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ABSTRACT: Overshooting storms are convective systems with updrafts that penetrate through
the tropopause into the overlying stratosphere. These storms can rapidly transport a wide variety
of chemical species and aerosols from the boundary layer and free troposphere directly to the
stratosphere. The central plains of the United States and the Sierra Madre Occidental of Mexico
are two of the global hotspots for overshooting convection. While the existence of these storms
has been known for several decades, the amount of tropospheric air, including water vapor, trace
gases, and aerosols, transported across the tropopause is poorly understood, as is their impact
on the dynamics, chemistry, and radiative balance of the stratosphere. Climate models suggest
that as Earth’s climate continues to warm, overshooting convection over the United States may
increase, potentially causing changes to stratospheric composition and transport. To address
these scientific questions, the NASA ER-2 high-altitude research aircraft flew 31 missions during
the summers of 2021 and 2022 to make observations of the outflow from overshooting storms
in the stratosphere over North America and the eastern Pacific Ocean as part of the Dynamics
and Chemistry of the Summer Stratosphere (DCOTSS) project. The ER-2 carried a payload of
12 instruments to measure meteorological parameters, water and its isotopologues, trace gases,
and aerosol properties. Ozone, water vapor, and aerosol sondes were also launched on balloons
during the field deployments. This paper describes the science goals of the DCOTSS project, the
aircraft measurement strategy, the data produced by the project, and highlights of science results
to date.
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SIGNIFICANCE STATEMENT: During the summers of 2021 and 2022, the Dynamics and Chem-
istry of the Summer Stratosphere (DCOTSS) project used the NASA ER-2 high-altitude aircraft.
DCOTSS was the first research mission designed specifically to make observations of the outflow
from overshooting thunderstorms in the stratosphere. The ER-2 carried instruments to measure
meteorological parameters, trace gases, water vapor and its isotopologues, and aerosol proper-
ties. DCOTSS vastly expanded the available observational data and has led to significant advances
in understanding the occurrence of overshooting storms and their impact on the stratosphere,
including background conditions, transport mechanisms at different scales, ozone chemistry, and
volcanic aerosols. All DCOTSS data are publicly available from the NASA Atmospheric Science
Data Center (ASDC).

AFFILIATIONS: @ Texas A&M University, College Station, Texas; ® Harvard University, Cambridge,
Massachusetts; < University of Oklahoma, Norman, Oklahoma; ¢ University of Miami, Miami, Florida; ¢ NSF
National Center for Atmospheric Research, Boulder, Colorado; f NASA Langley Research Center, Hampton,
Virginia; ¢ NASA Ames Research Center, Moffett Field, California; " Purdue University, West Lafayette,
Indiana; ' NASA Goddard Space Flight Center, Greenbelt, Maryland; i NOAA/Global Monitoring Laboratory,
Boulder, Colorado; ¥ University of Colorado Boulder, Boulder, Colorado; ' University of Maryland, College
Park, College Park, Maryland; ™ Texas A&M University, Corpus Christi, Corpus Christi, Texas; " University
of North Dakota, Grand Forks, North Dakota; ° National Institute of Aerospace, Hampton, Virginia;
P University of Maryland, Baltimore County, Baltimore, Maryland

1. Introduction
a. Background. Based on hourly radar analyses, about 45000 convective storms have updrafts
that overshoot the tropopause and penetrate into the stratosphere over the United States dur-
ing a typical summer, with about half extending above the 380-K potential temperature surface
into the overworld stratosphere, the part of the stratosphere where isentropic exchange
with the troposphere is not possible (Cooney et al. 2018; Holton et al. 1995; Homeyer and
Bowman 2021; Jellis et al. 2023). Figure 1 is a photograph of an overshooting storm taken from
the International Space Station
showing an overshooting up-
draft, a well-developed anvil,
and an above-anvil cirrus plume
produced by the overshooting
top. These cirrus layers are pro-
duced by intense updrafts and
gravity wave breaking associated
with overshooting tops (Bedka
etal. 2018; Homeyer et al. 2017).
In North America, overshooting
storms are most common over
the central plains of the United
States (Fig. 2), with nearly all

. . Fic. 1. Photograph from the International Space Station
occurring from April to August showing an overshooting storm with an anvil and above-anvil
(Solomon et al. 2016). Global cirrus plume.
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Fic. 2. Average number of overshooting events per year within each 0.5° x 0.5° longitude-latitude grid
box over the United States during the overshooting season (MIAMJJA) from 10 years of hourly GridRad
analyses by Cooney et al. (2018). Most DCOTSS research flights operated from Salina. The other black dots
indicate the locations of coordinated ozone and water vapor sonde launches (see section 2b). Additional
ozone, water, aerosol, and particle sondes were launched from Salina during the field deployments.

observations confirm a high frequency of overshooting events over North America (Laing and
Fritsch 1997; Doswell and Bosart 2001; Brooks et al. 2003; Zipser et al. 2006; Liu and Liu
2016; Liu etal. 2020; Werner et al. 2020). No other region at similar latitudes has a comparable
number of overshooting storms (Fig. 6 in Liu and Liu 2016; Clapp et al. 2023). Note: Through-
out this paper, the tropopause is computed using the WMO definition based on the atmospheric
lapse rate (WMO 1957).

Strong convective storms are capable of rapidly transporting radiatively and chemically
important atmospheric constituents from the lower troposphere to the upper troposphere
and lower stratosphere (UTLS). Once in the stratosphere, the large-scale circulation can
extend the effects of overshooting storms to global scales (Chang et al. 2021). Climate mod-
els and some observational studies suggest that thunderstorms may increase in a warming
climate (Trapp et al. 2007, 2009; Brooks 2013; Diffenbaugh et al. 2013; Kunkel et al. 2013;
Feng et al. 2016; Taszarek et al. 2021). Research has examined the transport of water to
the stratosphere in the tropics (e.g., Dessler et al. 2016; Smith et al. 2022), but to date, little
has been done related to overshooting storms in the extratropics, either through modeling
or field observations.

The impact of overshooting storms depends on their frequency, magnitude, duration, and
location. During boreal summer, the circulation of the Northern Hemisphere (NH) UTLS is
dominated by two quasi-stationary anticyclonic eddies driven by latent heat released in the
troposphere: the Asian monsoon anticyclone (AMA) and the North American monsoon an-
ticyclone (NAMA) (Fig. 3) (Dunkerton 1995; Gettelman et al. 2004; Siu and Bowman 2019;
Chang et al. 2021; Clapp et al. 2021). Although the AMA circulation is stronger than the
NAMA, due to greater precipitation and latent heating over South Asia compared to North
America, observations show significantly more water vapor in the lower stratosphere within
the NAMA (Fig. 3). The reasons for the differences in water vapor between the two regions
are currently not well understood, although the structure of the tropopause transition layer
in the two regions is different (e.g., Jensen et al. 2020).

