
1.  Introduction
Water vapor (H2O) is a greenhouse gas that contributes significantly to Earth's radiative forcing in the trop-
osphere and stratosphere. Increases in H2O concentration lead to increased warming of the climate system, 
with large sensitivity to concentration changes in the lower stratosphere (LS), especially in the midlatitudes 
(Banerjee et  al., 2019; Forster & Shine, 1999; S. Solomon et al., 2010). While stratospheric H2O is globally 
constrained by the tropical tropopause temperature via vertical transport by the Brewer-Dobson circulation 
and production from methane oxidation (Brewer,  1949; Le Texier et  al.,  1988), processes that rapidly trans-
port air and condensed water (ice) upward across the tropopause also impact LS H2O. Extremes in LS H2O are 
commonly driven by two processes: moist convection (thunderstorms; Schwartz et al., 2013) and volcanic erup-
tions (Millán et al., 2022). While stratosphere-impacting volcanic eruptions are intermittent and largely unpre-
dictable, tropopause-overshooting convection occurs routinely in many regions and may increase in frequency as 
the climate warms (Del Genio et al., 2007; Gensini & Mote, 2015; Romps et al., 2014). Overshooting convection 
generated by fires (pyroconvection)—a unique compound event—has also received increasing attention as a 
source for LS H2O in recent years (S. Khaykin et al., 2020).

Abstract  Water vapor's contribution to Earth's radiative forcing is most sensitive to changes in its lower 
stratosphere concentration. One recognized pathway for rapid increases in stratospheric water vapor is 
tropopause-overshooting convection. Since this pathway has been rarely sampled, the NASA Dynamics and 
Chemistry of the Summer Stratosphere (DCOTSS) field project focused on obtaining in situ observations 
of stratospheric air recently affected by convection over the United States. This study reports on the extreme 
altitudes to which convective hydration was observed. The data show that the overworld stratosphere is 
routinely hydrated by convection and that past documented records of stratospheric heights of convective 
hydration were exceeded during several DCOTSS flights. The most extreme event sampled is highlighted, for 
which stratospheric water vapor was increased by up to 26% at an altitude of 19.25 km, a potential temperature 
of 463 K, and an ozone mixing ratio >1500 ppbv.

Plain Language Summary  When thunderstorms reach into the second layer of the atmosphere 
above Earth's surface, the stratosphere, they may impact the concentration and distribution of trace gases that 
are important to chemistry and climate. One gas that is routinely affected during these events is water vapor, 
which is typically scarce in the stratosphere. This study presents new aircraft observations of extreme heights 
in the stratosphere moistened by these thunderstorms. Since increases in stratospheric water vapor positively 
contribute to warming of Earth's climate and can activate chemistry that destroys ozone, better understanding of 
this phenomenon helps refine our understanding of its role in the climate system. The new aircraft observations 
provide clear evidence that water vapor is enhanced by thunderstorms at higher levels in the stratosphere than 
previously recognized.
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Existing estimates of the contribution of tropopause-overshooting convection to the LS H2O budget are based 
on observations of storms coupled with trajectory calculations driven by large-scale winds or on output from 
convection-resolving model simulations and vary from 10%–15% globally to 30%–45% regionally (e.g., Dauhut 
& Hohenegger,  2022; Dessler & Sherwood,  2004; Hanisco et  al.,  2007; Tinney & Homeyer,  2021; Ueyama 
et al., 2023). Most existing efforts to compute global LS H2O budgets consider only the effects from tropical 
convection, but it is increasingly recognized that midlatitude overshooting convection is both deep and frequent 
(S. M. Khaykin et al., 2022; Liu & Liu, 2016; Liu et al., 2020; Werner et al., 2020). Thus, existing estimates of 
convection's contribution to LS H2O are likely underestimates.

