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A B S T R A C T

Accurately capturing the evolution of episodic stratosphere-to-troposphere transport is critical due to the potential impacts on both climate and air quality. Until now,
investigating associated spatiotemporal gradients in total column ozone (TCO) has primarily been the task of observations from polar-orbiting satellites as well as
high-resolution models. We explore how a network of five ground-based Pandora spectrometer systems can be utilized in a similar fashion. The passage of a strong
mid-latitude cyclone in March 2018 and its associated stratospheric intrusion is used as a case demonstrating the ability of networked Pandora observations to
contextualize these regions of transport across space and time. Results show that the high temporal resolution of Pandora observations and the networked approach
were able to resolve increases in TCO associated with stratosphere-to-troposphere transport and to capture the spatial context of the chosen episode. The use of
networked Pandora observations shows promise for additional transport studies and for supporting future geostationary atmospheric composition satellite missions
and modeling efforts.

1. Introduction

Downward transport of ozone (O3) from the stratosphere to the
troposphere is a long-established principal natural contributor to tro-
pospheric O3 (Singh et al., 1978). Accordingly, the frequency and
strength of this transport have potential implications for both climate
and air quality (Fiore et al., 2003). In fact, several studies have directly
linked stratosphere-to-troposphere transport (STT) to observed surface
O3 exceedances (e.g., Kaldunski et al., 2017; Langford et al., 2009; Lin
et al., 2012). Therefore, improving observations and modeling of STT
continues to be an active area of research.

In the mid-latitudes particularly, STT is highly episodic and most
often associated with synoptic scale wave features (Stohl et al., 2003).
For example, surface cold fronts associated with mid-latitude cyclones
are a key contributor to the prevalence of STT (Danielsen, 1968; Holton
et al., 1995; Lamarque and Hess, 1994; Wirth and Egger, 1999) because
they induce lowering of the tropopause beneath a jet circulating the

area of low-pressure (Langford et al., 2017 and references therein).
Further, STT mediated by mid-latitude cyclones has been shown to
occur frequently during the winter to spring transition (Elbern et al.,
1998), a period that coincides with maxima in lower stratospheric O3

(Monks, 2000). These surface low-pressure systems are also accom-
panied by an upper-level trough that supports their development, steers
their evolution, and aids in STT through the equatorward advection of
O3-rich air masses that are also poor in water vapor (Browning and
Pardoe, 1973; Carlson, 1991; McClain, 1960). As they are advected,
these air masses descend while wrapping cyclonically into the center of
low-pressure and induce cloud-free conditions that are often referred to
as the “dry slot” of the cyclone (Browning, 1997) (Fig. 1b). STT is an
additional consequence of their descent and, because they are O3-rich
as compared to their surroundings, their advection creates distinct
spatial gradients in O3. For these reasons, STT events have been shown
to enhance satellite-derived total column O3 (TCO) in their vicinity by
10–20% between daily overpasses (e.g., Bonasoni et al., 2000; Stohl
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et al., 2000).
Most recently, researchers have benefitted from the higher resolu-

tion and improved representation of O3 dynamics within models to
explore STT (Knowland et al., 2015, 2017a,b; Ryoo et al., 2017; Škerlak
et al., 2014) and have shown that mid-latitude cyclones can account for
approximately half of all northern hemisphere (NH) STT of O3 (Jaeglé
et al., 2017). For decades before this, research relied on several addi-
tional approaches that leveraged sparsely located ground-based and in-
situ techniques. Numerous investigations heavily utilized O3 lidars,
ozonesonde profiles, and surface O3 monitors to investigate the influ-
ence of strong stratospheric intrusions (SIs) on air quality at higher
elevations (e.g., Langford, 1999; Langford et al., 1996, 2009, 2012;
Lefohn et al., 2011; Lin et al., 2012; Shapiro, 1980). For example, Lin
et al. (2012) used all three of these observational datasets synergisti-
cally with models to estimate that a deep SI can contribute as much as
40 ppbv of O3 to surface concentrations at sites in the intermountain
west region of the United States (US). While studies centered on this
array of observational datasets are less prevalent now in favor of
modeling approaches, recent advances in ground-based, direct-sun re-
mote sensing of O3 may provide novel insight on STT episodes.

