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Abstract Deep convection that penetrates the tropopause (overshooting convection) transports water vapor
and other tropospheric constituents to the upper troposphere and lower stratosphere (UTLS). Overshooting
convection has chemical and radiative impacts on the UTLS, including the downward transport of ozone and
hydration of the stratosphere. Currently, water vapor transport due to overshooting convection is not well
quantified. In this study the Weather Research and Forecasting model (WRF) is used to simulate a Mesoscale
Convective System (MCS) that formed on 9 June 2022 and produced multiple overshoots over the course of
12 hr, with radar echo tops reaching up to 5 km above the ERA5 tropopause. Observations from the NEXRAD
radar system are used along with in situ aircraft measurements from the Dynamics and Chemistry of the Summer
Stratosphere (DCOTSS) project to validate the simulated overshooting convection and horizontal transport of
the water vapor plume. Isentropic back trajectories are used to match water vapor enhancements to individual
overshoots and the mass of the plume is calculated by subtracting the stratospheric background. In total, the
model estimates that this storm injected 121 kt of water vapor into the stratosphere: 56 kt into the 370–380 K
layer, 30 kt into the 380–390 K layer, and 35 kt above 390 K with enhancements simulated as high as the 445 K
isentrope.

Plain Language Summary While most water vapor enters the stratosphere through large‐scale
upward motion near the equator, updrafts within powerful storms (overshoots) are also capable of transporting
water vapor to the (normally very dry) lower stratosphere. To calculate the amount of water these storms
transport, we use a computer model to simulate a storm that was observed on 9 June 2022. The model output is
compared with radar and aircraft observations to ensure that the simulation is realistic. Next, simulated water
vapor values are used to calculate how much water was added to the stratosphere and how it is distributed. We
estimate that this storm injected 121 kt of water vapor into the stratosphere, and while most of this water is near
the tropopause, increased water vapor values are found more than 3 km into the stratosphere.

1. Introduction
Stratospheric water vapor plays an important role in the Earth's radiative budget. Changes in lower stratospheric
water vapor concentrations have been linked with global surface temperature trends (Held & Soden, 2010;
S. Solomon et al., 2010) and shown to be a potential positive feedback mechanism in the global climate
(Dessler, 2013). Water vapor also plays a role in ozone depletion processes in the stratosphere, both as an
important source of hydroxyl radicals and by forming ice particles or liquid aerosol surfaces on which hetero-
geneous reactions may occur (Robrecht et al., 2019; Santee et al., 2024; Wilka et al., 2018; Zou et al., 2021). It is
therefore important to understand the processes by which water enters the stratosphere, as changes in these
processes in response to global climate change (Tinney et al., 2024; Wu et al., 2023) could lead to higher surface
temperatures and more ultraviolet radiation reaching the surface.

In general, the stratosphere is very dry with typical water vapor concentrations of 4–5.5 ppmv observed via
balloon‐borne instruments (Hurst et al., 2011) and aircraft (Bowman et al., 2025) at mid‐latitudes. Most air that
enters the stratosphere does so via the Brewer‐Dobson Circulation (BDC), which ascends through the cold
tropical tropopause layer. This causes much of the water content to be removed via precipitation. In contrast, deep
convection that penetrates the tropopause (hereafter overshooting convection) rapidly transports both water vapor
and ice to the stratosphere, leading to localized water vapor concentrations several times higher than background
levels (C. R. Homeyer et al., 2023; Smith et al., 2017; Werner et al., 2020). Overshooting convection is common
in mid‐latitudes during the summer months: specifically over the central United States, northeast China, and
Argentina (Hong et al., 2023; Liu & Liu, 2016). Satellite measurements from the Microwave Limb Sounder
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(MLS) show increased stratospheric water vapor in these regions (Werner et al., 2020). The large scale anticy-
clones that form in the summer over North America and Asia act to confine injected material (Chang et al., 2023),
potentially amplifying the effect of overshooting convection on the stratosphere in these regions. The Dynamics
and Chemistry of the Summer Stratosphere (DCOTSS) mission (Bowman et al., 2025) employed NASA's high‐
altitude ER‐2 aircraft to sample the stratospheric outflow (plumes) from overshooting convection over the central
United States with a payload of 12 instruments measuring water vapor, aerosol, greenhouse gases, ozone, halogen
radical species, meteorological variables, and various other chemical species. A total of 23 research flights were
conducted in the summer months of 2021 and 2022, sampling a variety of active, recent, and aged plumes from
overshooting storms. Stratospheric water vapor enhancements were observed during 18 of these flights at alti-
tudes up to 19 km (C. R. Homeyer et al., 2023). By combining data collected during DCOTSS with high‐
resolution storm simulations, we address one of the most fundamental questions about overshooting convec-
tion: How much water vapor is transported to the stratosphere as a result of these events?