Improving our understanding of convective impacts on the LS H2O budget was a primary objective of the 
recently-completed NASA Dynamics and Chemistry of the Summer Stratosphere (DCOTSS) field campaign. 
DCOTSS targeted the central U.S., which is a global hotspot for deep, midlatitude tropopause-overshooting 
convection (Liu et al., 2020). By combining near-real-time radar and satellite observations of storm top heights 
with trajectory forecasts, DCOTSS targeted convectively influenced stratosphere air within 3 days of occurrence. 
Additional layers impacted by overshooting convection at time periods beyond 3  days were also fortuitously 
sampled.

Past records of stratospheric heights hydrated by convection are based on aircraft and balloon observations. 
There are numerous metrics of stratospheric height that can be considered, including: (a) absolute altitude, (b) 
tropopause-relative altitude, (c) potential temperature (a measure of the energy required to lift tropospheric air 
into the stratosphere), and (d) O3 mixing ratio, which increases rapidly above the tropopause (and typically ranges 
from 100 to 300 ppbv near the tropopause). Based on a comprehensive search of the literature, the two most 
extreme documented heights of stratospheric hydration by convection are one at 18.3 km altitude encountered 
during the SCOUT-AMMA aircraft campaign over Africa (S. Khaykin et al., 2009), and one at 430-K potential 
temperature (∼800 ppbv O3) encountered during the Aura Validation Experiment (AVE) aircraft campaign over 
the United States (Anderson et al., 2012; Hanisco et al., 2007; Smith et al., 2017). Tropopause-relative altitude 
records are unknown or uncertain based on documented events. All existing records were set in high-tropopause 
(i.e., tropical) environments, while the O3 record from AVE has not been specified in prior work. Notable extremes 
in low-tropopause, midlatitude environments are those found in the recent Modular Observations Solutions of 
Earth Systems balloon campaign over Europe—14.25 km altitude, 375-K potential temperature, and ∼650 ppbv 
O3 (Khordakova et al., 2022). While all these listed extremes are based on in-situ observations, remotely sensed 
(lidar) data have provided indirect evidence of convective hydration (in the form of lofted ice) to even higher 
altitudes—up to 19.9 km (e.g., see Iwasaki et al., 2015), but this does not guarantee hydration since the ice parti-
cles may sediment before sublimating (Corti et al., 2008).

The existing records for in situ observations of the height of stratospheric hydration by convection were equaled 
or exceeded during DCOTSS. In this study, we briefly summarize the heights of hydration observed during the 
campaign and highlight the most extreme event sampled. These observations demonstrate the significant impacts 
of midlatitude tropopause-overshooting convection on LS H2O, especially over the United States, and motivate 
renewed focus on their global impact.

2.  Data and Methods
All data analyzed are sourced from the airborne, remote sensing, and model collections of the DCOTSS archive 
(NASA, 2023a, 2023b, 2023c). DCOTSS was a multi-year mission based predominantly out of Salina, Kansas 
in the central U.S., near the climatological maximum in the frequency of tropopause-overshooting convection 
(Cooney et al., 2018; Homeyer & Bowman, 2021). DCOTSS employed the NASA ER-2 aircraft, equipped with 
12 instruments to measure atmospheric trace gas and aerosol composition and additional meteorological vari-
ables, spanning altitudes from the surface up to ∼21.25 km above mean sea level (AMSL). Two multi-month 
deployments in 2021 and 2022 resulted in up to 29 flights with research-quality data, depending on the instrument.

2.1.  Aircraft Observations

In-situ observations at 1-s intervals from three DCOTSS instruments are used to report upon extreme altitudes 
of stratospheric H2O enhancements from convection. For stratospheric H2O, data from the Harvard Herriott 
Hygrometer (HHH) within the Harvard Water Vapor instrument are used. HHH is a tunable diode laser direct 
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absorption sensor that provides H2O mixing ratios with a precision of 0.1 ppmv and an accuracy of 10% (Sargent 
et al., 2013). Global Positioning System (GPS) altitudes and potential temperature are sourced from the Mete-
orological Measurement System (MMS) instrument. The MMS GPS altitudes have an accuracy of 15 m and 
potential temperature has an accuracy that ranges from ±0.5 K near the tropopause (∼200 hPa) to ±1.5 K at the 
maximum ER-2 flight altitude (∼50 hPa; Scott et al., 1990). Finally, O3 mixing ratios are sourced from the Rapid 
OZone Experiment (ROZE). ROZE is a cavity-enhanced ultraviolet absorption instrument that measures O3 at a 
precision of 1 ppbv and an accuracy of 6% (Hannun et al., 2020).

