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Abstract. During the 2017 Ozone Water Land Environmen-
tal Transition Study (OWLETS), the Langley mobile ozone
lidar system utilized a new small diameter receiver to im-
prove the retrieval of near-surface signals from 0.1 to 1 km
in altitude. This new receiver utilizes a single 90° fiber-
coupled, off-axis parabolic mirror resulting in a compact
form that is easy to align. The single reflective surface offers
the opportunity to easily expand its use to multiple wave-
lengths for additional measurement channels such as visible
wavelength aerosol measurements. Detailed results compare
the performance of the receiver to both ozonesonde and in
situ measurements from a UAV platform, validating the per-
formance of the near-surface ozone retrievals. Absolute O3
differences averaged 7 % between lidar and ozonesonde data
from 0.1 to 1.0 km and yielded a 2.3 % high bias in the lidar
data, well within the uncertainty of the sonde measurements.
Conversely, lidar O3 measurements from 0.1 to 0.2km av-
eraged 10.5 % lower than coincident UAV O3. A more de-
tailed study under more stable atmospheric conditions would
be necessary to resolve the residual instrument differences
reported in this work. Nevertheless, this unique added capa-
bility is a significant improvement allowing for near-surface
observation of ozone.

1 Introduction

Tropospheric ozone is a trace gas regulated by the US En-
vironmental Protection Agency due to its harmful impacts
to human health and the environment. Specifically, ground-

level ozone can cause serious problems for sensitive groups
such as children, the elderly, or those with respiratory dis-
eases (Federal Register Environmental Protection Agency,
2015). Ozone is formed as a secondary pollutant from oxides
of nitrogen, volatile organic compounds and photochemical
reactions often present in metropolitan and densely popu-
lated communities. Ozone must be continuously monitored
to comply with current air quality regulations designed to
protect the public. Knowing the vertical ozone profile dis-
tribution allows for insights into boundary layer and free-
troposphere dynamics, providing a more complete under-
standing of surface ozone behavior. Therefore it is desirable
to have instruments capable of measuring ozone from the
ground level to stratospheric altitudes.

The Tropospheric Ozone Lidar Network (TOLNet) was
established by NASA to provide needed observations of
ozone vertical distribution to better understand pollution dy-
namics for improving forecast models and satellite retrievals
of atmospheric pollutants (Newchurch et al., 2016). The Lan-
gley mobile ozone lidar (LMOL), a participating lidar in
TOLNet, is a differential absorption lidar system (De Young
et al., 2017) that uses a custom pulsed UV laser that gen-
erates two wavelengths to obtain vertical profiles of ozone
from backscattered light. The system fits into a small mobile
trailer and is capable of being operated at remote locations.
LMOL has been used in multiple field campaigns (Leblanc
et al., 2017; Sullivan et al., 2014; Wang et al., 2017) and pro-
vided data for the Ozone Water Land Environmental Transi-
tion Study (Sullivan et al., 2018; Berkoff et al., 2017) in sum-
mer 2017. The OWLETS campaign aimed to evaluate gradi-
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ents between water and land in coastal regions, and LMOL
provided vertical profiles “over water” by stationing the li-
dar at the mid-point of the Chesapeake Bay Bridge Tunnel
system near the mouth of the Chesapeake Bay. In addition to
the UV measurements, this system can also transmit 527 nm
light for additional measurements of aerosol and cloud pro-
files.

One of the key challenges for lidar systems, including
those in TOLNet, is the recovery of the near-range sig-
nals closest to the surface where incomplete transit—receiver
geometrical overlap, detector saturation, and other nonlin-
ear effects impact the ability to correctly process signals.
Secondary smaller diameter receivers with a wider field of
view are often employed co-aligned with the lidar transmit
beam to better recover near-range signals, typically using
a single focusing lens (Megie, 1985). In this paper, we de-
scribe the use of a unique small-diameter (7.62 cm) off-axis
parabolic (OAP) fiber-coupled mirror configuration to more
easily recover LMOL near-range signals. The OAP approach
enables closer range capability for the LMOL instrument in
a small, compact form and, unlike traditional refractive el-
ements, is able to simultaneously measure green and UV
wavelengths more easily.