In addition to having more water vapor, satellite retrievals of the heavy water isotopologue
hydrogen—deuterium-oxygen (HDO) reveal a substantial enrichment of the heavy isotope
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Fic. 3. Climatological monthly mean water vapor volume mixing ratio at 380 K for July 2005-23 from
the Aura MLS (colors) and climatological Montgomery streamfunction at 380 K from the ERAS5 for July
1979-2022 (contours; kJ kg~') (Read et al. 2020; Hersbach et al. 2020). NAMA and AMA are the North
American and Asian monsoon anticyclones, respectively.

(6D) in the NAMA not seen in the AMA (Randel et al. 2012), which suggests that hydration
processes in these two regions are different. Because water molecules containing heavier
isotopes, such as HDO, condense into liquid and ice phases more readily than water (H,0),
enrichment of 6D provides evidence for transport of water into the stratosphere in the form of
ice, which subsequently sublimates in the stratosphere. This provides a means of delivering
water vapor directly into the lower stratosphere (LS), bypassing the thermal control of the
cold tropical tropopause.

The monsoon anticyclones act to partially confine and isolate air from the surrounding
atmosphere (Li et al. 2005; Randel and Park 2006; Park et al. 2007, 2008; James et al. 2008;
Park et al. 2009; Ploeger et al. 2015; Clapp et al. 2019; Legras and Bucci 2020; Siu and Bow-
man 2020; Chang et al. 2023). Outflow from overshooting that occurs within the closed
streamlines of the NAMA can be trapped in the anticyclonic circulation, from whence it is
exported to the tropical UTLS and extratropical LS with a time scale of ~10 days (Vogel et al.
2016; Chang et al. 2023).

b. The DCOTSS project. To investigate the impact of overshooting storms on dynamics,
chemistry, and radiation in the stratosphere, the Dynamics and Chemistry of the Summer
Stratosphere (DCOTSS) project was developed as a collaboration between multiple U.S. uni-
versities, NASA and NOAA laboratories, and the National Center for Atmospheric Research
(Table 1). The primary objective of the DCOTSS field deployments was to make in situ mea-
surements of the outflow from overshooting storms in the stratosphere, as well as the sur-
rounding undisturbed stratospheric air. These observations can then be combined with
remote sensing data and atmospheric models to better understand how overshooting affects
the regional and global stratosphere. In addition to convective impacts, DCOTSS was also
designed to improve our understanding of the background chemical and thermodynamic
state of the lower stratosphere against which the impact of natural or anthropogenic pertur-
bations can be assessed.

DCOTSS was selected for funding by NASA in 2018 as part of the Earth Venture
Suborbital-3 program. The principal science goals of DCOTSS with respect to dynam-
ics are to understand the amount and sources of tropospheric air transported into the
stratosphere, how the injection process takes place, and the residence time of injected air
in the NAMA. Specific goals with respect to chemistry are to understand the impact of
convection on lower-stratospheric chemistry, particularly the impact of very-short-lived
chlorine species, as well as the composition and sources of aerosols and their radiative
and chemical impacts. DCOTSS was the first field experiment specifically designed to
observe overshooting storms in the midlatitude stratosphere. Flight planning relied on
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TasLe 1. DCOTSS participating institutions.

Texas A&M University Department of Atmospheric Sciences
Harvard University School of Engineering and Applied Sciences
NASA Ames Research Center Earth Science Division and National Suborbital Research Center
NASA Armstrong Flight Research Center ER-2 Aircraft Facility
NASA Goddard Space Flight Center Atmospheric Chemistry and Dynamics Laboratory
NASA Langley Research Center Earth System Science Pathfinder Program and Science Directorate
NSF National Center for Atmospheric Research Atmospheric Chemistry, Observations, and Modeling Laboratory
National Oceanic and Atmospheric Global Monitoring Laboratory
Administration
Purdue University Department of Earth, Atmospheric, and Planetary Sciences
Texas A&M University Corpus Christi Department of Physical and Environmental Sciences
University of Colorado Cooperative Institute for Research in Environmental Sciences
University of Maryland Department of Atmospheric and Oceanic Science
University of Miami Department of Atmospheric Sciences
University of North Dakota Department of Atmospheric Sciences
University of Oklahoma School of Meteorology

forecasting the position of storm outflow hours to days after the overshooting occurred.
This approach proved to be highly effective, and the combination of the ER-2 aircraft ca-
pabilities and state-of-the-art instrumentation allowed acquisition of the data necessary
to meet the DCOTSS science goals.

2. DCOTSS project plan
a. Project design. To maximize the measurement of outflow from overshooting storms in the
stratosphere, the conceptual design of the DCOTSS project was as follows:

1) Combine high-resolution gridded radar data (GridRad) and GOES imagery with opera-
tional tropopause analyses to identify overshooting storms in near-real time (Homeyer
et al. 2011; Solomon et al. 2016; Bowman and Homeyer 2017; Cooney et al. 2018;
Homeyer and Bowman 2017; Bedka et al. 2010; Bedka and Khlopenkov 2016; Cooney
etal. 2021).

2) Calculate predicted trajectories for air injected into the stratosphere by overshooting
storms by using forecast winds to drive the TRAJ3D trajectory model (Bowman 1993;
Bowman and Carrie 2002).

3) Design flight plans to sample predicted outflow plumes between 0 and 5 days after the
overshooting event.

4) Adjust the flight plan during the flight based on real-time data from radars, satellites, and
the ER-2 to maximize the scientific value of the data collected during the flight.

5) Create public archives of all DCOTSS data and model results.

6) Integrate in situ, radar, and satellite data with models to address project science
questions.