2.2.  Environmental Assimilations

Hourly global assimilations of the atmospheric state from the fifth generation of the European Center for 
Medium-range Weather Forecasts reanalysis, ERA5 (Hersbach et al., 2020), are used for tropopause identifica-
tion and trajectory calculations in this study. ERA5 volumes were obtained on a 0.25° latitude-longitude grid and 
37 unevenly spaced pressure levels. The lapse-rate tropopause (LRT) definition (World Meteorological Organ-
ization, 1957) is applied to ERA5 vertical profiles after cubic spline interpolation to a regular 200 m grid. The 
resulting uncertainty in tropopause altitude is ≤250  m (e.g., Hoffmann & Spang,  2022). The LRT altitudes 
are interpolated linearly in space and time to the aircraft location and to the radar (Section 2.3) and satellite 
(Section 2.4) grids for analysis. Note that while ERA5 output is available on the full 137-level model grid, such 
data provide minimal refinement over the analyses provided herein.

2.3.  Radar Observations

For high-resolution analyses of observed convection across the contiguous U.S. (CONUS), version 4.2 Gridded 
NEXRAD WSR-88D Radar (GridRad) data at 10-min intervals are used (Homeyer & Bowman, 2022). GridRad 
merges individual NEXRAD WSR-88D volumes onto a common grid with ∼0.02° latitude-longitude resolution 
(∼2-km) and 0.5-km altitude spacing below 7 km AMSL and 1-km spacing at higher altitudes up to 22 km 
AMSL. The GridRad domain spans 24–50°N latitude and 235–294°E longitude. The radar reflectivity at hori-
zontal polarization ZH is used to identify tropopause-overshooting convection as ZH = 10 dBZ echo-top altitudes 
above the tropopause, applying a few quality-assurance criteria consistent with past GridRad overshoot climatol-
ogies (Cooney et al., 2018; Homeyer & Bowman, 2021; D. L. Solomon et al., 2016). As has been demonstrated 
in previous studies, GridRad echo-top altitudes are unbiased and have an uncertainty of ±1 km.

2.4.  Satellite Observations

Radar-based overshoot detection over the CONUS is complemented by more extensive overshoot detection from 
Geostationary Observing Earth Satellite (GOES) imagery over North America. Cloud top height retrievals based 
on infrared (IR) GOES imagery are available at 10-min intervals during the 2021 and 2022 DCOTSS deploy-
ments, spanning a domain from 12 to 52°N latitude and 225–295°E longitude at 2-km horizontal resolution, 
and based on the method outlined in Griffin et al. (2016). In contrast to convection below the tropopause, IR 
brightness temperatures for overshooting convection are typically colder than the LS temperature. This inhibits 
the traditional cloud top height assignment approach of matching an IR temperature to a local tropospheric 
temperature profile. Cloud top height assignments here use an assumed lapse rate of 3.25 K km −1 above the trop-
opause. This lapse rate is smaller than that determined in Griffin et al. (2016) from a database of 1-km resolution 
Moderate Resolution Imaging Spectroradiometer and CloudSat overshooting observations and is required due 
to the larger pixel sizes of the GOES imagery used here. Corrections for parallax displacement errors are made 
prior to analysis.