To identify spatial TCO gradients and thus potential regions of STT,
observations from polar-orbiting satellite platforms retrieving TCO
have been a primary tool (e.g., Knowland et al., 2017a; Olsen et al.,
2000; Ott et al., 2016). The power of these observations is their near-
global coverage and ability to often conduct retrievals even near the
complex cloud structure of mid-latitude cyclones (Susskind et al.,
2006). However, temporal resolution is a noted limitation due to
overpasses only occurring once or twice daily. Fully exploring the
evolution of STT episodes may therefore benefit from the use of ground-
based observational datasets with enhanced temporal resolution. This
was demonstrated by Fioletov (2008), who provided a case study de-
monstrating the ability to track rapid lowering of the tropopause and
associated TCO enhancements on sub-daily timescales with observa-
tions from a ground-based radar and Brewer spectrophotometer.

March 2018 was a period of frequent cyclogenesis over the eastern

US, typical as the winter transitions to spring. The passage of a mid-
latitude cyclone during the period of 13–14 March 2018 and its likely
associated STT is used to answer the scientific question: can a small
number of networked, ground-based Pandora spectrometer systems in the
northeast US effectively resolve the highly dynamic TCO features associated
with STT? The combination of ground-based, space-based, and modeled
datasets used in this analysis are described in detail in Section 2. In
Section 3, we compare Pandora observations to the ancillary datasets to
contextualize this episodic transport and to highlight differences in how
each platform resolved the chosen case. Conclusions are presented in
Section 4.

2. Datasets and methods

2.1. Ground-based observational datasets

2.1.1. Pandora
Pandora is a ground-based UV–Visible spectrometer system capable

of columnar direct-sun and moon observations as well as sky-scanning
profiles (Cede, 2017; Herman et al., 2009). Pandora direct-sun TCO
data are reported to an accuracy of± 15 Dobson units (DU, where 1
DU = 2.69 × 1016 molecules cm−2; Müller et al., 2017). Spectra col-
lected by Pandora instruments are analyzed using a Differential Optical
Absorption Spectroscopy technique (DOAS; Platt and Stutz, 2008).
Under standard direct-sun operations, Pandora provides a TCO data
point approximately every 120 s. Additionally, the turnaround time for
data processing (within approximately 10 min of spectra being mea-
sured in the field; Müller et al., 2017) provides the possibility of using
observations to monitor the spatiotemporal evolution of TCO associated
with STT in near real-time. Currently, only the direct-sun observation
mode of Pandora has been extensively validated against other ground-
and space-based remote sensing platforms (e.g., Baek et al., 2017;
Herman et al., 2015; Reed et al., 2013; Tzortziou et al., 2012). Thus,
this analysis is limited to hourly averaged (matching the temporal re-
solution of the model dataset) Pandora direct-sun TCO observations.

Fig. 1. (a) True color imagery on 13 March 2018 from the Moderate Resolution Imaging Spectrometer (MODIS) onboard NASA's Terra satellite (accessed 06
December 2018 from https://worldview.earthdata.nasa.gov/) emphasizes the presence of a mid-latitude cyclone (comma-shaped cloud feature) off the coast of the
eastern US. Additionally, note the general lack of cloud cover over the eastern US to the west of the system. Pandora system locations, labels, and geographic
coordinates are indicated (magenta crosses and list). (b) Similar to (a) with the inclusion of total column water vapor content from MODIS onboard Terra (accessed
18 September 2019 from https://worldview.earthdata.nasa.gov/). Blue shading represents low amounts of water vapor whereas red shading represents higher
amounts of water vapor in the atmospheric column. Note the relatively low water vapor content over the eastern US study region and that water vapor content
increases moving eastward across the cyclone. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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At each site, Pandora data were filtered for clouds and algorithmic
error according to Tiefengraber and Cede (2017) by excluding data
points with a normalized weighted root-mean squared spectral fitting
residual> 8× 10−3 and a reported uncertainty> 15 DU. This filtering
was mostly driven by cloud conditions throughout the month and re-
sulted in the removal of approximately 40% of the total observations at
each site. Despite this, temporal gaps in the Pandora dataset that would
be detrimental to contextualizing STT do not exist for March 2018 due
to STT being confined to the dry, cloud-free environment to the west of
each cyclone.