The central United States was chosen as the primary location for DCOTSS operations due to the
high frequency of overshooting storms (Liu and Liu 2016; Solomon et al. 2016; Cooney et al.
2018), the availability of NEXRAD and GOES to identify overshooting storms in real time, and
the relative ease of ER-2 aircraft operations. Due to flight safety requirements, measurement
within active overshooting storm tops is not possible with the ER-2, so data were collected
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downwind at a safe distance. Convection measurements are classified as active, where the
overshooting producing the outflow plume is ongoing during the sampling; recent, where
sampling took place a few hours to 1.5 days after the convective event; and aged, where
sampling took place 1.5 days or more after the convective event. Most flights took place dur-
ing daytime after active overshooting ended, so overshoot analyses and outflow trajectories
were normally monitored overnight to verify events of interest. Flights were typically 6-8 h
in duration. DCOTSS also conducted survey flights to observe the large-scale stratospheric
environment.

b. Platforms and instrumentation. Measurements aboard the aircraft included aircraft and
meteorological state parameters, water vapor and its isotopologues, trace gases with a wide
range of photochemical lifetimes, halogen radicals, and aerosol size and composition. A list
of instruments carried on the ER-2 aircraft is given in Table 2.

A total of 119 balloon-borne ozonesondes were launched in coordination with ER-2 science
flights from four ground sites: Grand Forks, North Dakota; Salina, Kansas; Corpus Christi,
Texas; and Boulder, Colorado (Fig. 2). By taking advantage of synoptic-scale variations in the
atmospheric flow, these sites sample the northern and southern sides of the subtropical jet
and the inside and outside of the NAMA (Fig. 3). Balloon instruments are listed in Table 3.
Frost point hygrometers were carried on 14 balloons launched from Boulder and Salina.

TasLe 2. ER-2 instrumentation.

AWAS Advanced Whole Air Sampler E. Atlas, U. Miami; Multiple species >0.5 min (on demand)
(Schauffler et al. 2003) E. Apel, NCAR 32 canisters/flight
CAFE Compact Airborne Formaldehyde J. St. Clair, UMBC CH,0 1s
Experiment (St. Clair et al. 2019)
CANOE Compact Airborne Nitrogen dioxide J. St. Clair, UMBC NO, 1s
Experiment (St. Clair et al. 2019)
DPOPS DCOTSS Portable Optical Particle J. Dykema, Y. Li, Aerosol particle concentration and 1s
Spectrometer (Li et al. 2023) F. Keutsch, Harvard size distribution
HAL Harvard Halogens D. Wilmouth, Harvard Clo, CIONO, 35s
(Stimpfle et al. 2004)
HUPCRS Harvard University Picarro Cavity B. Daube, S. Wofsy, Harvard €0, CO,, CH, 10s
Ring Down Spectrometer (Pittman
et al. 2025)
HWV Harvard Water Vapor (Weinstock J. Smith, Harvard Water vapor 1sand 10 Hz
et al. 1994; Sargent et al. 2013)
mini-MOUDI miniature Micro Orifice Uniform F. Keutsch, Y. Li, Harvard Aerosol composition and morphology
Deposit Impactor (Li 2024)
MMS Meteorological Measurement T. Paul Bui, Atmospheric state 20 Hz
System (Scott et al. 1990) R. Ueyama, NASA
PALMS-NG Particle Analysis by Laser Mass D. Cziczo, Purdue Aerosol particle composition up to 20 Hz

Spectrometry—Next Generation
(Jacquot et al. 2024)

ROZE Rapid Ozone Experiment J. Smith, Harvard; 0, 1 sand 20 Hz
(Hannun et al. 2020) T. Hanisco, R. Hannun, NASA
UCATS UAS Chromatograph for J. Elkins, B. Hall, NOAA; 0, 2s
Atmospheric Trace Species E. Hintsa, F. Moore, N.O. SF_ halon-1211. CFC-11. -12. -113 75
(Hintsa et al. 2021) U. Colorado and NOAA e ' L
CHCl,, ccl, 150's
WI-ICOS Water Isotopologues—Integrated D. Sayres, Harvard Total water (vapor + ice) 1s

Cavity Output Spectrometer

H,0 isotopes 10s
(Sayres et al. 2009)
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TasLe 3. Balloon instrumentation.

Sondes 0Ozonesonde and NOAA Frost Point D. Hurst, U. Colorado and 0, HO, T.p 1-2
Hygrometer (Hall et al. 2016) NOAA; J. Smith, Harvard; C. Liu,
TAMU-CC; G. Mullendore, UND
COBALD, Compact Optical Backscatter Aerosol J.-P. Vernier, A. Pandit, National Particles, H,0, T, p 1-2
POPC, and CFH Detector, Profiling Optical Particle Counter, Institute of Aerospace
and Cryogenic Frost Point Hygrometer
(Li et al. 2023)

In addition, a total of nine balloon flights were conducted (five in August 2021 and four in
June 2022) to measure particle properties.

c. Field deployments. Delays related to the COVID-19 pandemic and schedule conflicts
with other projects postponed the field deployments by 1 year. Integration and test flights
took place in May and June of 2021 from the ER-2 home at the Armstrong Flight Research
Center (AFRC) in Palmdale, California (KPMD), with the first field deployment from mid-July
to late August of 2021. The second field deployment took place from mid-May to mid-July of
2022. A complete list of DCOTSS research flights is given in Table 4, along with a summary
of science observations by category and location. A map of all DCOTSS research flights from
both deployments is shown in Fig. 4. Flight segments with enhanced stratospheric water
vapor, which indicates outflow from overshooting storms, are highlighted in red. Most flights
(24 of 31) either launched from or landed at Salina, Kansas (KSLN). The final three flights
were flown from AFRC, including a survey flight into the northern tropics.

3. Science data and results

a. Example flight profile. To illustrate the DCOTSS sampling strategy, we focus on the flight
of 26 July 2021, during which the aircraft sampled a convective outflow plume in the strato-
sphere over the Texas Panhandle. This flight is identified by an arrow in Fig. 4, and selected
results are plotted in Fig. 5. The plan for this flight (cyan) and the actual flight path (dark
blue) are plotted in Fig. 5a overlaid on a contemporaneous GOES visible satellite image. The
shaded red circle indicates the area where overshooting storms were detected the previous
day. The outflow was forecast to move slowly westward in the lower stratosphere.

Figure 5b shows aircraft altitude (black) and water vapor measured by the Harvard Water
Vapor (HWV) instrument (Weinstock et al. 1994; Sargent et al. 2013) from ~4 h of intensive
sampling in the outflow plume (blue and gray). The aircraft first climbed to ~17.3 km and
then began a sequence of north—south transects descending to just above the tropopause
at ~15.5 km. Enhancements in water vapor above the typical background level of
~4.5 ppmv are visible as a result of sampling through the outflow plume, beginning just
after 1600 UTC during the highest transect. At lower altitudes, water vapor values exceed
20 ppmv. The water vapor data plotted in blue in Fig. 5b are plotted as a latitude—potential
temperature cross section in Fig. 5d, color coded by water vapor mixing ratio. Water vapor
enhancements of a few parts per million by volume are visible as high as 410 K, well into
the overworld stratosphere. A scatterplot of water vapor and ozone is given in Fig. 5c, color
coded by tropopause-relative altitude. Substantial water vapor enhancements are seen at
ozone values as high as 500 ppbv.