In addition to cloud top height retrievals based on tropopause-relative IR cloud top temperature, we include 
10-min stereoscopic cloud top height retrievals based on overlapping GOES-East and GOES-West IR imagery. 
Stereoscopic retrievals leverage the differential parallax shifts resulting from the different viewing angles of two 
satellites to determine cloud top heights with high fidelity and an accuracy that depends on the spatial resolution 
of the imagery (Fujita, 1982; Hasler et al., 1991; Mack et al., 1983; Negri, 1982). The IR stereoscopic cloud top 
heights retrieved for this study have an estimated uncertainty of 0.4 km (Podglajen et al., 2022). For the extreme 
event on the evening of 23 June 2022, 1-min stereo retrievals from overlapping mesoscale domains were also 
produced, but these unfortunately cut off directly downwind of the area of extreme overshooting. As a result, 
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only the 10-min stereo retrievals for the full analysis domain are shown, but 
the extent of altitude extremes and the maximum altitude observed utilize the 
1-min analysis.

2.5.  Trajectory Analyses

To link radar- and satellite-observed tropopause-overshooting convection to 
the aircraft measurements, we use 5-day forward isentropic trajectory calcu-
lations initialized in overshoot volumes and computed using the TRAJ3D 
model (Bowman,  1993; Bowman & Carrie,  2002; Bowman et  al.,  2013). 
Overshoot volumes are identified using a combination of storm-top heights 
and ERA5 LRT altitudes. For each overshoot, particles are initialized every 
0.02° latitude-longitude and 500-m altitude from 500 m above the LRT alti-
tude to the storm top and modified with up to ±0.01° latitude-longitude and 
up to ±250-m altitude uniformly-distributed random noise to better fill the 
volume. For a typical instantaneous radar-observed overshoot area of 40 km 2 
(Cooney et al., 2018), the number of particles per 500-m altitude of over-
shooting is 10. Trajectory particles are advected forward 5 days using 2-D 
isentropic hourly wind fields from ERA5. Trajectory positions are saved 
hourly, with interpolation of particle positions in time for matching with the 
paths of the DCOTSS flights.

Trajectories are matched with a flight observation if they fall within a speci-
fied distance. This distance is determined from assumed time-dependent hori-
zontal displacement errors resulting from numerical error of the trajectory 
calculation and ERA5 wind field errors, which we set somewhat conserva-
tively here as 25 km per day. Time series measurements from each flight are 
then compared with matched trajectory counts to identify stratospheric H2O 
enhancements linked to recent convection. We require H2O enhancements 
to reach at least 0.5 ppmv above the adjacent background mixing ratio (i.e., 
the value before/after the enhancement at a similar altitude) and be broadly 
coincident with a substantial number of overshoot trajectory particles (≥20) 
to be classified as convection-driven hydration events.

3.  Results
3.1.  DCOTSS Altitude Extremes

Stratospheric H2O enhancements linked to convection are found in observations from at least 18 DCOTSS flights, 
with the total sampling time in enhancements exceeding 28 hr (at least 20× more than all known in situ samples 
prior to DCOTSS). The highest stratospheric heights within these enhancements are listed in Table 1. The maxi-
mum H2O mixing ratio at the extreme altitude is also listed, as well as the adjacent unperturbed background H2O 
mixing ratio. Together, these measurements indicate that observed H2O enhancements at altitude extremes range 
from 1.1 to 3.8× background, with an average enhancement of 1.55×. In comparison, DCOTSS measurements of 
convective enhancements of H2O at altitudes closer to the tropopause routinely exceed 2× background and were 
up to 8× background (not shown). These extremes also reveal that convection-driven stratospheric hydration 
measured during DCOTSS extends well into the overworld stratosphere (potential temperature >380 K) on all 
but one flight. In fact, 18.5 of the 28.4 hr spent measuring convective hydration events during DCOTSS (∼65%) 
were completed in the overworld. Comparatively, all stratospheric measurements from DCOTSS span 136.4 hr, 
88% of which were in the overworld.