Between 2016 and early 2019, the number of Pandora systems sited
globally expanded beyond 75 as part of the emerging National
Aeronautics and Space Administration (NASA) and European Space
Agency (ESA) cooperative Pandonia Global Network (PGN; Swap et al.,
2018). For this study, observations from five Pandora systems sited at
locations throughout the northeast US were used. These sites and their
coordinates are given in Fig. 1a and from south to north are: Pandora
#38 at NASA Langley Research Center (LaRC); Pandora #40 at the
Virginia Commonwealth University Rice Rivers Center (VCU); Pandora
#32 at NASA Goddard Space Flight Center (GSFC); Pandora #19 at
University of Maryland, Baltimore County (UMBC); and Pandora #135
at the City College of New York (CCNY). Additionally, Fig. 1 shows
these sites with true color imagery (Fig. 1a–b) and total column water
vapor imagery (Fig. 1b) on 13 March 2018 from the Moderate Re-
solution Imaging Spectrometer (MODIS) onboard NASA's Terra sa-
tellite. This imagery emphasizes not only the cloud structure of the
cyclone but also the relatively dry and cloud-free conditions over the
southeast US.

Operating Pandora in direct-sun (i.e. sun tracking) mode provides
capabilities for the chosen case that would not have been afforded by
zenith-only observations. Primarily, direct-sun observations have the
advantage of simplifying assumptions in the DOAS retrieval sur-
rounding air mass factors (Platt and Stutz, 2008). However, direct-sun
viewing geometries also allow for estimating the geographic location of
maximum O3 absorption for each Pandora observation and horizontally
translating the data point to these “effective coordinates”. While studies
considering Pandora viewing geometries when making comparisons to
airborne and polar-orbiting satellite measurements exist (e.g., Müller
et al., 2017; Nowlan et al., 2018; Spinei et al., 2018; see also Verhoelst
et al., 2015), the use of effective coordinates has potentially enhanced
utility for comparisons to more continuous datasets such as model
outputs and geostationary satellite observations. It should also be noted
that effective coordinates are most applicable during investigations of
O3, and more specifically TCO, due to the nature of O3 maxima oc-
curring in the stratosphere and not near-surface (e.g., as with species
such as nitrogen dioxide and formaldehyde).

The effective coordinates of each hourly-averaged Pandora TCO
data point are calculated using its corresponding hourly-averaged solar
zenith and azimuth viewing angles (e.g., Müller et al., 2017) and an
assumed maximum in O3 absorption at an altitude of 22 km (compare
to e.g., Bernhard et al., 2005) (Fig. 2). Note this altitude will vary de-
pending on latitude, however for NH hemisphere mid-latitudes this
assumption is valid. Further, while STT events do bring O3 from the
lower stratosphere down into the troposphere, maxima in O3 remain
well into the stratosphere and this assumption remains valid even
during such an event. For example, in the morning and afternoon, di-
rect-sun Pandora data are measured at a moderate to high solar zenith
angle (i.e. low solar elevation angle). Thus, for a system in the NH mid-
latitudes the effective coordinates may be shifted approximately
100 km (or approximately 1°) to the southeast of the physical ground
location in the morning, by a minimal amount around solar noon, and
approximately 100 km (or approximately 1°) to the southwest in the
evening. Fig. 2 provides a schematic of how this geographic translation
occurs as a function of Pandora viewing geometries in the afternoon.

2.1.2. Brewer spectrophotometer
The ground-based Brewer spectrophotometer (Kerr et al., 1984) has

a long history of providing ground-based TCO observations aimed at
validating TCO measured from space (e.g., Balis et al., 2007; Labow
et al., 2013; McPeters et al., 2008). Coupled with a global distribution
of> 200 instruments, this has resulted in a widely used and trusted
platform. Further, a Brewer instrument provides high fidelity TCO ob-
servations on a timescale that most matches Pandora (i.e. sub-hourly)
and is therefore extremely valuable for evaluating Pandora. Hourly TCO
from a Brewer sited at GSFC and the GSFC Pandora compared very
favorably throughout the entire month of March 2018 (R2 = 0.98;
Fig. 4a) and even during the dynamic TCO conditions of the chosen case
study (e.g., the Pandora and Brewer were within 3.3% of each other
across 13–14 March).

2.2. Space-based observational datasets

2.2.1. Ozone Mapping and Profiler Suite (OMPS)
The Ozone Mapping and Profiler Suite (OMPS), housed on the joint

NASA/National Oceanic and Atmospheric Administration (NOAA)
Suomi National Polar-Orbiting Partnership (NPP) satellite, is composed
of three instruments: the nadir mapper, nadir profiler, and limb profiler
(Flynn et al., 2014). For the L3 V2 product mentioned above, the nadir
mapper, or OMPS-NM, measures TCO globally with a horizontal re-
solution of 1°. Flynn et al. (2014) additionally showed the performance
of OMPS to be consistent, with TCO values within approximately 3%
compared to other satellite and ground-based TCO observations. Here,
OMPS TCO is used as an initial tool to evaluate the bias of each Pandora
system in an effort to establish relative Pandora performance for March
2018.