Using data from DCOTSS flights, Sayres et al. (2024) analyze the seasonal increase in background concentrations
of lower stratospheric water vapor to estimate the total amount of water transported due to overshooting con-
vection over North America in the warm season and conclude that 20–32 Tg was added per summer in 2021 and
2022. We seek to complement this top‐down estimate of the total convective contribution to stratospheric water
vapor by estimating the transport and plume structure at the storm scale, and by examining the relationship
between overshoot area and the water flux into the stratosphere. By using the Weather Research and Forecasting
model version 4.7.1 (WRF), we are able to obtain a high‐resolution, four‐dimensional representation of an
overshooting storm and stratospheric plume sampled during DCOTSS. Observations from the NEXRAD radar
system and DCOTSS are used to validate the simulated storm and plume respectively, and by subtracting
stratospheric background concentrations from the plume an estimate of the total added water mass may be ob-
tained. The case selected for study is a mesoscale convective system (MCS) that occurred on 9 June 2022 and was
overshooting for 12 hr. GridRad echo top heights indicate that overshoots reached up to 5 km above the
tropopause, and water vapor concentrations of over 15 ppmv (three times higher than background) are measured
as high as 17.5 km (410 K).

2. Data
2.1. GridRad

The radar analyses used in this study follow previous work by D. L. Solomon et al. (2016), Cooney et al. (2018),
and Jellis et al. (2023) that use the NEXRAD radar system to examine the characteristics of overshooting con-
vection. In these studies, radar reflectivity measurements from 143 NEXRAD WSR‐88D radar in the contiguous
United States are composited onto a regular latitude‐longitude‐altitude grid (Crum & Albery, 1993). This product
is known as GridRad (C. Homeyer & Bowman, 2017). Due to its gridded nature and good coverage over most of
the contiguous United States, GridRad is an ideal product for overshoot analysis purposes. The horizontal res-
olution of the GridRad grid is 48 gridboxes per degree (∼2 km), and the vertical resolution is 1 km in the upper
troposphere and lower stratosphere (UTLS). Individual radar sweeps from the NEXRAD radar are weighted by
the radar's proximity to the gridbox and the interval between the scan and the GridRad analysis time. Only scans
within ±10 min of the analysis time are included in each GridRad analysis. The data set used in this study covers
June, July, and August of 2022 with a temporal resolution of 5 min (NASA, 2023b). These data are used to
validate the simulated storm and to scale the water mass transport from this storm to the full 3 month period for
comparison with the results of Sayres et al. (2024).

2.2. ERA5

Initial and boundary conditions for the WRF runs in this study are taken from the fifth generation 0.25° × 0.25°
European Centre for Medium‐Range Weather Forecasts (EMCWF) reanalysis (ERA5), while 0.75° × 0.75°
gridded fields are used to determine the tropopause altitude for GridRad overshoot identification (Hersbach
et al., 2020, 2023). These products are provided on 37 standard pressure levels from 1,000 to 1 mb and have a
vertical resolution of ∼1 km in the UTLS.
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2.3. DCOTSS Aircraft Measurements

In situ aircraft observations from the DCOTSS project are used to verify that the simulated water vapor values in
the injected plume are realistic (NASA, 2023a). Water vapor concentrations are provided by the Harvard Heriott
Hygrometer (HHH; Sargent et al., 2013), while temperature, pressure, and aircraft GPS location are provided by
the Meteorological Measurement System (MMS; Scott et al., 1990). Precision, accuracy, and sample rates are
shown in Table 1.