Previous records of the height of stratospheric enhancements were exceeded during either 3 or 4 DCOTSS flights, 
depending on the metric considered. Specifically, past altitude extremes were exceeded during the 10 June 2022, 
24 June 2022, and 27 June 2022 flights, past potential temperature extremes were exceeded on the same three 
flights and the 29 July 2021 flight, and past O3 mixing ratio extremes were exceeded on the 10 June 2022, 21 June 
2022, 24 June 2022, and 27 June 2022 flights. Notably, all records were broken by a wide margin during the 24 
June 2022 flight. This flight is the focus of the remaining analysis.

Flight date Z (km) Zrel (km) θ (K) O3 (ppbv) H2O (ppmv)

23 July 2021 17.02 2.4 402 373 5.2 (4.5)

26 July 2021 17.89 2.7 421 518 5.7 (4.0)

29 July 2021 17.93 3.3 433 668 7.4 (3.7)

02 August 2021 17.87 3.0 414 – 4.6 (4.0)

10 August 2021 17.58 3.4 424 483 9.1 (4.3)

14 August 2021 17.51 4.1 429 645 4.8 (4.0)

17 August 2021 16.38 0.9 390 298 5.8 (5.0)

19 August 2021 16.79 2.1 399 390 5.5 (5.0)

26 May 2022 14.17 1.2 386 269 7.8 (6.1)

29 May 2022 14.51 1.6 379 507 4.9 (4.2)

31 May 2022 17.25 2.4 414 790 11.7 (4.0)

02 June 2022 17.52 3.1 423 660 5.1 (3.8)

08 June 2022 17.67 3.7 424 693 16.1 (4.2)

10 June 2022 18.46 3.2 434 939 5.3 (4.1)

21 June 2022 17.73 3.6 429 920 5.4 (4.6)

24 June 2022 19.26 4.1 463 1552 5.7 (4.5)

27 June 2022 18.36 2.9 433 943 4.9 (4.3)

11 July 2022 17.63 1.9 413 493 4.7 (4.2)

Note. The O3 and H2O extremes are maximum values within 100 m of the 
identified Z maximum, with background H2O mixing ratios in parentheses. 
Maximum values of each stratospheric height metric are emboldened.

Table 1 
Extreme Altitudes Z, Tropopause-Relative Altitudes Zrel, Potential 
Temperature θ, O3, and H2O Within DCOTSS (Dynamics and Chemistry 
of the Summer Stratosphere) Samples of Stratospheric Hydration by 
Convection
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3.2.  The 24 June 2022 DCOTSS Flight

The 24 June 2022 flight was designed with two primary targets: (a) stratospheric outflow from a deep, long-lived torna-
dic supercell storm that impacted north-central Kansas on the evening of 23 June 2022, and (b) stratospheric outflow 
from forecast storms in the Dakotas during the afternoon of 24 June 2022. Both targets were successfully sampled, 
but analysis herein focuses on the first target—responsible for the most extreme heights of stratospheric hydration 
sampled during DCOTSS. A map of the entire flight path is shown in Figure S1 in Supporting Information S1.

The 23 June 2022 supercell storm formed in north-central Kansas near 20 UTC and spawned 6 tornadoes as well 
as multiple hail and wind reports during the ∼5 hr of its lifecycle (NCEI/NOAA, 2023). Its early development 
was characterized by explosive growth to altitudes of up to 20 km AMSL (up to 5 km above the environmental 
LRT height of ∼15 km), followed by a sustained period (∼1.5 hr) of exceptional height (≥19 km) and slow decay 
thereafter. Figure 1 shows extreme storm top heights from the GOES and GridRad products, accumulated over 
5 hr, during the lifecycle of the Kansas supercell. Each storm-top height detection method indicates that the storm 
reached altitudes of at least 19 km, with a broad east-west oriented swath exceeding 17 km. Because the GOES 
products measure the cloud top and the GridRad products measure large precipitation particles, the areal expanse 
of extreme altitudes is greater for the GOES products. The Supporting Information S1 includes example vertical 
cross-sections of GridRad ZH for the Kansas supercell during its deepest periods (Figures S2 and S3 in Support-
ing Information S1), corresponding GOES-East IR and visible imagery at one of the GridRad times (Figure S4 
in Supporting Information S1), and a 1-min animation of GOES-East visible imagery for the storm's lifecycle.