Comparisons of level 3 version 2 (L3 V2) daily TCO from OMPS and
Pandora observations coincident with OMPS afternoon overpasses
(approximately 17–18 UTC or 13-14 local time) during March 2018
found no significant difference in individual Pandora biases (biases
relative to OMPS ranging from −2.47% to −0.43%, average −1.24%).
This consistency across Pandora systems relative to both OMPS and

Fig. 2. Schematic of Pandora direct-sun viewing geometry and relation to ef-
fective coordinates. Each quadrant of the projected surface region approxi-
mately represents a 1° × 1° sized grid box. An example ozone lidar curtain is
given highlighting that the largest ozone concentrations (red shading) are
present in the stratosphere (see https://www-air.larc.nasa.gov/missions/
TOLNet/ for additional examples). Example Pandora zenith and azimuth
viewing angles are given for a NH mid-latitude site during the afternoon. Note
that numbers given are not exactly to scale. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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Brewer adds additional confidence in the performance of the instru-
ments and resulting data for their use in contextualizing the chosen STT
episode.

2.2.2. Atmospheric Infrared Sounder (AIRS)
For this investigation, daily TCO from the Atmospheric Infrared

Sounder (AIRS; Aumann et al., 2003) onboard NASA's Aqua satellite is
used. Although TCO is retrieved in order to improve the quality of other
AIRS products (e.g., temperature), it has been shown to be a useful
standalone product (e.g., Monahan et al., 2007). Here, the AIRS level 3
version 6 (L3 V6) TCO retrieval is used and has a 1° horizontal re-
solution (Susskind et al., 2014). AIRS often has usable data even in the
presence of clouds due to its rigorous cloud-clearing procedure. In brief,
the cloud-clearing procedure determines information about the amount
of cloud cover and altitude of multiple cloud layers (see Susskind et al.,
2014; Susskind et al., 2006 for additional detail). In cloudy scenes, this
procedure ultimately allows AIRS to generate radiances that would be
measured under clearer conditions.

For the period of the presented case study there were satellite TCO
observations available from OMPS, AIRS, and also the Ozone
Monitoring Instrument (OMI) aboard NASA's Aura satellite. To examine
day-to-day variability in March 2018 TCO and to evaluate the enhanced
temporal resolution of Pandora observations, AIRS is chosen over the
other mentioned platforms for the following reasons. Firstly, AIRS is not
assimilated into the utilized model dataset while OMI is, thus elim-
inating OMI as an independent observational dataset. It should also be
noted that OMPS TCO is ingested into the Goddard Earth Observing
System (GEOS) forecast systems (see https://gmao.gsfc.nasa.gov/
GMAO_products/NRT_products.php#) and is likely moving towards
being ingested into global reanalyses. Secondly, recent investigations of
SIs in the US have also used AIRS as a satellite dataset independent to
any modeling efforts (e.g., Knowland et al., 2017a; Ott et al., 2016) due
to its twice-daily overpass and ability to conduct retrievals in cloudy
scenes. Finally, although OMPS compared well to Pandora for March
2018, the ultimate goal of this investigation is to highlight differences
in resolving STT events between observational and model platforms and
not to shift the focus to strictly validating each platform. For this in-
vestigation, the AIRS TCO value from the grid cell nearest the Pandora
physical ground location is taken because at the time of the daytime
AIRS overpass, and when averaged over the entire day, the effective
Pandora coordinates are only a small distance (and within the same
AIRS pixel) from the physical ground location.