3. Methods
3.1. Case Overview

The case selected for study is an MCS that formed at 1900 UTC on 9 June 2022 over the panhandle of Texas,
hereafter referred to as MCS1 (Figure 1 Label A). The storm tracked southeast into Oklahoma before dissipating
at 0900 UTC on 10 June. Radar observations indicate that the storm was overshooting for much of its lifetime with
individual overshoots reaching up to 5 km above the tropopause. A DCOTSS research flight (Figure 1 Label B)
sampled the outflow from these overshoots using the ER‐2. The plane departed Salina, Kansas at 14 UTC on 10
June and flew south to intercept the plume over east Texas (Figure 1 Label C). The plume was sampled using six
east‐west constant altitude legs from 1600 to 2000 UTC. The legs began just above the tropopause at 15.6 km
(∼370 K), and stepped up to 18.3 km (∼430 K). Within the plume the HHH instrument measured water vapor
concentrations of up to 18 ppmv at 15.6 and 16.2 km, and up to 12 ppmv at 17.4 km, well above the typical
background concentration of 4–5.5 ppmv at these altitudes and latitudes (see Figure 7b). Note that the plume was
sampled ∼12 hr after injection and water vapor concentrations were likely higher closer to the period of active
overshooting. The ER‐2 then returned to Salina for landing at 2200 UTC.

Table 1
Performance Parameters for Relevant Instruments Aboard the ER‐2 Aircraft During the DCOTSS Mission

Instrument Measurement Sample rate (Hz) Precision ± accuracy

HHH Water Vapor 1 0.10 ppmv ± 10%

MMS Pressure 1–20 0.003 hPa ± 0.3 hPa

Temperature 0.05 K ± 0.3 K

Horizontal Wind 0.1 m⋅s− 1 ± 1 m⋅s− 1

Vertical Wind 0.05 m⋅s− 1 ± 0.3 m⋅s− 1

Figure 1. The inner 1 km WRF domain with (A) NEXRAD composite reflectivity snapshot of MCS1 at 0530 UTC on 10
June, (B) DCOTSS flight track in solid red (1400–2200 UTC on 10 June), (C) general path of material injected into the
stratosphere by MCS1, and (D) the radar analysis region in dashed red.
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3.2. WRF Model Setup

WRF version 4.7.1 is used to simulate MCS1 while it is actively overshooting and the resulting outflow plume
through the duration of the ER‐2 flight. Initial and boundary conditions for the simulation are taken from the
ERA5 0.25° reanalysis. The model is configured as an outer domain with 5 km horizontal resolution that covers
most of the contiguous United States and a nested domain with 1 km resolution that encloses the DCOTSS flight
track (Figure 1 Label B). The inner domain is designed to cover both the convection of interest and the area where
the ER‐2 sampled the outflow plume. The model is initialized at 0400 UTC on 9 June 2022, allowing for∼15 hr of
spin‐up time before convection initiates. The simulation is run until the landing of the ER‐2 at 2300 UTC on 10
June, ∼14 hr after MCS1 has stopped overshooting. Because a large fraction of the low‐level plume has been
advected out of the inner model domain by this time (see Figure 1 Label C), most of the following analysis (with
the exception of the aircraft validation) will be performed on the fresh plume at 0800 UTC on 10 June. Integration
timesteps of 4 s and 4

3 s are used for the 5 km domain and 1 km nest, respectively. Model η levels are calculated
based on a proximity sounding such that the vertical spacing within the boundary layer stretches from 50 m near
the surface up to 250 m at an altitude of 5 km, after which it remains approximately uniform up to the model top. A
model top of 12 hPa (approximately 30 km) is used for this simulation as lower model tops were found to inhibit
overshooting as far as 3 km below the bottom of the damping layer. Rayleigh damping is employed within 5 km of

the model top with a coefficient of 0.1 s− 1. The parameterization schemes
used are shown in Table 2. The NSSL 2‐moment microphysics scheme is used
for its ability to predict a wide range of hydrometeors including cloud
droplets, rain drops, ice crystals, snow, graupel, and hail. The convective
parameterization is turned off for the 1 km nest.