This flight also offers a rare opportunity to directly compare stratospheric water vapor
measurements in convective outflow by the Microwave Limb Sounder (MLS) aboard the
Aura satellite with in situ measurements (Fig. 6). MLS profiles from one ascending and one
descending track over the plume location were obtained within 1 day, +2° longitude, and
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TaeLe 4. Summary of DCOTSS flights showing the types of data collected on each flight (background, active, recent, aged,
pyroCb/volcano) and the overshoot source region (United States, Sierra Madre). Data are not available from all instruments
for all flights.

1802 UTC 9 Jun 2021 4.1 Test flight (KPMD) — —
1708 UTC 14 Jun 2021 3.8 Test flight (KPMD) — —
1603 UTC 17 Jun 2021 6.2 Test flight (KPMD) — —
1807 UTC 12 Jul 2021 3.2 Transit (KPMD-KSLN) — —
1413 UTC 16 Jul 2021 8.0 Northward survey flight — —
1401 UTC 20 Jul 2021 1.2 Survey center of NAMA — — — —
1353 UTC 23 Jul 2021 6.7 Survey W side of NAMA — — — — —
1523 UTC 26 Jul 2021 6.3 Recent outflow (Texas) — — — — —
1047 UTC 29 Jul 2021 7.6 Recent outflow (Indiana) — — — — —
1354 UTC 2 Aug 2021 6.7 Recent outflow (Texas) — — — — —
2313 UTC 6 Aug 2021 5.7 Sunset Cl chemistry — — — —
1358 UTC 10 Aug 2021 7.7 Recent outflow (Illinois) — — — — —
1206 UTC 14 Aug 2021 7.0 Aged outflow (Ohio) — — — —
1508 UTC 17 Aug 2021 6.8 Aged outflow (Southeast United States) — — — —
1357 UTC 19 Aug 2021 7.1 Aged outflow (New Mexico) — — — — —
1357 UTC 23 Aug 2021 34 Transit (KSLN-KPMD) — —
1754 UTC 13 May 2022 4.0 Test flight (KPMD) —
1701 UTC 26 May 2022 5.4 Transit (KPMD-KSLN) — — —
1102 UTC 29 May 2022 5.0 Recent outflow (Wisconsin) — — — —
2259 UTC 31 May 2022 6.0 Active convection (Oklahoma) — — — —
1556 UTC 2 Jun 2022 15 Aged outflow (Tennessee and North Carolina) — — —
1449 UTC 5 Jun 2022 7.6 Northward survey flight —
1356 UTC 8 Jun 2022 7.5 Active convection (Oklahoma) — — — —
1348 UTC 10 Jun 2022 8.2 Recent outflow (Texas) — — —
1305 UTC 21 Jun 2022 7.0 Northwest survey flight — — — —
1751 UTC 24 Jun 2022 7.5 Recent outflow (Kansas) — — — — —
1853 UTC 27 Jun 2022 5.9 Recent outflow (Texas) — — — —
1718 UTC 29 Jun 2022 7.6 NAMA survey (KSLN-KPMD) — — —
1611 UTC 6 Jul 2022 7.9 Hunga-Tonga survey (Pacific) — — —
0931 UTC 8 Jul 2022 8.2 Sunrise Cl chemistry (Pacific) —
1904 UTC 11 Jul 2022 8.0 Sierra Madre outflow (Pacific) — — —
Number of flights 31 4 1 18 17 20 3

+5° latitude of the bounds of the aircraft flight. The difference between MLS water vapor
profiles inside and outside the plume shows clear evidence of convective hydration. The
two profiles within the plume are ~20 above the average. The right panel shows profiles of
the net hydration of the stratosphere, determined as the difference between mean profiles
inside and outside the plume for both in situ and satellite data. While the in situ data re-
solve the fine-scale (~200 m horizontal, <5 m vertical) structure of the outflow plume, the
satellite data capture its mean contribution over a larger vertical and horizontal footprint
(190 km horizontal, 3.5 km vertical at 100 hPa). The agreement between these datasets
provides confidence that we can detect and measure both plume heterogeneity at high
resolution, as well as the net impact of individual overshooting storms with our outflow
sampling strategy.
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Fic. 4. Map of all 31 DCOTSS research flights with the ER-2 aircraft during 2021 and 2022. The green
dot indicates the location of AFRC. Red indicates flight segments where enhanced water vapor from
overshooting convection was observed. The flight of 26 Jul 2021 over north Texas is discussed in
section 3a.
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b. Transport processes and stratospheric composition. The success of DCOTSS in sam-
pling convective outflow is apparent in Fig. 7a, which includes data from all DCOTSS re-
search flights. DCOTSS surpassed the combined total of all prior aircraft missions in the
number of hours spent sampling convective outflow in the stratosphere (Homeyer et al.
2023). Water vapor enhancements up to 5 times the background values can be seen. Con-
vectively hydrated air is common up to ~3.5 km above the tropopause, and the highest
altitude of water vapor enhancements observed during DCOTSS exceeded that of all pre-
vious in situ observations (Homeyer et al. 2023). During the event described in Homeyer
et al. (2023), stratospheric water vapor was 26% above background at an altitude of 19.25
km (~4 km above the local tropopause), a potential temperature of 463 K, and an ozone
mixing ratio > 1500 ppbv.

Mostly passive tropospheric pollutants, such as carbon monoxide, exhibit smaller and
less consistent signatures in the stratosphere, with the largest impacts confined to the
lowest ~1.5 km above the tropopause [Fig. 7b; see also sections 3¢(2) and (3) and Fig. 9 in
Gordon et al. (2024)]. These observations are consistent with results from numerical mod-
eling studies (Homeyer 2015; Phoenix and Homeyer 2021; Gordon and Homeyer 2022),
which have been demonstrated to result from multiple pathways for stratospheric hydration
by convection: air transport and mixing and sublimation of overshoot ice. Homeyer et al.
(2024) assess the importance of these pathways in the DCOTSS observations. Stratospheric
composition impacts from convection also exhibit age dependence, reflecting the mixing
of overshoot outflows with the background stratosphere and the subsequent dilution of
trace gas enhancements.

