this work brings an important perspec-
tive to explore boundary layer aerosol mixing and transport in frontal
environments. We provided observations demonstrating the capability
of Doppler lidar measurements to characterize the process occurring to
aerosol in dry regions under different weather conditions which yielded
close correspondence with the variability of near-surface PM2.5 con-
centrations. We explained how airmass exchange via advection is
essential for a better understanding of aerosol vertical mixing and hor-
izontal transport during both synoptically active weather conditions (e.
g., across a cold front and dryline) and under a quasi-stationary ABL
regime under fair weather conditions.

We conclude that the impact of cold front passages over drylands
could pose health risks for humans and animals. Also, case I served as an
example to comprehend the front-relevant impact and associated air-
mass change causing aerosol loading to change significantly within a
short time (i.e., <5-minute time scale) over a dryland ecosystem. The
observational findings reported here will help fill the gaps in our
knowledge about aerosol transport processes and their roles in govern-
ing visibility in frontal environments which remained one of the most
important factors causing poor environmental conditions, life-
threatening incidents including road accidents, hazardous driving con-
ditions, vehicle pileups, wind-blown dust, and dust storms, among
others (e.g., Ashley et al., 2015). Additionally, the results could serve as
a basis for examining dust emissions in arid regions (Klingmüller and
Lelieveld, 2023).

Given the features of atmospheric aerosol mixing processes in active
weather conditions over arid region is complex both due to the in-
terplays of contrasting flows and the geographical characteristics, these
results showed important features on the changes in aerosol regimes due
to local boundary layer circulations impacted by the passage of synoptic
scale weather systems. In particular, we introduced a novel conceptual
framework for characterizing boundary layer aerosol mixing impacted
by frontal environment over land. Additionally, this work shows some
compelling evidence on how meteorological processes (e.g., dryline,
frontal passage) and associate transport (e.g., airmass exchange via wind
shift, enormous turbulent mixing via frontal lifting) impact changes in
aerosol properties including aerosol concentrations and particle back-
scatter coefficient, and consequently visibility.

Finally, the findings reported will improve our understanding of the
changes in aerosol regimes over arid regions of various parts of the
world. Our work showed how to characterize aerosol transport before
and after the dryline passages and how to determine, improve upon, and
explain front-relative features in boundary layer aerosol mixing and
transport processes toward building a comprehensive understanding of
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the impact of advection on ABL aerosol regimes. Additionally, results
illustrate that the T2-SDL measurements have the capability of
measuring time sequence profiles of vertical velocity and aerosol
backscatter under both synoptically active and benign conditions and
events and provide comprehensive details on the front-relative changes
in aerosol mixing and transport in the ABL. We presented comprehen-
sive discussion on the prevailing synoptic set up using surface chart
analyses, collocated meteorological measurements from the West Texas
Mesonet site, local weather station measurements from nearest airport
and radiosonde launches from two nearby upper air sounding sites.
However, application of reanalysis products (e.g., North American
Regional Reanalysis, Mesinger et al., 2006) would be an important
future asset to provide more details on the framework discussed and
provide additional insights into the frontal passages in the region.

The measurement site is located in the downwind (under frequently
observed westerly flows) of Mexican Plateau. Thus, the front-relative
features in the ABL thermodynamics and associated changes in aerosol
transport were also influenced by additional complex interactions under
the presence of elevated mixed layer off the mountains and plateaus,
which is also prevalent in the spring and summer months (Anand and
Pal, 2022) but were not explored in this work. Additional measurements
with west-to-east transact covering the entire West Texas domain with
multiple lidars and PM2.5 sensors would be beneficial in this regard. The
framework used would need additional work before it is applied in
mountainous regions to account for the impact of thermally induced
flows (upslope, downslope, up-valley and down-valley) on aerosol
variability (e.g., Pal et al., 2014). Additionally, the measurement site of
PM2.5 observations were located >8 km east of the lidar site, which
remains another limitation of this work give spatiotemporal variability
in aerosol particles, in particular, during synoptically active environ-
ment is generally very high as reported in some recent studies (e.g., Chen
et al., 2023; Feng et al., 2023). Although the PM2.5 measurements pro-
vided a general overview of the near-surface aerosol conditions, cau-
tions need to be taken to directly relate these measurements to lidar
measurements since measurement heights are different from each other:
1 m AGL for PM2.5 and lidar measurement starts at ~90 m AGL. Another
additional limitation was the poor temporal resolution of the PM2.5
measurements presented here (i.e., hourly). We strongly believe that
high-resolution measurements of PM1, PM2.5 and PM10 and particle size
distribution of aerosols in this environment would be highly beneficial
as reported in other studies (e.g., Sheih et al., 1983; Peter et al., 2010).
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Appendix A

The objective of this section is to provide additional information on the thermodynamic conditions in the experimental region during the three
cases. We used nearby radiosonde profiles at different times (note UTC time) obtained from the two nearby National Weather Service Upper-Air
Network sites, namely, Amarillo (35.23◦N, 101.71◦W, 1094 m MSL) and Midland (31.94◦ N, 102.19◦ W, 873 m MSL), located in the Permian
Basin of the West Texas plains. These two sites in the Texas Panhandle region encounter extreme seasonal variability in temperature (seasonal
temperature ranges of 28 ◦C and 27 ◦C for Amarillo and Midland, respectively). Midland is drier than Amarillo in terms of annual precipitation
(NOAA/NWS, 2020; NOAA/NWS Midland/Odessa, TX, 2020).