The ERA5 reanalysis has been found to contain excess water vapor at some
locations in the upper troposphere and lower stratosphere (Krüger
et al., 2022), and this is observed in the initial and boundary conditions used
for this simulation. To simplify the plume analysis, the water vapor con-
centration is set to a constant value of 4.5 ppmv for all levels above the WMO
lapse rate tropopause in the initial and boundary conditions. This value is
selected based on stratospheric background concentrations measured during

Figure 2. The maximum potential temperature with stratospheric water vapor concentration greater than 6 ppmv for 0800
UTC on 10 June 2022 on the WRF inner domain. The plume from the MCS of interest (MCS1) is enclosed by the box labeled
(A). The plumes labeled (B) and (C) are from an overshooting storm system that passed to the northeast (MCS2) and from
isolated convection that occurred over southern New Mexico respectively. Label (D) indicates an ERA5 water vapor artifact
from the initial conditions that extends across the inner model domain. Note that this water does not impact the plume mass
calculation.

Table 2
Parameterization Options Selected for the WRF Simulations in This Study

Parameterization Scheme

Microphysics NSSL 2‐Moment

Long/shortwave RRTMG

Surface layer Revised MM5 surface layer

Land surface Noah Land Surface Model

Planetary boundary layer Yonsei University

Cumulus physics Tiedtke
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DCOTSS flights. The removal is carried out on the intermediate files output by the WRF Pre‐Processing System
(WPS) and is not found to significantly affect convection or overshooting in the model.

3.3. Radar Validation

The timing, location, and intensity of convection in the model are validated by comparing the simulated
reflectivity values with GridRad observations. Similarly, GridRad is used to validate the overshooting within the
model domain. To isolate MCS1 and the overshoots it produces, the region shown by Figure 1 Label D is used for
these comparisons and will be referred to hereafter as the radar analysis region. Area outside the dashed boundary
contained convection that was not sampled by the ER‐2 and therefore is omitted from the analysis (see Sec-
tion 3.5). Overshooting regions are identified in GridRad analyses by comparing 10 dBZ echo‐top heights to
tropopause altitudes derived from hourly 0.75° ERA5 reanalyses. The echo‐top height is defined as the center of
the highest gridbox in each column exceeding 10 dBZ. To filter out unrealistic echo, two additional conditions
must be met for an echo top to be considered valid: the column maximum reflectivity must be at least 30 dBZ, and
there must be reflectivity measurements greater than 0 dBZ in the two gridboxes below the echo top. Tropopause
altitudes are computed by interpolating ERA5 temperature fields onto a 250 m altitude grid and applying the
WMO definition of the lapse rate tropopause. A similar process is used to identify overshooting in the model
output, though the cloud‐top altitudes from WRF are used in place of echo‐top altitudes as the former have been
found to be more consistent with the echo‐tops from GridRad (C. R. Homeyer et al., 2014; C. R. Homeyer, 2015;
Phoenix & Homeyer, 2021; Phoenix et al., 2017). Cloud‐top altitudes are defined to be the highest gridbox with at
least 0.1 g·kg− 1 of condensed water, and for consistency with the GridRad calculation it is required that the
gridboxes 1 and 2 km below have reflectivity greater than 0 dBZ. The tropopause is computed on the coarse grid at
hourly intervals and interpolated to the fine grid in both space and time. This is done both for consistency with the
GridRad methodology and to avoid tropopause artifacts within active updrafts on the 1 km domain.

3.4. Aircraft Validation

Simulated water vapor concentrations are interpolated to the ER‐2 location in both space and time for comparison
with in situ measurements from the HHH instrument. Differences between the real and simulated overshoot
plumes are inevitable due to the chaotic nature of moist convection, and lead to spatiotemporal displacements
between the simulation and observations. To evaluate the impact of these differences on the comparison between
simulated and observed water vapor, a sensitivity analysis is performed. The ER‐2 flight track is displaced 5, 10,
25, or 50 km in each horizontal direction, 250 or 500 m vertically, and 5 or 10 min in time and the simulated water
vapor along the displaced track is compared to observations. The temporal and zonal displacements have no
significant effect on the water vapor comparison, while the 50 km meridional displacements result in the flight
track missing the plume at higher levels. This is consistent with the east‐west orientation of the plume. The strong
vertical gradient of water vapor within the plume (see Figure 10b) leads to a high sensitivity to vertical dis-
placements of the flight track, with even a 250 m (∼5 K) displacement changing the simulated water vapor profile
entirely. None of these displacements significantly improves the agreement between the simulated and measured
water vapor profiles, so the actual aircraft track is used for the following analysis.