One approach to scaling the aircraft observations up to regional scales is to use the NAMA
as a natural integrator of the impact of convection in the lower stratosphere. This is possible
because many air parcels sampled by the ER-2 have been inside the NAMA for a week or
longer (Clapp et al. 2019; Chang et al. 2023; Sayres et al. 2024). Using in situ data obtained
during the DCOTSS field campaign, Sayres et al. (2024) show water vapor mixing ratios in
background air increasing as a function of the time the air parcel spent within the NAMA,
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Fic. 5. Results from the DCOTSS research flight on 26 July 2021. (a) Planned flight track (cyan) and actual flight track (dark blue)
superimposed on a GOES visible image near the middle of the flight. The red circle indicates the location of the overshooting
storms that occurred on the previous day. (b) Aircraft altitude (black) and ambient water vapor (blue and gray) during the outflow
sampling. Points in blue are plotted in panel (d). The orange line is the average ERA5 tropopause altitude for the points shown
in blue (15.3 km). (c) Scatterplot of observed water vapor and ozone during the entire flight, color coded by tropopause-relative
altitude. (d) Latitude—potential temperature cross section of water vapor from north-south stacked flight segments. Black arrows
indicate the order in which the data were collected.

consistent with contributions from convection. This analysis also shows that the amount of
water vapor added by convection decreases with altitude and tends to drop below detectable
limits by the 415-K level during summer 2021 and by 430 K in 2022. Integrating between
potential temperatures of 380 and 460 K reveals that convection into the NAMA adds between
20 and 32 Tg per summer to the overworld stratosphere. Although this amount is only a few
percent of the global stratospheric water budget, over North America, convection increases
water vapor mixing ratios by as much as 40% at 380 K, a level particularly important for the
atmospheric radiative budget. Additional analyses of transport of water and other gas-phase
trace species are ongoing [see also section 3c(2)].

c. Chemistry and ozone. To study the chemistry of the background stratosphere and the
potential impact of convection on lower-stratospheric chemistry, a suite of instruments de-
ployed during DCOTSS measured a wide range of relevant species. Measurements included
inorganic chlorine compounds, ozone, nitrogen dioxide, formaldehyde, very-short-lived
chlorine and bromine species, and a number of other organic trace gases.
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Fic. 6. Comparison of in situ and MLS observations of water vapor from the flight on 26 Jul 2021.
(a) All in situ observations from 26 Jul 2021 flight (cyan) and the mean profile of in-plume data only
(solid blue). The mean profile of in situ data outside the plume is not shown. The mean of all MLS
profiles spatially and temporally consistent with the flight (solid black) and mean + 26 (dashed black).
In-plume MLS profiles are highlighted (red). (b) Difference between mean mixing ratio profiles inside
the plume and in the background for in situ and MLS observations (blue and red, respectively).

1) STRATOSPHERIC CHLORINE. Example chlorine monoxide (C10) and chlorine nitrate (CIONO,)
data obtained from the Harvard Halogens (HAL) instrument onboard the ER-2 are shown in
Fig. 8. The 23 July 2021 flight was a survey on the west side of the NAMA that also targeted
recent and aged convection along the flight track just above the tropopause. Potential tem-
perature (black line) and solar zenith angle (SZA) (green line) for the flight are shown in
Fig. 8a, with ClO and CIONO, mixing ratios as a function of flight time plotted in Figs. 8b
and 8c, respectively. The flight track consisted of a series of ascents to approximately
19.5-21 km in the stratosphere and descents to 13—-14.5 km, generally in the troposphere.

Excellent correlations of ClO and CIONO, with potential temperature are evident in
Fig. 8; inorganic chlorine increases with altitude and age of air in the lower stratosphere.
The DCOTSS dataset contains many flights with inorganic chlorine data in and outside

=9 ;D

E T LA | T T T T T T 17T

< Background

8 4r Active Convection 4 4

2 Recent Convection

S 3L Aged Convection 4 3}

(0]

=

5 2 1 2r

[

o 1 1 1F

(7]

20 I

Q

o ]

8'1 : -1 1 S e e STy L i g L
=3 10 100 0 20 40 60 80 100 120

Water vapor (ppmv)

Carbon monoxide (ppbv)

Fic. 7. Scatterplots of (a) HWV water vapor and (b) HUPCRS carbon monoxide vs tropopause-relative
altitude from all DCOTSS research flights. Points are color coded by their inferred recent history. Mea-
surements without identifiable convective influence are designated as “background” observations
(gray). Convectively influenced samples are colored by age: active convection (light blue; observations
in outflow of an ongoing storm), recent convection (purple; observations within 1.5 days of the re-
sponsible convection), and aged convection (dark blue; observations between 1.5 and 5 days after con-
vection). Yellow lines are the medians (solid) and 10th and 90th percentiles (dashed) of the vertically
binned background observations. Of the convection sampled during DCOTSS, approximately 13.8%
was active, 42.7% was recent, and 43.5% was aged.
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and satellite data for hydrogen chloride (HCI), we are able to test the understanding of CIONO,
photochemistry and the inorganic chlorine budget over the contiguous United States more
comprehensively than previously possible.

An additional effort from DCOTSS is to model the conditions necessary for chlorine activa-
tion in the midlatitude lower stratosphere and compare with the observations. The possibility
of chlorine activation over the United States in summer is primarily influenced by a combina-
tion of temperature, water vapor, and the presence of sulfate aerosols. Prior to the DCOTSS
mission, it was suggested by Anderson et al. (2012, 2017) and Robrecht et al. (2019) that C10
could be enhanced within convectively influenced air in the NAMA, potentially leading to
significant photochemical loss of ozone in the lowermost stratosphere. Enhancement of C1O
requires temperature low enough and water vapor high enough to allow for appreciable hetero-
geneous chemical reaction rates, in addition to the presence of available inorganic chlorine.
During both summer deployments, convective overshoot regions of the NAMA with enhanced
water vapor and cold conditions were sampled. Figure 9 shows total inorganic chlorine as a
function of latitude and tropopause-relative altitude for all DCOTSS flights, with cold and wet
conditions highlighted to indicate locations with the potential for inorganic chlorine activa-
tion. The majority of these heterogeneously suitable air parcels resided near the tropopause,
where inorganic chlorine (Cly) mixing ratios were typically too low to facilitate an enhancement
of ClO large enough to cause significant ozone depletion. The analysis of these observations
along with companion modeling work is ongoing.