2 Design and description of setup

In previous campaigns prior to 2017, LMOL used a 30 cm
diameter Fresnel lens as its near-field receiver. This arrange-
ment had alignment stability issues, was mechanically cum-
bersome and could only monitor UV signals. For far-field
measurements (>800 m range in altitude) a 40 cm diameter
Newtonian telescope was used to collect backscattered light
and provided stable results in prior campaigns for both UV
and green wavelengths. The configuration for the OWLETS
2017 campaign maintained the same far-field telescope, laser
transmitter and optics while using a new near-field receiver
consisting of a 7.6 cm diameter, 90 ° OAP with a 7.6 cm fo-
cal length (Fig. 1). A 1 mm core diameter multimode fiber
with a 0.5 numerical aperture matching the fast (f-number
1.0) OAP was mounted in an x—y—z positioning stage and
aligned to the focus point of the mirror (Fig. 2). The fiber
core diameter and mirror focal length combination provides
a 13.2 mrad full-angle field of view, approximately 10 times
larger than the existing far-field receiver. Initial fiber align-
ment of the OAP was done in a laboratory setting using a
visible collimated beam verified by an interferometric shear
plate to position the fiber launch at the focal point of the
OAP. The fiber x—y—z position was also verified using an
autocollimator to examine the quality of beam collimation
from the mirror when the fiber was back-illuminated. Once
positioned, the fiber distance and position did not require
any course adjustments in the field. The entire assembly was
mounted on a two-axis goniometer with the mirror placed
looking upward next to the LMOL far-field receiver. The
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Figure 1. System setup with OAP mirror receiver adjacent to the
larger far-field receiver.

Figure 2. Fiber-coupled OAP configuration.

goniometer arrangement allowed for repeatable angular ad-
justment of the assembly pointing direction for atmospheric
alignment to the LMOL transmitted beam. The LMOL trans-
mitted beam is generated by a tunable Ce:LiCAF laser at a
1 kHz pulse repetition rate, with 0.1 mJ pulse. Pulse-to-pulse
wavelength switching is accomplished with rapidly tuning
the Ce:LiCAF oscillator between 286 and 292 nm across
an ozone absorption feature, enabling differential absorption
backscatter measurements of ozone as a function of altitude
and time to be obtained (De Young et al., 2017).

3 Atmospheric alignment and measurements

The outputs of the fibers from the near-field and far-field
telescopes were coupled to collimating optics and UV band-
pass filters (280-295 nm spectral window), which were inte-
grated with Hamamatsu photomultiplier tube (PMT) detec-
tors in light-tight enclosures. For normal atmospheric science
data collection, the outputs of the PMTs were connected to
a Licel data system that provided simultaneous analog and
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photon-counting measurements of both the near-field and
far-field PMT signals. The Licel system was synchronously
gated with the alternating wavelength pulses, so that 286 and
292 nm wavelength profiles were separately captured by the
data system memory and subsequently recorded to the com-
puter data acquisition system for processing of raw signals
into calibrated ozone profiles.

A two-step process is used to align backscattered signals
to the near-range and far-range receivers. First, the far-field
receiver signal is optimized by changing the angular adjust-
ments on the last outgoing mirror by monitoring the signal
on either an oscilloscope or real-time raw signal display gen-
erated by the data acquisition system and fixing the mirror
in place. The transmitted beam is placed at the center of the
far-field receiver field of view (FOV) by monitoring the real-
time signal amplitude at a range bin in the upper free tropo-
sphere (typically 3-5km altitude) and centering the mirror
adjustments at the maximum signal level. After alignment of
the transmitted beam to the far-field receiver, the second step
orients the near-field receiver to the transmit beam using the
near-field goniometer mount adjustments. The near-field ori-
entation is then optimized by centering its FOV to the trans-
mit beam by finding the center maximum of the signal in the
lower free troposphere (typically 1-1.5 km). Because of the
higher noise level of the near-field channel, this alignment
was refined with a real-time range-integrated (i.e., 1-1.5 km)
signal which required sufficient signal strength to be obtained
over a 2-3 s average. Once both receivers’ signals were veri-
fied in alignment with the laser beam, then atmospheric data
would be collected, typically at 20 s temporally averaged pro-
files at 7.5 m vertical sampling resolution.