2.3. Model datasets

2.3.1. The NASA Modern Era Retrospective analysis for Research and
Applications, version 2 (MERRA-2) reanalysis

The NASA Modern Era Retrospective analysis for Research and
Applications, version 2 (MERRA-2; Gelaro et al., 2017) reanalysis is a
robust dataset for examining overall synoptic conditions during the
development and passage of the 13–14 March mid-latitude cyclone case
as well as its mediation of STT. MERRA-2 is output on a high-resolution
global grid (0.5o × 0.625o latitude-by-longitude), on 72 model layers
up to 0.01 hPa, and spans the time frame from 1980 to within a few
weeks of the present. Additionally, MERRA-2 assimilates meteor-
ological, aerosol, and O3 observations using the Goddard Earth Obser-
ving System data assimilation system (Bosilovich et al., 2015; Gelaro
et al., 2017; McCarty et al., 2016). Notably, beginning in late 2004
MERRA-2 assimilates retrievals of TCO from OMI (Levelt et al., 2006)
and O3 profiles in the stratosphere from the Microwave Limb Sounder
(Waters et al., 2006), also aboard NASA's Aura satellite (Bosilovich
et al., 2015; Gelaro et al., 2017; McCarty et al., 2016). Recent work by
Knowland et al. (2017a,b) showed that despite simplification of
chemistry in the troposphere (Ott et al., 2016), MERRA-2 is a useful tool
for investigating the fine-scale structure of SIs and their potential im-
pacts on surface O3 and air quality. We believe the potential for

contextualizing STT episodes provided by the combination of datasets
and approaches used in this investigation complements those recent
findings and may help to guide future developments in the synergistic
use of compositional observations and reanalyses.

Here, daily averages of the following MERRA-2 meteorological
fields are used on pressure levels up to 150 hPa:winds (u, v), sea-level
pressure, geopotential height, relative humidity (RH), equivalent po-
tential temperature (θe; calculated using temperature and specific hu-
midity), and Ertel's potential vorticity (Global Modeling and
Assimilation Office (GMAO), 2015a,b). In addition, a daily-averaged
estimate of the dynamical tropopause is calculated based on the two
potential vorticity unit (PVU) isosurface (Holton et al., 1995), where 1
PVU = 10−6 K m2 kg−1 s−1. Hourly-averaged assimilated TCO from
MERRA-2 (GMAO, 2015c) is extracted for comparisons against Pandora
observations and as an ancillary tool for contextualizing the overall STT
episode. For comparisons, the hourly MERRA-2 TCO value from the
grid cell nearest the Pandora effective location for the same hour is
used. This is in contrast to AIRS TCO because Pandora effective co-
ordinates change relative to the ground location more on an hourly
basis than when averaged over the entire day.

3. Results and discussion

3.1. Synoptic conditions with MERRA-2

On 13–14 March 2018, an intense mid-latitude cyclone moved
northeastward along the US east coast, as depicted by the MERRA-2
daily-averaged synoptic meteorology (Fig. 3). On 13 March, there was a
strong low-pressure area off the coast of the eastern US with an ex-
tensive cold-front (Fig. 3a). Behind the surface cold-front, the descent of
stratospheric air is expected to be accompanied by relatively dry con-
ditions (Browning and Roberts, 1994; Knowland et al., 2015; Young
et al., 1987). This feature was captured in MERRA-2 700 hPa RH
(Fig. 3a) by an area of RH<30% covering much of the central and
southeast US. Note that another, weaker surface low-pressure area was
also present over New York and Lake Ontario (Fig. 3a).

An upper-level trough was revealed in MERRA-2 geopotential
heights at 500 hPa on 13 March (Fig. 3b) as a widespread area of< 530
decameters (dam) over the Great Lakes region. MERRA-2 additionally
captured regions of opposing northerly (v < −15 ms−1) and southerly
(v > 25 ms−1) winds that reached the lower troposphere (Fig. 3c).
This feature steered TCO gradients by aiding the advection of O3-rich
polar air towards the northeast US (Fig. 3c). This air mass was seen in
the daily-averaged MERRA-2 TCO as an area > 395 DU over the
central US (Fig. 3b). On 13 March the SI associated with this storm had
not yet organized into a deep and widespread feature over the northeast
(e.g., Appenzeller and Davies, 1992; Knowland et al., 2017b, 2015) due
to it primarily being associated with the western edge of the weaker
low-pressure area and trough. However, a lowering of the tropopause
from approximately 200 hPa on 12 March (not shown) to an altitude of
about 350 hPa on 13 March was captured in MERRA-2 over all of the
Pandora systems (Fig. 3c).