Both Amarillo and Midland are located on flat terrain. Amarillo is located in the grasslands of Northern Texas and is surrounded by dense prairies.
Midland is located in a large sedimentary basin, commonly referred to as the Permian Basin, encompassing western Texas and southeastern New
Mexico. The radiosonde measurements and surface observations from the launch site are then compiled into a sounding profile and then distributed to
local, regional, and national forecasting offices and agencies across the globe (Durre et al., 2006). One of these agencies, the National Climatic Data
Center (NCDC), compiled quality-controlled radiosonde observations into a user-friendly, readily accessible dataset referred to as the Integrated
Global Radiosonde Archive (IGRA, Durre and Yin, 2008). Using the radiosonde measurements, we showed the thermodynamics profiles obtained for
case I (21 March 2022, Fig. A.1), case II (28 April 2022, Fig. A.2), and case III (2 May 2022, Fig. A.3). One should note that we used 00-UTC launches
for the next calendar day (e.g., 00 UTC on 22 March 2022) as it corresponds to the daytime lidar measurements of 21 March 2022 (i.e., LST = UTC - 6
h). Additionally, Fig. A.4 shows the temporal evolution of near-surface thermodynamic conditions including temperature, dewpoint temperature, and
mixing ratio from 1600 to 2248 UTC on 28 April 2022.
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Fig. A.0. Temporal variability in PM2.5 concentrations measured at the TCEQ-CAMS site in Lubbock during a three-day sequence centered around the day of case I
(a), case II (b), and case III (c). Line and symbols in black, red, and blue mark the measurements on the day before, on the day, and after one day of the case study,
respectively. The horizontally aligned red-dashed line along the x-axis on each panel marks the period of lidar measurements during the three cases.
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Fig. A.1. Overall thermodynamic condition using the radiosonde-derived profiles of water vapor mixing ratio (a) and potential temperature (b) obtained on 22
March 2022 over Amarillo. Panels c and d are same as panels a, and b, respectively but over Midland. zi marked on each panel separates the ABL (shaded region) and
overlying FT.

Fig. A.2. Same as Fig. A.1 but for 29 April 2022. Panels c and d are same as panels a, and b, respectively but over Midland. zimarked on each panel separates the ABL
(shaded region) and overlying FT.
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Fig. A.3. Same as Fig. A.1 but for 3 May 2022.
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Fig. A.4. Temporal evolution of temperature (a), dewpoint temperature (b) and mixing ratio (c) from 1600 to 2248 UTC on 28 April 2022 using the observations
obtained at the West Texas Mesonet (WTM) site at RTC. Dashed brown arrows mark the period when T2-SDL measurements of aerosol backscatter and vertical
velocity field were made in a post-dryline fair weather environment.
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Fig. A.5. Synoptic set up at both 850 and 700 mb levels across the US for the three cases (a and b for case I, c and d for case II, and e). Source: Storm Prediction
Center. https://www.spc.noaa.gov/obswx/maps/.

Fig. A.6. Temporal evolution of dewpoint temperature (◦C) measured at Lubbock International Airport ASOS site illustrating the dryline passage between 11 and 12
LT on 21 Mar 2022.
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Fig. A.7. Temporal variability in vertical velocity variance observed around zi/2 (i.e., σw2 (zi2) in m
2 s− 2) during case I (panel a), II (panel b), and III (panel c).

Table A1
Sensor resolution and accuracy for WTM sensors used in this study.

Sensor Resolution Accuracy

WTM WS 0.03 ms− 1 0.3 ms− 1

WTM WD 0.05◦ 3◦

WTM Temperature 0.01 ◦C ± 0.2 ◦C
WTM RH 0.1 % ± 3 %

Data availability

The radiosonde datasets used in this study were obtained from the
IGRA data archive available at (ftp://ftp.ncdc.noaa.
gov/pub/data/igra/data/). The synoptic analyses and associated maps
are available from Weather Prediction Center archive (https://www.
wpc.ncep.noaa.gov/archives/web_pages/sfc/sfc_archive.php) and the
METAR data were obtained from NWS archive (https://www.
aviationweather.gov/metar). Lidar data will be made available on
request. Additionally, air quality information reports and relevant sta-
tistics were freely available directly from the US EPA site (https://www.
epa.gov/outdoor-air-quality-data). Doppler lidar data and other mete-

orological measurements will be made available on request.
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