The processing of raw profile signals to obtain calibrated
ozone profiles is based on the standard DIAL technique de-
scribed previously (Browell et al., 1985). Raw signals, both
analog and photon counting, are background subtracted and
range-squared before applying a single-pass Savitzky—Golay
filter. The background subtraction is obtained from above
6 km for the near-field receiver data, where residual signal
effects are insignificant. Analog and photon-count channels
are merged together to provide a single optimized profile
for range and signal-to-noise performance. Ozone cross sec-
tions, along with pressure and temperature information from
co-located radiosonde launches, are used as part of the pro-
cess to extract ozone mixing ratio as a function of altitude.
The ozonesonde launches associated with the present data
are frequent enough (>2 day~!) to have a better than 3 % er-
ror due to pressure and temperature uncertainties. In general,
LMOL uses the GEOS-5, near-real-time data product (Put-
man et al., 2011) to retrieve pressure and temperature when
no ozonesonde/radiosonde data can be used. The process is
repeated for each new profile on a 5 min temporal averaged
basis to provide a continuous curtain display on the evolution
of ozone vertical distribution during the course of a day.

LMOL far-field ozone profiles prior to 2017 have been
compared with ozonesonde launches and other ozone lidar
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systems in various field campaigns and cross-validation stud-
ies (Leblanc et al., 2018; Sullivan et al., 2014). From these in-
vestigations, typical cross-comparisons of the far-field chan-
nel fall within 5 %—7 % of the signal level reported, consis-
tent with propagated errors in the LMOL ozone data prod-
ucts. The summer 2017 OWLETS campaign provided a
unique opportunity to demonstrate the capabilities of the new
near-range OAP receiver for LMOL. The LMOL lidar sys-
tem was stationed at the third island of the Chesapeake Bay
Bridge Tunnel site (CBBT) to obtain “over-water”” measure-
ments of ozone. In addition to the lidar, ozonesonde flights
were regularly launched from CBBT during the OWLETS
campaign. Each ozonesonde flight contained an in situ instru-
mentation package consisting of an iMet radiosonde measur-
ing temperature, water vapor, winds, and pressure along with
an electrochemical ozone sensor package manufactured by
EN-SCIL.

The OAP receiver alignment procedure was optimized
during the OWLETS campaign and used to retrieve ozone
profiles between 120 and 1000 m in altitude, nearly the entire
atmospheric boundary layer. Values below 120 m in altitude
were significantly influenced by typical near-range nonlinear
effects and are not included in the analysis. Similarly, far-
field data from O to 400 m in altitude are not analyzed. Future
development of a similar OAP system for even closer-range
capability is being considered.

For the OAP performance analysis, OWLETS data taken
on 1-2 August 2017 represent the most comprehensive in-
tercomparison opportunity taken during the campaign, with
five ozonesondes launched during a continuous 32 h duration
of LMOL measurements with the new OAP near-range re-
ceiver. In addition, a small drone (UAV) with an in situ ozone
monitor on board was also flown at this time at the same
CBBT location, providing near-range vertical ozone profiles
from 0 to 200 m in altitude, allowing for additional lidar in-
tercomparisons on both days. The UAV in situ ozone sen-
sor consisted of a 2B Technologies model POM (personal
ozone monitor) device that is an approved federal equivalent
method (FEM) and NIST traceable ozone measurement with
=£2 ppbv or better absolute accuracy and which contained its
own built-in data storage, battery, sampling air flow pump,
and GPS tracker (2B Technologies, 2016). The POM was
mounted to the top structure of the UAV and then flown in
different flight patterns to investigate near-range variability
in ozone at the CBBT site.

Figure 3 displays the 32h data taken by the near-range
OAP receiver, overlaid with the ozonesonde, UAV and sur-
face in situ ozone measurements taken in the 1-2 August
time frame. The vertical resolution of the lidar data changes
with altitude by an adaptive smoothing technique that is de-
scribed in work detailing a titration event captured during
the OWLETS campaign (Gronoff et al., 2018). Data collec-
tion started at approximately 08:00 local time on 1 August,
with surface and near-surface ozone increasing in magnitude
as the day progressed. A collapse in boundary layer can be
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Figure 3. LMOL ozone 32 h lidar curtain obtained 1-2 August, overlaid with five ozonesonde measurements and UAV in situ measurements

(0-200 m).