Based on surface analyses for 14 March, the stronger area of low-
pressure had moved to the coast of Maine, merging with the weaker
low-pressure area over New York from the previous day (Fig. 3d).
Further, because of the marked frontal occlusion, the dry slot had
wrapped deeper into the cyclone center (Fig. 3d). While conditions over
the southeast US were not as dry as the day previous (RH>50%;
Fig. 3d), surface analyses showed another, weaker surface low had
developed off the coast of Virginia with an associated cold front
(Fig. 3d). Additionally, a new minimum in 500 hPa geopotential height
of 520 dam occurred over New York (Fig. 3e). MERRA-2 winds high-
lighted a jet over the study area as strong westerly (u > 45 ms−1) flow
that connected down to the lower troposphere (Fig. 3f). In addition,
there was relatively tight packing of isotherms between 30° N and 35° N
(Fig. 3f) indicative of the offshore cold-front. The area of elevated TCO
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(> 450 DU) also now covered the entire northeast region (Fig. 3d) as
did the lowering of the tropopause (down to about 500 hPa; Fig. 3f).
Coupled with the frontal occlusion, this allowed the O3-rich air mass to
wrap cyclonically into the center of low-pressure, enhancing spatial
TCO gradients across the region (Browning, 1997; Carlson, 1991)
(Fig. 3e).

3.2. Temporal evolution of TCO

As mentioned previously, March 2018 was a particularly active
period for mid-latitude disturbances in the North Atlantic sector. Rapid
increases in TCO are expected to coincide with the passage of each
storm as a result of advection of O3-rich polar air masses towards the
mid-latitudes (Browning and Pardoe, 1973; Carlson, 1991; McClain,
1960). Fig. 4 shows TCO timeseries from Pandora, Brewer (GSFC only),
AIRS, and MERRA-2 for all of March 2018 at GSFC and for the 13–14
March case specifically at all other stations. The timeseries for GSFC
illustrates the dynamic TCO conditions in March 2018 associated with
the frequent cyclone activity. Examining all stations together provides
the opportunity to evaluate how the temporal evolution of TCO is
captured during each STT episode by the high resolution of Pandora
and MERRA-2 (both hourly) compared to AIRS (daily).

Despite the very dynamic TCO conditions, MERRA-2 TCO and
Pandora observed TCO compared favorably at all sites (R2 values on the
order of 0.9 across sites; Fig. 4). During these times, there were sharp
increases preceding each STT episode across all locations and datasets.
For the episode of interest, Pandora systems observed an average in-
crease of 26 DU in only 8 h on 13 March (Fig. 4). Across all five

Pandoras, this corresponded to an average increase of 6%, broadly
consistent with previous findings from space-based TCO observations
(e.g., Bonasoni et al., 2000; Stohl et al., 2000). Though AIRS captured
the overall variability in TCO throughout the month, including the STT
episodes, the timing of each episode was lost due to its daily temporal
resolution. Pandora is able to capture TCO variability outside of sa-
tellite overpass times at a high temporal resolution and is therefore
better suited to track the fine-scale temporal evolution of each parti-
cular episode.

Overall elevated TCO (>450 DU) on 14 March was captured by all
datasets at all sites (Fig. 4). These conditions were indicative of the
advected O3-rich air and STT mediated by the previously mentioned
merged areas of low-pressure (Fig. 3). Comparing Pandora as well as
MERRA-2 to AIRS on 14 March, there appears to be a positive bias of
approximately 10% in the AIRS TCO value at every site except CCNY
(Fig. 4). This positive bias was observed throughout March 2018 but
became most prevalent during the four STT events (Fig. 4a). In com-
parisons to ozonesondes, Monahan et al. (2007) showed that AIRS tends
to overestimate upper tropospheric O3. This bias may be exacerbated by
STT and its creation of complex O3 conditions in the upper troposphere
and lower stratosphere. Nevertheless, Monahan et al. show that AIRS
TCO agrees to within a few percent of Total Ozone Mapping Spectro-
meter (TOMS) TCO. We find similar results for March 2018 when
comparing AIRS and Pandora across all sites (AIRS biases relative to
Pandora ranging from +2.43% to +7.52%, average +4.41%). The
high bias in AIRS TCO during the chosen STT event is an additional
example highlighting the need for more than a daily snapshot from
space-based platforms when exploring the spatiotemporal evolution of