3.5. Mass Calculation

The plume is identified by observing the increase in stratospheric water vapor concentrations colocated with
overshooting in the model output. The box labeled a in Figure 2 (102.25–93°W, 32–35.75°N) contains the outflow
plumes of interest and is defined so as to exclude stratospheric water vapor from an MCS (hereafter MCS2)
occurring over Kansas (Figure 2 Label B) and overshooting over southern New Mexico (Figure 2 Label C). These
systems were both observed by radar as well and are discussed further in Section 4.1. Isentropic back trajectories
are run from all WRF grid locations within the box using the horizontal wind fields from the 1 km WRF domain at
5‐min intervals. The winds are interpolated onto a regular 0.1° longitude‐latitude grid with corners at 29.5°N,
105°W and 39.5°N, 93°W on theta levels from 370 K (near the tropopause) to 450 K in 5 K increments. The
decrease in horizontal resolution is deemed acceptable as the winds at these isentropic levels are smooth at that
spatial scale. The trajectories are initialized at 8 UTC on 10 June (1 hr after overshooting concludes) and run
backward in time to 16 UTC on 9 June—3 hr before overshooting begins (Figure 3a). Simulated water vapor
concentrations are interpolated to the back trajectories at each 5‐min WRF output time (Figure 3b). Back tra-
jectories that exit the domain have their concentrations set to the last available value for all earlier times.
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An effective volume for each individual parcel is calculated at the initial
locations of the back trajectories at 0800 UTC (when the parcels are aligned
with the WRF grid). The area of each gridbox is computed from the latitudes
and longitudes of the grid corners, and the mass is calculated assuming the
atmosphere at these levels is in hydrostatic balance using (Equation 1), where
i is the parcel index, mi is the mass of the parcel, Ai is the horizontal area, Δpi
is the vertical dimension of the parcel in pressure coordinates, and g is the
acceleration of gravity.

mi = Ai
Δpi
g

(1)

Assuming that the mass of air in a parcel does not change along the trajectory,
the parcel masses can be multiplied by the interpolated water vapor con-
centrations to calculate the mass of water in each parcel at each timestep. The
total water content of the plume at each time is then found by summing across
all parcels, and the amount of water added to the plume found by subtracting
the plume water mass at the earliest time (prior to any convective influence)
as in (Equation 2), where Δm(t) is the total mass of water added since time t0, i
is the parcel index, qi is the water vapor mixing ratio of the parcel, and mi is
the parcel mass.

Δm(t) = ∑
i
(qi(t) − qi (t0)) ∗mi (2)

4. Results
4.1. Validation of Storm and Overshooting

Overall, the simulated location, organization, and intensity of the convection
agree well with radar observations. Disorganized convection initiates over
Colorado and New Mexico at 1800 UTC on 9 June and 1 hr later at 1900 UTC
in the WRF simulation. These isolated updrafts produce small overshoots in

Figure 3. (a) Idealized back trajectory and (b) interpolated water vapor
concentrations for the ith air parcel. Trajectories are initialized at t4,
encounter convective influence between t2 and t3, and exit the wind field at t1.

Figure 4. Column maximum reflectivity values from (a) GridRad and (b) WRF along with overshoot depths from (c) GridRad
and (d) WRF for 0300 UTC on 10 June 2022. The 10 dBZ echo‐top height is used to define GridRad overshoot depth, while
the 0.1 g⋅kg− 1 cloud‐ice top is used for WRF.
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the same general area in both model and observations, though the precise locations differ. The simulation pro-
duces more convection and overshooting over southern New Mexico than is observed, and since these storms are
not sampled by the DCOTSS flight they are excluded from the radar analysis region (Figure 1 Label D) and the
plume mass calculation (Figure 2 Label A). By 0100 UTC on 10 June, convection has organized into an MCS over
the Texas panhandle. High composite reflectivities are observed in both GridRad and the simulation, and the
corresponding updrafts produce numerous overshoots that reach their greatest depths between 0300 and 0500 as
the system passes into western Oklahoma (Figure 4). At 0800 MCS1 begins to dissipate in the simulation, while
GridRad shows that it continued moving east, merging with MCS2 before passing into Louisiana. MCS2 and the
overshoots it produces are excluded from the radar analysis region (Figure 1 Label D) and plume mass calculation
(Figure 2 Labels A and B) as they are not sampled by the DCOTSS flight and are considered beyond the scope of
this study.