seen at ~ 20:00 UTC (16:00 local time), which contributes
to the formation of a more defined enhanced ozone layer (up
to 95 ppbv) approximately 400 m above the surface. This re-
mains as a residual layer into the evening, possibly contribut-
ing to some marginal ozone enhancement at the surface until
04:00 UTC. The sonde wind speed data were stagnant during
this time, a significant rapid reduction in surface tempera-
ture was noted, and the ceilometer reported a corresponding
layer height change, with its planetary boundary layer height
product significantly dropping at 20:00 UTC to 500 m above
the surface, consistent with the ozone layer height change.
Further study would be needed to determine if the ozone en-
hancement at 400 m is due solely to the mixed layer collapse
or other complex changes over short spatial scales, such as
effects from the adjacent shipping channel or other nearby
sources. Values at the surface and lowest altitudes then de-
crease significantly in the early morning hours of 2 August
as the elevated layer also somewhat dissipates and also mixes
to higher altitudes with the growth of the 2 August boundary
layer. This result from the new near-range OAP capability
illustrates that the temporal evolution of ozone can be com-
plex and more clearly reveals how near-surface ozone layers
influence surface ozone levels.

In general, the ozone measurements between lidar,
ozonesonde, surface, and UAV were found to be fairly
consistent with each other where spatiotemporal coinci-
dences occur. However, measurement differences can occur
in ozonesonde-lidar comparisons due to atmospheric sam-
pling discrepancies due to wind advection of the ozonesonde
position as well as due to the time constant of the electro-
chemical sensor. From discussions with the manufacturer and
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known ascent rate of the ozonesonde, the vertical resolution
of the ozonesonde is estimated to be 200 m.

Figure 4 shows the ozonesonde profiles and correspond-
ing OAP near-range receiver profiles and the corresponding
uncertainties. For this comparison, the OAP receiver data
were smoothed to 200 m resolution to match the expected
ozonesonde vertical resolution.

As can be seen from Table 1, the 0—1 km column bias dif-
ferences between lidar and ozonesonde are relatively small,
on average —2.3 %, with the lidar having an overall high
bias relative to the ozonesonde launches. While the colum-
nar bias is of interest to assess the overall polarity of the off-
set, an absolute columnar bias is also reported in Table 1,
determined by taking the absolute difference at each height
prior to the mean to assess magnitude of error irrespective of
polarity. This absolute error parameter eliminates difference
minimization effects when a positive bias in one part of the
profile serves to reduce a negative bias at another location in
the profile, providing additional information on differences
in column magnitudes.

Although the UAV measurements were limited to 200 m
altitude due to FAA airspace regulations, a number of vertical
profiles were obtained on 1 and 2 August and provide addi-
tional intercomparison with the new OAP near-range receiver
in the lowest portion of its altitude range. Figure 5 shows a
time series comparison during the 1-2 August flights over the
lidar and within the altitude range of the receiver. Unlike the
ozonesonde, the UAV can be held to a controlled fixed posi-
tion over the lidar, reducing some of the air mass sampling
issues with the ozonesonde. The ozone concentrations mea-
sured by the POM on the UAV averaged 9.46 % and 11.63 %
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Figure 4. Ozonesonde and LMOL comparison for near field (0—1000 m) and the percent height differences for all flights displayed on the

bottom-right plot.

Table 1. Comparison of ozonesonde and LMOL column (0 to 1km) average ozone values (ppbv), the percent differences (bias), and the
absolute differences for Fig. 4 flights. The data sample standard deviations are also shown along with the mean values.

Percent  Absolute percent

Sonde mean + SD LMOL mean+SD difference difference

1 Aug, 15:07UTC 58.4+1.97 59.0+£4.92 -1.0 6.6
1 Aug, 20:02 UTC 67.2+£2.35 67.8£6.85 -0.9 7.5
2 Aug, 04:02 UTC 54.3+£6.26 55.9+10.8 —-2.8 5.0
2 Aug, 10:02UTC 49.6£6.13 52.0+£7.28 —-4.9 6.2
2 Aug, 15:42UTC 54.0+2.63 55.0+£7.72 —-1.8 9.7
Mean of percent differences 23 7.0

higher than LMOL measurements for 1 and 2 August, re-
spectively.

Error discussion

TOLNet lidar systems have collectively developed rigorous
processing algorithms based on Network for the Detection
of Atmospheric Composition Change (NDACC) ozone lidar
protocols to ensure consistency in O3 data products and as-
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sociated uncertainties between instruments (Leblanc et al.,
2016, 2018). The OAP error bars presented in Fig. 4 are the
errors propagated from these standardized TOLNet/NDACC
protocols and take into account random detector noise as well
as other uncertainties including O3 absorption and Rayleigh
cross sections used in determining concentration values.
Comparisons with co-located electro-chemical ozonesonde
flights is a traditional approach used to cross-validate with
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Figure 5. Time series for 1-2 August 2017 of UAV measurements above 120 m and the corresponding LMOL data.