2) CONVECTIVE INJECTION OF TRACE GASEs. A major DCOTSS goal is to determine the extent to
which overshooting convection carries reactive tropospheric gases along with water vapor
into the lower stratosphere. Past studies have identified the presence of enhanced levels
of tropospheric trace gases in the stratosphere from convection, including pyrocumulus
clouds (e.g., Fischer et al. 2003; Jost et al. 2004; Hooghiem et al. 2020), but the DCOTSS
campaign provided a much more extensive evaluation of trace gases in the stratosphere
associated with convection. Figure 10 compares DCOTSS observations taken during the
sampling times of AWAS, which targeted overshooting features, to an earlier campaign
[Studies of Emissions and Atmospheric Composition, Clouds, and Climate Coupling
Regional Surveys (SEAC4RS); Toon et al. 2016] which only rarely encountered overshooting
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Fic. 9. Calculated total inorganic chlorine (Cly; colors) as a function of latitude and ERA5
tropopause-relative altitude for DCOTSS flights during 2021 and 2022. Red dots labeled “cold and wet
conditions” indicate locations where the MMS temperature reaches the frost point.

events (Herman et al. 2017; Smith et al. 2017). The DCOTSS data clearly show a difference
between the transport of water versus tropospheric trace gases into the lower stratosphere.
During DCOTSS, enhanced water vapor from overshooting convection is clearly seen in
the 360-420-K region that was not observed during SEAC4RS, while ethane, a gas with a
tropospheric source from natural gas and oil emissions, remains at levels typical of those
observed during SEAC4RS at comparable potential temperatures. However, enhanced eth-
ane is found in the stratosphere between about 360 and 380 K, near the local tropopause.
The different distributions of water vapor and ethane (and other tropospheric tracers mea-
sured during DCOTSS) are likely due to the much larger contrast in water vapor between
the troposphere and stratosphere compared to ethane, along with the rapid transport of
cloud ice into the unsaturated stratosphere in strong updrafts (e.g., Hanisco et al. 2007;
Quetal. 2020). Thisis different from the tropical tropopause layer, where water vapor is near
saturation and ascent rates are small, which gives ice time to fall out. The short transport
time scale (minutes) in extratropical overshooting storms and the multiphase properties
of water can lead to different distributions of water compared to solely gas-phase tropo-
spheric tracers. This difference is significant when evaluating the impact of convection on
the chemical composition and reactivity of the LS.

3) FormALDEHYDE. Formaldehyde (HCHO) is a tracer indicating recent oxidation of volatile
organic compounds (VOCs). In convectively active regions, the altitude profile of HCHO is
frequently “C shaped,” with higher HCHO in the boundary layer and upper troposphere (UT)
and lower in between, due to short-lived HCHO precursor emissions in the boundary layer
and detrainment of convectively transported boundary layer air in the UT (Fried et al. 2016).
HCHO provided to the UTLS by convection perturbs the HO /NO /O, chemistry through the
photolysis of HCHO and the OH + HCHO reaction, thereby increasing HO,. Even though en-
hanced water vapor is frequently found well above the tropopause during DCOTSS, these
enhancements typically do not coincide with elevated HCHO (Fig. 11, left panel). On several
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Fic. 10. Distributions of (a) water vapor and (b) ethane for both DCOTSS 2021 and DCOTSS 2022 cam-
paigns in comparison with the SEAC4RS mission (2013) over the contiguous United States. The SEAC4RS
campaign encountered overshooting convection infrequently. For water vapor, blue symbols represent
samples measured > 300-400 m above the local tropopause. Red symbols indicate tropospheric air >
300-400 m below the local tropopause. Muted colors indicate samples approximately +200 ~ m around
the local tropopause. SEAC4RS samples are the gray symbols in the background. The ethane distribu-
tion vs potential temperature is colored by the water vapor concentration. The shaded ovals highlight
(a) the potential temperature range of enhanced water vapor due to overshooting convection and (b)
the absence of enhanced ethane in the regions with enhanced water vapor due to overshooting above
~380-K potential temperature.

occasions (e.g., 29 and 31 May 2022), large HCHO enhancements are seen just above the
tropopause in air influenced by very recent (<5 h) convection. These enhancements most
strongly correlate with VOC tracers like isobutane (Fig. 11, right panel). The preliminary
analysis shows that the elevated HCHO observed during DCOTSS 2022 is likely from the sec-
ondary formation of HCHO through VOC oxidation in convectively influenced air, which may
appreciably perturb the production of ozone (0,) and hydrogen oxide radicals (HO ).

d. Aerosols. To study the origin, transport, and chemical and radiative impacts of aerosol
particles in the UTLS, three instruments were incorporated into the ER-2 aircraft payload
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Fic. 11. Altitude profiles of HCHO during DCOTSS 2022 with markers colored and sized by (a) water vapor, (b) NO,/O, ratios, and
(c) iButane. All data are averaged to the AWAS time basis. Note: No iButane data were reported above 19 km (470 K).
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(Table 2). Particle Analysis by Laser Mass Spectrometry—Next Generation (PALMS-NG)
(Jacquot et al. 2024) measured aerosol composition; DCOTSS Portable Optical Particle Spec-
trometer (DPOPS) measured particle concentration and size distribution (Gao et al. 2016;
Lietal. 2023); and during the 2022 deployment, a miniature Micro-Orifice Uniform Deposit
Impactor (mini-MOUDI) particle impactor collected size-fractionated aerosols for the offline
chemical imaging analysis.

In addition to providing information on specific chemical components, mass spectra
acquired by PALMS-NG can be classified into several categories to make PALMS data more
accessible for general studies (Froyd et al. 2009). An example is the characterization of verti-
cal profiles of aerosol categories, such as tropospheric organic material, in the UTLS (Fig. 12).
The data collected by PALMS-NG are directly comparable to the original PALMS instrument
(Murphy et al. 2007). A second use is the identification and removal of artifacts, such as par-
ticles produced by the impaction of ice crystals in convective outflow on aircraft surfaces,
which range from paint chips to stainless steel (Murphy et al. 2004).