The 24 June 2022 flight began at 17:52 UTC, ∼20 hr after the deepest overshooting in the Kansas supercell storm. 
Based on near-real-time GridRad and GOES products, sampling of the stratospheric hydration was designed to 
bisect the forecast overshoot plume, which was being vertically tilted by environmental wind shear. In particular, 
the lowest part of the plume was being advected to the east, while the highest part was being advected to the west. 
A racetrack pattern oriented northwest to southeast over northern Kansas was designed to sample incrementally 
from ∼18.4 km to ∼19.25 km altitude in approximately 300-m increments. The second loop of the racetrack 
at the two highest altitudes was restricted to a shorter east-west distance, during which the plane ascended to a 
higher altitude than planned during the 18.95-km leg for a brief time. Marginal enhancements in stratospheric 
H2O were observed during the first racetrack at the two lowest altitudes, while more substantial enhancements of 
up to ∼1.2 ppmv (26%) above background were observed at the two highest altitudes during the second racetrack 
(Figure 2).

Figure 1.  Storm top altitude history from (a) 10-min traditional Geostationary Observing Earth Satellite (GOES) infrared 
(IR) retrieval, (b) 10-min GOES IR stereoscopy, and (c) 10-min GridRad ZH = 10 dBZ echo tops. Each panel shows the 
maximum altitude observed during a 5-hr period from 20 UTC on 23 June 2022 to 01 UTC on 24 June 2022 over a domain 
spanning 259–266°E and 37–41°N. Tornado, hail, and wind reports from the NCEI Storm Event Database are shown in (a) by 
the red triangles, green circles, and blue squares, respectively. The white contour in (b) outlines exceedances of 18 km from 
the 1-min stereoscopic retrievals. The storm-maximum altitudes observed by each data set are also indicated.
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Figure 2b shows a time series of the first 3  hr of the 24 June 2022 flight including HHH H2O measure-
ments, ROZE O3, and MMS altitude and potential temperature. During initial ascent, the aircraft crossed the 
tropopause at an altitude of ∼15.2 km (based on ERA5 reanalysis), where H2O decreased as O3 increased. 
At an altitude of ∼16 km, the decrease in H2O was briefly interrupted by an enhancement that extended 
up to ∼17 km. This enhancement was trajectory-linked to GridRad- and GOES-observed convection that 
occurred nearly 5 days prior (not shown). Following this brief enhancement, H2O concentrations dropped 
to background levels of 4–4.5 ppmv during the remainder of the ascent to the first racetrack leg at 18.4 km. 
During each pass of the racetrack maneuvers, marginal to moderate enhancements in H2O were observed, 
each of which was trajectory-linked to the 23 June 2022 supercell storm. As previously highlighted, the 
enhancements were greatest at the two highest altitude passes. While H2O perturbations were clear, O3 and 
potential temperature were minimally changed within the outflow, except for perhaps at the lowest altitude 
sampled (18.4 km). Each of the four passes targeting the stratospheric H2O enhancements from the 23 June 
2022 supercell storm exceeded prior in-situ altitude, potential temperature, and O3 extremes of observed 
convective hydration.

Finally, to visually demonstrate our trajectory-based linkage of the observed stratospheric H2O enhancements 
with the Kansas supercell, we show overshoot trajectory positions at the approximate mid-time of the racetrack 
sampling and the 24 June 2022 flight track in Figure 3. In this case, only GridRad overshoot trajectory parti-
cles initialized during the prior 24-hr period are shown, with particles from the Kansas supercell storm in red 
and all other storms in black. Trajectories from older convection are not shown because they are more diffuse 
and do not alter the interpretation of the enhancements measured during the racetrack maneuvers. Comparing 
Figures 2a and 3 reveals a close coincidence between the orientation of the Kansas supercell overshoot plume 