Table 2. UAV and LMOL comparison for 1 and 2 August for sam-
plings taken above LMOL above 120 m. The data sample standard
deviations are also shown along with the mean values.

UAV mean LMOL mean Percent

(ppbv) £SD  (ppbv) £SD  difference

1 Aug 2018 60.9+5.92 55.4+7.24 9.46
2 Aug 2018 48.7+7.76 43.3+8.88 11.63

O3 lidar profiles, typically limited to 5 % absolute accuracy.
LMOL’s 5 min profiles have an uncertainty of 7 %—8 % in the
100 m—1 km range, somewhat larger than the absolute value
for the ozonesonde. In Fig. 4, the LMOL profiles have been
optimized to have a 200 m vertical resolution, which corre-
sponds to the ozonesonde resolution. The percent difference
profiles of all flights in Fig. 4 have deviations that appear
fairly random in nature and fall within the propagated errors.
The highest bias appears on the last ozonesonde at around
500 m; a more detailed study of that event indicates the at-
mosphere was highly variable at this time frame. A com-
parison of the lidar profile taken 20 min earlier to the same
ozonesonde significantly reduces the deviation, suggesting
atmospheric spatiotemporal variability as the cause. While
the sample standard deviations reported in Table 1 are signif-
icant compared to the sonde-lidar difference biases, the per
flight 0—1 km mean values allow for higher precision deter-
minations due to the significant number of samples available
in the column. Sonde-lidar column difference values, except
flight no. 4 (2 August, 10:02 UTC), in Table 1 are close to or
fall within the reported accuracy limits. It is also noted that
flight no. 4 is closest to dawn when atmospheric heterogene-
ity is typically greatest and may explain some of its larger
deviations. In general, the sonde-lidar differences overlap
within their expected errors (with the exception of flight no.
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4), indicating agreement to the extent possible within the per-
formance limits of the ozonesonde and OAP data.

The UAV-lidar differences in Table 2 are biased opposite
in sign and somewhat larger than the expected instrument
error. The exact cause of the larger UAV-lidar bias remains
unclear but could be potentially attributed to multiple fac-
tors. The UAV in situ sensor provides high temporal resolu-
tion (10 s) with a very small volume sample compared to the
OAP observed air mass. The high degree of short-term sig-
nal variability evidenced by the Fig. 5 time series suggests
rapidly changing significant small-scale gradients, making
the UAV and lidar co-comparison more challenging than an-
ticipated. The near-surface variability is attributed, in part, to
large shipping lane traffic adjacent to the CBBT site as well
as other factors, documented in Gronoff et al. (2018), where
large changes in Pandora columnar NO; correlated with lidar
near-surface ozone titration events. Furthermore, the signal
closest in range has the greatest potential for instrumental er-
ror, and limited height range of the UAV may have revealed
an increased error for the lowest few recoverable range bins
<200 m, and suggests the need for further investigation. A
more detailed study under more stable atmospheric condi-
tions would be needed to more effectively resolve the resid-
ual instrumental biases reported here.

4 Summary

It was determined that the improved receiver setup for LMOL
allowed for preliminary validation of ozone lidar measure-
ments at a minimum of 120 m compared to the 800 m mini-
mum of the larger far-field receiver. This improvement sig-
nificantly enhances the capability of the LMOL system,
allowing for a better understanding of low-altitude (120-
1000 m) ozone atmospheric dynamics that are critical in
evaluating atmospheric models and air pollution satellite re-
trievals. The new fiber-coupled OAP receiver offers the ben-
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efit of small compact form and can be adapted more easily to
aerosol visible wavelength measurements due to the use of a
reflective focusing element. Such a measurement can be pos-
sible by using a dichroic beamsplitter at the fiber output to
separate green backscattered light from the laser pump of the
current system to measure the light separately from the UV
retrieval. Comparison measurements with ozonesonde and
UAV measurements show good agreement with the ozone
values obtained from the new receiver. LMOL values were
biased above the ozonesonde measurements but biased be-
low the UAV measurements, but generally fall within known
uncertainties. This new measurement capability for LMOL
improvements will continue to further the goals of TOLNet,
allowing for development of more compact lower-cost lidar
systems with near-range measurement capabilities.
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