Fig. 3. Daily-averaged synoptic conditions over the eastern US from 13 March (a–c) and 14 March (d–f) 2018 using the MERRA-2 reanalysis. (a and d) 700 hPa
relative humidity (shading; %), sea level pressure (black contours; 4 hPa intervals), and approximate location of low-pressure centers and frontal boundaries from
daily National Weather Service surface analyses (accessed 19 March 2019 from https://www.wpc.ncep.noaa.gov/dailywxmap/). Note, not all frontal features have
been depicted. Cold fronts (black line with triangles), surface troughs (black dashed lines), and occluded fronts (black line with alternating triangles and half-circles)
are shown. (b and e) Daily-averaged MERRA-2 TCO (shading; DU) and 500 hPa geopotential height (contours; 5 dam intervals). Black dashed lines represent the
vertical transects provided in panels c and f. (c and f) Daily-averaged vertical transects along 38° N from 100° W to 50° W for 13 March 2018 (c) and along 76° W
from 20° N to 50° N for 14 March 2018 (f) over the northeast US (Pandora ground locations given by white circles). Meridional (c shading; ms−1) and zonal (f
shading; ms−1) winds are shown along with θe (dashed contour lines, 5 K intervals) and the 2 PVU isosurface (thick black contour).
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STT.
On 14 March MERRA-2 TCO underestimated the observed Pandora

values by an average of 1.39% across all sites (Fig. 4). This under-
estimation was observed throughout the month and is consistent with
previous findings fromWargan et al. (2017). The ability to resolve rapid
increases in TCO as well as persistence of elevated TCO corresponding
to STT demonstrates the promise of Pandora as a high temporal re-
solution tool to be used in addition to space-based platforms for ex-
ploring STT episodes.

3.3. Spatial evolution of TCO with Pandora and MERRA-2

MERRA-2 and AIRS were examined on 13 March at each site in
order to assess the best candidate for spatially contextualizing the
chosen STT event (Fig. 4). For site pairs close in distance, so close the
effective coordinates may at times even be in the same model or sa-
tellite grid box, AIRS captured relatively small gradients of 3 DU (GSFC
and UMBC) and 9 DU (VCU and LaRC) (Fig. 4a-d). The largest differ-
ence AIRS observed between sites on this day was 20 DU between LaRC
(410 DU) and CCNY (390 DU) (Fig. 1; 4b-e). This pronounced gradient
is potentially useful for identifying the advected O3-rich air mass on a
larger scale. At the same time, MERRA-2 slightly underestimated these
gradients compared to AIRS: 0 DU between GSFC and UMBC; 1 DU
between VCU and LaRC; and 17 DU between LaRC and CCNY (Fig. 4).
Therefore, it seems that both datasets would yield similar results for
contextualizing spatial features of STT. However, using MERRA-2
alongside Pandora affords the opportunity of assessing TCO gradients
outside of the satellite overpass time and on an hour-by-hour basis.

Fig. 5 shows representative hourly TCO distributions for 13 and 14
March from both the network of Pandora systems (plotted at their ef-
fective coordinates) and from MERRA-2 over the northeast study re-
gion. Networked Pandora observations provided the capability to not
only quantify the sharp increases in TCO associated with STT but also
capture the spatial extent of the 13–14 March episode over its duration.
Examining TCO across both days provides the best case for highlighting

the utility of these networked observations because it provided two
distinct TCO setups as shown by the synoptic conditions (Fig. 3). On 13
March MERRA-2 captured the leading edge of the O3-rich air mass
being advected over Virginia (Fig. 5a–c). Consistent with MERRA-2,
Pandora observations at CCNY, located at the far northern end of the
study region, revealed the spatial extent of the air mass and its pro-
truding eastern edge (Fig. 5a–c). This was particularly evident at 19
UTC when the relatively fine leading edge of O3-rich air was pro-
nounced in MERRA-2 TCO and captured by Pandora TCO as 378 DU at
CCNY compared to 409 DU at VCU (Fig. 5a). Pandora TCO at GSFC
(385 DU) and UMBC (382 DU) further revealed that the O3-rich air was
confined to the southern end of the study region (Fig. 5a). Pandora
observations in Virginia (LaRC and VCU) at 19 UTC on 13 March also
captured spatial TCO gradients over a relatively short distance asso-
ciated with the advected air mass (Fig. 5a). At this time, the gradient
between these two systems was 12 DU over a distance of approximately
70 km (Fig. 5a). Although this gradient diminished to 6 DU at 20 UTC
(Fig. 5b) and then to 0 DU at 21 UTC (Fig. 5c) due to the Pandora at
LaRC capturing more of the O3-rich air, the ability to resolve spatial
differences in TCO over relatively small distances demonstrates the
power of networked observations for exploring the spatial extent of STT
episodes. Until now, this has been left solely to high-resolution satellites
and models (Büker, 2005; Knowland et al., 2017a; Ott et al., 2016).
Further, while the distance between the Pandoras at LaRC and VCU
places them in adjacent MERRA-2 grid cells, these results pose the
question for future work of whether or not a dense network of Pandoras
can be used to investigate sub-pixel variability in both model and sa-
tellite datasets.