Figure 2.  The first 3 hr of the Dynamics and Chemistry of the Summer Stratosphere (DCOTSS) 24 June 2022 flight track 
shown as (a) a map encompassing northern Kansas, colored by H2O mixing ratio, and (b) a time series of Harvard Herriott 
Hygrometer (HHH) H2O mixing ratio (blue), Rapid OZone Experiment (ROZE) O3 mixing ratio (yellow), Meteorological 
Measurement System (MMS) Global Positioning System altitude (black), MMS potential temperature (red), and the ERA5 
lapse-rate tropopause (LRT) altitude (dashed black line). The altitudes of each half segment of the two completed racetrack 
maneuvers are indicated in each panel, and the location of Salina, Kansas is indicated by the black star in (a). The light gray 
color-filled segment in (b) indicates a stratospheric H2O enhancement linked to nearly 5-day-old convection, while each of the 
dark gray color-filled segments indicate stratospheric H2O enhancements linked to the 23 June 2022 Kansas supercell.
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and the observed H2O enhancements, especially during the higher-altitude racetrack. The marginal enhance-
ments observed during the first racetrack are consistent with a greater spatial offset between the aircraft and 
the radar-based overshoot plume at those altitudes. Lastly, the trajectory analysis demonstrates clearly that the 
Kansas supercell storm is likely the only storm responsible for the observed extreme altitudes of stratospheric 
hydration during the 24 June 2022 flight (since all other overshoot particles are displaced farther from the 
flight path).

4.  Conclusions
DCOTSS measurements of stratospheric hydration establish new bounds for the impact of midlatitude convec-
tion on the stratospheric H2O budget. Past evidence for extreme altitudes of H2O enhancement were frequently 
met and greatly exceeded during DCOTSS (Table 1), with routine impacts to the overworld stratosphere (long 
thought to be minimally impacted by convection). While the most extreme event sampled during DCOTSS was 
highlighted here, many of the events sampled are of interest due to their size, duration, age, or more extensive 
chemical impacts (see scale discussion in Supporting Information S1). It is important to note that, while the 
highlighted extreme 23 June 2022 Kansas supercell results in significant increases to stratospheric H2O at alti-
tudes up to 19.25 km, such storms are rare, with only 10–100 per year reaching similar altitudes in the CONUS 
(Cooney et al., 2018). Based on DCOTSS sampling, overshooting convection does routinely hydrate the strat-
osphere up to altitudes of ∼18 km, tropopause-relative altitudes of 3 km, potential temperatures of 420 K, and 
O3 mixing ratios of ∼500 ppbv. However, it is not appropriate to estimate the absolute frequency of convective 
hydration of the stratosphere from aircraft data alone due to sampling biases arising from targeted observation. 
Rather, these measurements and the growing body of literature identifying the global significance of midlatitude 
tropopause-overshooting convection frequency and height motivate increased consideration of its impact on the 
stratospheric H2O budget.

Data Availability Statement
All DCOTSS aircraft (NASA,  2023a), radar & satellite (NASA,  2023c), and trajectory (NASA,  2023b) 
data analyzed here are available from the NASA Atmospheric Sciences Data Center. The GOES IR 
stereoscopic retrievals are available online from NASA Langley: https://science-data.larc.nasa.gov/
LaRC-SD-Publications/2023-05-23-001-KMB/.

Figure 3.  Snapshot of GridRad overshoot trajectory particles initialized in the 24-hr period prior to the 24 June 2022 flight 
at the approximate mid-time of sampling (valid 19 UTC on 24 June 2022). The large panel is a map extending from northern 
Oklahoma to central Nebraska, while the smaller panels at the top and right are longitude-altitude and latitude-altitude plots. 
In each panel, trajectory particles initialized in overshoots from the 23 June 2022 Kansas supercell are in red and all other 
storms in black. The ER-2 flight path is superimposed in gray.
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