Figure 5. (a) Cumulative storm area with column maximum reflectivity greater than 30, 40, and 50 dBZ and (b) Overshooting
area binned by tropopause‐relative altitude for GridRad (red) and WRF (blue). Approximate tropopause‐relative altitudes for
the 370, 380, and 390 K isentropes are shown in dashed gray. Overshoot heights are calculated using the 10 dBZ echo top for
GridRad and the 0.1 g⋅kg− 1 cloud ice top for the WRF simulation. To isolate the storm of interest this figure is limited to the
region shown in Figure 1 Label (a) from 1900 UTC on 9 June 2022 through 0800 UTC on the 10th, when MCS1 begins to
dissipate in the simulation and stops overshooting.
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Figure 4 compares the model output with GridRad observations at 0300 UTC on 10 June. The model has a much
smaller area with low composite reflectivity than the observations. This is generally the case throughout the life
cycle of the storm. The total simulated area with composite reflectivity of 10–30 dBZ is about half of what is
observed (see Table 3). On the other hand, WRF produces slightly more area with composite reflectivity greater
than 30 dBZ. These results are consistent with the findings of Johnson et al. (2023), in which the NSSL 2‐moment
microphysics scheme is shown to be biased toward less storm areal coverage (as defined by the area with
composite reflectivity ≥15 dBZ) and more convective region coverage (composite reflectivity ≥40 dBZ).

Figure 5a shows time series of the cumulative areas with composite reflectivities greater than 30, 40, and 50 dBZ
for both GridRad and WRF. A bias toward higher reflectivity in the simulation is apparent, but the development of
the storm otherwise matches observations for the majority of its life cycle. The exception is near the end of the
analysis period, when WRF has less area above 30 dBZ than was observed. This is when MCS1 begins merging
with MCS2 in GridRad. MCS2 is further east in the simulation, and as a result MCS1 mostly dissipates before it
can interact. We limit our analysis to the material injected before the systems merge. Although the storm con-
tinues to overshoot as it passes into Louisiana, it injects into a distinct plume of material (Figure 2 Label B) that is
not sampled by the ER‐2.

Based on the composite reflectivity values, the model produces a somewhat more intense storm. In spite of this,
WRF does not produce the deepest overshoots that are observed by GridRad (>4 km above the tropopause).
Instead the model produces about twice as much shallow (0–1 km) overshooting (Figure 5b). It should be noted
that these deep overshoots represent a small fraction of the total overshoot volume, and as such they do not greatly
influence the total mass calculation. This likely reduces the mass of water that is injected at the highest levels,
however, compared to the real atmosphere.

4.2. Stratospheric Plume

The plume is identified in Figures 6a–6c as areas where the water vapor
concentration has increased over the lifetime of the storm. The ERA5 artifact
shown in Figure 2 Label D is visible in Figure 6d Label A, but notably absent
from Figures 6a–6c as it is removed by the mass calculation. The greatest
enhancements are seen from the most recent overshooting at the lowest levels,
while the older portions of the plume have been diluted. The plume is
advected toward the southeast by the stratospheric flow after injection
(Figure 1 Label D). The vertical shear of the horizontal wind above the
tropopause stretches and deforms the plume, with the material nearest the
tropopause carried quickly out of the domain to the east while higher in-
jections move slowly southward, drifting over central Texas by flight time.

Figure 6. Lagrangian change in simulated water vapor concentration since 1600 UTC on 9 June 2022 plotted on the (a) 390 K,
(b) 380 K, and (c) 370 K isentropes and (d) the 8 ppmv water vapor isosurface in the lower stratosphere. The ERA5 artifact is
shaded in red and labeled A. For reference, the tropopause is ∼15.5 km with θ≃ 370 K. The time shown is 0800 UTC on 10
June 2022.