By measuring the size distribution of stratospheric aerosols influenced by the 2021 La Soufriére
eruption (13.3°N, 61.2°W; Li et al. 2023), DCOTSS provided important insights into the strato-
spheric effects of volcanic eruptions (Fig. 13). DPOPS data show 2—4 times as many particles in
the LS during summer 2021 compared to summer 2022 (Fig. 13a), aligning with expected vol-
canic impacts. Counterintuitively,
the size distribution in 2021 had
more small particles (<400-nm
diameter) than 2022 (Fig. 13h),
which differs from events like the
1991 Pinatubo eruption (Quaglia 1
et al. 2023). This provides impor- 4
tant data for improving the repre- :
sentation of volcanic aerosols in
climate models, particularly for
smaller eruptions. In 2022, the
outflow of a pyrocumulonimbus
(pyroCh) cloud was intercepted
just below the local tropopause
(Lietal. 2025). These data provide 10- }
a unique opportunity to examine <
the microphysical and chemical
properties of pyroCh smoke with
a few days of aging. Addition- .
ally, PALMS-NG data and offline _
analyses of stratospheric particles
collected by the mini-MOUDI
instrument show the prevalence . —
of biomass-burning organic par- - | | | | |
ticles in the LS and highlight their 0.0 0.2 0.4 0.6 0.8 1.0
chemical and morphological com- Number fraction

plexity (Fig. 13c). Fic. 12. Vertical profiles of number fractions of particle catego-

The combination of PALMS-NG  ries measured by PALMS-NG during DCOTSS 2022 flights from
and DPOPS leads to an enhanced 31 May to 12 Jul. The “others” category includes soot, alkali
e « c salt, fuel oil combustion products, and otherwise unclassified
capability—“mapping” of the particles. Data from the samples in cloud were removed due to
size-resolved PALMS-NG particle  aytifacts. Flights in known biomass burning plumes have been
categories onto the distributions  removed for clarity.

Altitude (km)

Meteoric (MT)

—— Sulfate/organic/nitrate (SON)
—— Biomass burning (BB)

—— Mineral dust (MD)

—— Sea salt (SS)

Others
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Fic. 13. Aerosol microphysical and chemical mixing state properties from in situ DPOPS measurements
and the offline chemical imaging analysis. (a) The vertical profile of particle number concentrations
(0.14-2.5-um diameter) for summer 2021 and 2022, with shaded areas indicating the 10th-90th percen-
tiles. (b) Aerosol volume density distributions influenced by the 2021 La Soufriére volcanic eruptions,
compared to baseline conditions in 2022. Data are averaged between the 410- and 430-K potential
temperature surfaces and from 30 to 50°N and from 90 to 110°W. The bars represent the 25th and 75th
percentiles. The DPOPS instrument has a lower cutoff size of 140 nm. (c) Three images illustrate char-
acteristic internal mixing of black carbon (red), inorganic material (blue), and organic carbon (green)
within stratospheric particles collected during the flight of 10 Jun 2022.

determined by DPOPS (Fig. 14). First pioneered by Brock et al. (2021), the combination of these
two instruments provides a means to produce quantitative volume- and mass-based products.
DCOTSS aerosol data provide new insights into the contributions of different sources to UTLS
aerosol, in particular tropospheric aerosol sources under convectively influenced conditions.

4. DCOTSS data archive
All data collected during or produced for DCOTSS are publicly available from the NASA At-
mospheric Science Data Center (ASDC; NASA 2023a). Data are organized in five collections:

a) Stratosphere b) Troposphere
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Fic. 14. Size-resolved particle types measured as volume vs physical diameter D,. Types are identified in
Fig. 12. The PALMS-NG data are mapped on a volume-weighted size distribution measured by DPOPS
during flights from 31 May to 12 Jul during DCOTSS 2022. (a) The LS data from 0 to 6 km above the tropo-
pause and (b) tropospheric data. Note that the particles from active, recent, or aged convection-impacted
air are not considered here. Data in known biomass burning plumes have been removed for clarity.
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aircraft data (NASA 2023b), balloon data (NASA 2023c), model products (NASA 2023d),
radar and satellite data (NASA 2023e), and reports (NASA 2023f). Aircraft data consist of all
in situ measurements collected by the 12 instruments comprising the DCOTSS ER-2 payload
given in Table 2. Balloon data are vertical profiles of ozone, water vapor, and aerosols at
5-10-m vertical resolution over the four locations described in section 2b (Table 3). Radar
data consist of 10-min GridRad volumes and objective overshoot identifications from the
combination of GridRad volumes and fifth generation European Centre for Medium-Range
Weather Forecasts atmospheric reanalysis (ERA5) reanalysis tropopause altitudes. Satellite
data consist of 10-min GOES imagery from GOES-East and GOES-West platforms, as well
as convective properties that include flash rates from the GOES Geostationary Lightning
Mapper and multiple derived products including cloud-top height and objective overshoot
identification. Model output consists of backward trajectories from every second of each
ER-2 flight, forward trajectories from all objectively identified GridRad and GOES overshoots,
convection-allowing model simulations of select events, and photodissociation frequencies
along each flight track computed using a radiative transfer model. Postmission trajectories
are computed using the TRAJ3D trajectory model and ERA5 winds (Hersbach et al. 2020).
Finally, reports consist of mission scientist reports for every transit and research flight, pi-
lot reports for every flight, and daily forecasting and flight planning briefings during each
deployment.

5. Summary

As the first field experiment specifically designed to observe overshooting storms in the
midlatitude stratosphere, DCOTSS was exceptionally successful. The strategy of designing
aircraft flight plans by combining observations of overshooting storms with forecasts of
the motion of convective plumes proved to be highly effective. This achievement required
integrating real-time radar and satellite data, operational weather forecast model output,
trajectory models, and flight planning software through the combined efforts of scientists,
engineers, technicians, and pilots. DCOTSS met all of its observational goals, including
sampling convective outflow of various ages in the stratosphere; characterizing the compo-
sition of stratospheric background air; measuring the essential species involved in halogen
chemistry in the stratosphere, including very-short-lived chlorine- and bromine-containing
species; measuring the abundance and composition of stratospheric aerosols; observing
throughout the summer season; and observing air from different source regions. DCOTSS
produced an order of magnitude increase in data collected within convective outflow plumes
in the stratosphere, and all data collected during the project are publicly available, as de-
scribed in section 4.

Significant progress has also been made on the broader scientific goals of DCOTSS. The
residence time of convectively injected air within the NAMA is much better understood, as are
the transport pathways from the NAMA to the global stratosphere (Clapp et al. 2019, 2021;
Chang et al. 2023; Sayres et al. 2024). It is clear that convection is the primary source of the
summertime maximum in water vapor in the lower stratosphere in the Western Hemisphere
(Fig. 3). Research is underway to investigate the mechanisms involved across scales ranging
from microphysics and turbulence to the global circulation, and multiple approaches are be-
ing used to estimate the total flux of water and other species to the stratosphere on monthly,
seasonal, and interannual time scales.