Contrasting TCO data from 19-21 UTC on 13 March and 14–16 UTC
on 14 March highlight the setup of O3-rich air over the northeast
(Fig. 5a–c) and its later wrapping into the low-pressure center
(Fig. 5d–f). During the 3-hour period shown from 14 March, there was
persistence of elevated TCO (Fig. 5d–f) captured by both Pandora and
MERRA-2 across the entire region; and yet distinct gradients in TCO
still existed between the southernmost Pandora systems at VCU and

Fig. 4. TCO timeseries from Pandora (hourly; orange points), AIRS (daily taken from grid cell closest to Pandora ground location; purple diamonds), and MERRA-2
(hourly taken from grid cell closest to hourly Pandora effective coordinates; solid black line) at GSFC for 01–25 March 2018 and at all other sites for 13–15 March
2018. R2 values for MERRA-2 to Pandora comparisons at each site are given as well. Gray inserts in panel a represent the approximate timing of passage of the four
mid-latitude cyclones based on surface analyses and their associated increase in TCO. Hourly TCO data from a Brewer Spectrophotometer sited at GSFC are shown in
panel c (green points). Timestamps for all plotted data are in UTC. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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LaRC. Over the approximately 70 km distance between these sites, the
Pandora systems captured gradients of 13 DU at 14 UTC; 22 DU at 15
UTC; and 21 DU at 16 UTC (Fig. 5d–f). At the same times, MERRA-2
underestimated the gradient between these grid cells by factors of 2.6
(5 DU), 3.7 (6 DU), and 3.5 (6 DU) (Fig. 5d–f). This underestimation
was perhaps due to the fact that 14–16 UTC is before satellite overpass
(i.e. before 13 local time) and thus before MERRA-2 can assimilate O3

observations for the day. While there is no set threshold for how large
spatial gradients in TCO must be in order to be associated with STT,
frequent TCO observations from strategically sited Pandora systems
appear to be a robust method for resolving these features.

4. Conclusions

The presented case study from March 2018 illustrates that a net-
work of strategically deployed ground-based Pandora systems is able to
capture both the spatial and temporal fine-scale structure of TCO
variability associated with STT. While not providing the same global
coverage as polar-orbiting satellites such as AIRS and a global re-
analysis such as MERRA-2, the presence of multiple Pandora systems in
a given region does serve to enhance the spatial context of STT and can
be leveraged for identifying associated gradients in TCO. This was
evident on 13 March when Pandora TCO helped reveal the leading edge
of an O3-rich air mass and again on 14 March when two Pandora sys-
tems captured a 22 DU gradient over a distance of approximately 70 km
that MERRA-2 failed to similarly resolve. In addition, over the entire
month of March 2018, agreement between MERRA-2 and Pandora
systems across the northeast US was favorable despite highly dynamic
conditions. This work highlights a new, expanded use case for Pandora
and is encouraging a networked approach be used to conduct similar
transport studies globally. Future work could explore the benefits
gained from incorporating networked Pandora data into regional or
global modeling efforts.

As atmospheric composition satellites continually improve in their
spatial resolution (e.g., the Tropospheric Monitoring Instrument,
TROPOMI; Veefkind et al., 2012), they become better equipped to
identify the fine spatial structure of synoptic transport. Further, the
upcoming geostationary mission Tropospheric Emissions: Monitoring
Pollution (TEMPO; Zoogman et al., 2017) will usher in a new era of

space-based remote sensing by providing high-resolution atmospheric
composition observations on an hourly basis. Expansion of the PGN in
support of validation and research activities surrounding both TRO-
POMI and TEMPO can be tailored to also opportunistically capture
additional cases of STT. This could be accomplished by siting systems in
areas of known cyclogenesis (e.g., the plains and northeast regions of
the US; Harnik and Chang, 2003 and references therein) and optimizing
their spacing for satellite comparisons. This would also serve the pur-
pose of maximizing opportunities for capturing TCO gradients across
both space and time.
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