The DCOTSS mission has revealed that formaldehyde and other trace species are rarely
enhanced in the lower stratosphere (LS) and only near the tropopause, while water vapor
abundance in the lower stratosphere is often significantly enhanced above 380 K by these
convective events. This finding highlights the potentially significant impact of deep convec-
tion on the global budget of lower-stratospheric water vapor. DCOTSS data enable analyses
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of whether overshooting convection creates conditions conducive to increased ozone de-
struction via chlorine radical chemistry. The mission has provided surprising new insights
into the influence of tropospheric aerosol sources on the LS, particularly biomass-burning
aerosols and sulfate/organic/nitrate particles. These findings improve the understanding of
convective impacts on LS composition and their implications for stratospheric chemistry and
climate processes.

In summary, DCOTSS delivers unprecedented data for quantitatively assessing the influ-
ence of widespread overshooting convection over North America on atmospheric dynamics,
radiative forcing, and the composition of the lower stratosphere.

Acknowledgments. The Dynamics and Chemistry of the Summer Stratosphere project was funded
by the National Aeronautics and Space Administration as part of the Earth Venture Suborbital-3
Program managed by the Earth System Science Pathfinder Program Office. This includes the fol-
lowing Grants: 8ONSSC19K0341 to Texas A&M University, 8ONSSC19K0326 to Harvard University,
80NSSC19K1399 to the University of Maryland, 80NSSC19K0342 to the Massachusetts Institute of
Technology, 8ONSSC19K0340 to the University of Miami, 8ONSSC19K0343 to the University of North
Dakota, 8ONSSC19K0347 to the University of Oklahoma, 80NSSC19K1058 to Purdue University,
80NSSC19K0346 to Texas A&M University Corpus-Christi, SONSSC19K0353 and 80NSSC24K0376
to the National Center for Atmospheric Research, 80NSSC24K0714 and 80NSSC24K1856 to the
University Corporation for Atmospheric Research, 80NSSC19K1473 to the Bay Area Environmental
Research Institute, BONSSC24K0447 to the National Institute of Aerospace, and additional funding
to the Naval Research Laboratory and the NOAA Earth System Research Laboratories. Funding was
also provided by the National Science Foundation to the National Center for Atmospheric Research
under Cooperative Agreement 1852977. The project thanks the following NASA administrators for
their leadership and support, particularly during the worst of the COVID-19 pandemic: Jennifer
Olson, Melissa Yang Martin, Ken Jucks, Henry Selkirk, Bruce Tagg, Barry Lefer, and Jack Kaye.
DCOTSS would not have been successful without the efforts of the many people listed here: Judy
Alfter, Norton Allen, Quincy Allison, Darick Alvarez, Juan Alvarez, Rachael Auth, Dylan Baker,
Gregory Bantilan, Fran Becker, Ryan Bennett, Devin Bissell, Kristie A. Boering, Stuart Broce, John
Budney, Gabriela Cazares, Kai-Wei Chang, Cecilia Chang, Gao Chen, Dan Chirica, Samuel Choi, Ju
Chulakadabba, Justin Chulyak, Sean Clair, Corey Clapp, John Cole, John Cooney, Raul Cortes, Patrick
Cullis, Erin Czech, Jonathan Dean-Day, Stephen Donnelly, Mike Dorval, Geoffrey Dutton, James W.
Elkins, Steven Evans, Pat Finch, Catherine Freudinger, Mike Fromm, Karl Froyd, Steve Gabbard,
Andrea Gordon, Michael Greenberg, Danielle Groenen, Wissam Habbal, Emrys Hall, Jennifer Hare,
Lindsey Hayden, Dan Heckel, Roger Hendershot, Bobby Henderson, Gary Hoffmann, Terry Hu, Daniel
Jellis, Eric Jensen, Allen Jordan, Mike Kapitzke, Lynn Kennedy, Sam Kim, Stephen Koertge, Richard
Kolyer, Kevin Kraft, Leslie Robert Lait, Tyler S. Latsha, Jin Liao, Michael Litchfield, Richard Lueb,
Alistair Ma, Craig Mascarenhas, Johnny C. Mau, Wason K. Miles, Alvin Mitchell, Stephen Montzka,
Gary Morris, Elisa Murillo, Daniel Murphy, Jon D. Nance, Dean Neeley, James Greg Nelson, Hieu
Nguyen, Sommer Nicholas, Ken Norlin, Chris Nowotarski, Jan Nystrom, Jesse Orellana, Apoorva
Pandey, Rafael Mendez Pena, David Peterson, Kasey Phillips, Stevie Phothisane, Jasna V. Pittman,
Leslie Pope, Roger Renfro, Marco Rivero, Ju-Mee Ryoo, Sue Schauffler, Gregory Schill, Aanan Schlief,
Michael Schroeder, Michael Schwartz, Tristan Schwien, Selvaraj, Steve Shertz, Katie Smith, Deborah
Smith, Bob Smithson, Kirt Stallings, Andrew Swanson, Michael Thomson, Dave Thomson, Emily
Tinney, Victoria Treadaway, Marilyn Vasques, Edward Vasquez, Monica Vazquez Gonzalez, Dillon
Vogn, Rich Weller, Frank Werner, Darin Whittington, Tim Williams, Kyle Wodzicki, Kensy Xiong,
and Tyler Young.

AMERICAN METEOROLOGICAL SOCIETY BAMS Brought to you by TEXAS A & M UNIV | [MM[AU%CCHEUL%C%% gm\ 111&EzZi;|(§)/1/()1/26 03:22 PM UTC



Data availability statement. All data from the DCOTSS project are freely available from the NASA
Atmospheric Science Data Center (https://asdc.larc.nasa.gov/project/DCOTSS). NEXRAD Level-2 data are
available from NOAA National Centers for Environmental Information (https://www.ncei.noaa.gov/
products/radar/next-generation-weather-radar). The hourly GridRad analyses used for this study are avail-
able from the Research Data Archive at the National Center for Atmospheric Research (Bowman and
Homeyer 2017). Aura Microwave Limb Sounder data are available from the NASA Goddard Earth Sci-
ences Data and Information Services Center (GES DISC). ERA5 data are available from the Copernicus
Climate Data Store (Hersbach et al. 2020).
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