Table 3
Area of GridRad Observations and WRF Simulation by Column Maximum
Reflectivity

Reflectivity (dBZ) GridRad (106 km2) WRF (106 km2)

10–20 7.7 3.8

20–30 5.6 2.1

30–40 1.6 1.2

40–50 0.59 0.60

>50 0.11 0.20

Note.Area is accumulated from 1900 UTC on 9 June 2022 through 8 UTC on
the 10th for the region shown in (Figure 1 Label A).
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To evaluate the accuracy of the simulated plume, water vapor concentrations from WRF are interpolated to the
ER‐2 flight track for comparison with in situ measurements (Figure 7). Seven enhancements labeled A–G are
identified in the simulated track. The simulated enhancements occur at nearly the same times and locations as
those observed by HHH, which suggests that the simulated plume structure is reasonably accurate. The
enhancement magnitudes differ, however, which is to be expected given the turbulent nature of the updraft
plumes. Small variations in the location and timing of overshooting likely contribute to the observed differences
in the enhancements. Enhancements C, D, F, and G are 2–3 km above the tropopause and, as noted in Figure 5b,
WRF produces more overshooting within this layer. Despite these discrepancies, the model recreates the observed
features surprisingly well considering the difficulty of reproducing atmospheric convection in detail.

It is important to know how the water is distributed within the plume when considering short‐term chemical
impacts. The distribution of water vapor enhancements within the plume is plotted in Figure 8a along with the
cumulative distribution functions in Figure 8b. To generate these figures, the plume is defined to be any grid box
within the region shown in Figure 2 Label A with θ between 370 K and 450 K potential temperature that has a net
change in water vapor concentration of at least 2.7⋅10− 1 ppmv. This threshold is chosen to include 99.9% of the
total added water mass. By this definition, the plume occupies 37% of region A by mass of air. The grid boxes
within the plume are binned by water vapor enhancement with a bin width of 1 ppmv and the fraction of plume air
mass (red) and of added water mass (blue) within each bin is calculated. Nearly half (45.8%) of the plume by air
mass has an enhancement of 0–1 ppmv, however this corresponds to only ∼10% of the added water mass.
Conversely, the portions of the plume with enhancements of at least 4 ppmv contain 60% of the added water while
making up only 17.7% of the plume by air mass. For context, this is approximately a 100% enhancement relative

Figure 7. (a) Altitude (black) and potential temperature (red) of the ER‐2 while sampling the plume. (b) WRF water vapor
concentrations interpolated to the ER‐2 flight track (blue) compared with the 2‐min running mean of the in situ measurements
from HHH (red). The light red line is the raw 1 Hz HHH output. Seven enhancements are identified in the interpolated WRF
track and are labeled (A–G). Shading emphasizes alternating flight legs for ease of comparison between the two subplots.
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to the background concentration (see Figure 7b). Enhancements as high as 46 ppmv are simulated, though these
extreme values make up a negligible fraction of the total water mass of the plume.

4.3. Water Flux and Plume Mass

The net upward water flux into the stratosphere is given by the change in the mass of water in the plume from one
time step to the next. The flux into the 370–380 K, 380–390 K, and ≥390 K layers are compared with the
concurrent overshooting area in Figure 9. Prior to approximately 0200 UTC (dashed lines), there is a clear
correlation between overshooting area and the mass of water added to each layer. Interestingly, this correlation
weakens for the 370–380 K and 380–390 K layers after 0200 UTC when the majority of overshooting occurs. This
suggests that while there is a relationship between overshooting area and water vapor transport as one might
expect, there are other significant factors at play. One possibility considered was that the early overshooting
saturated the lower levels of the stratosphere with water vapor, limiting the sublimation of ice introduced by later
overshoots. However, only a slight difference in environmental saturation is observed—not nearly enough to
explain the decrease in water vapor flux into the 370–390 K layer after 0200. It is also possible that the shape of an
overshoot has an impact on the injection process, as narrower overshoots will result in greater horizontal gradients
of water vapor. As noted earlier, overshooting is isolated prior to approximately 0200 UTC, while the mature
MCS1 tends to produce a broad region of shallow, persistent overshoots for much of its lifetime. These broad
overshoots also contribute to the noise apparent in the 370–380 K water flux after 0100 UTC as the back tra-
jectories pass through active overshoots. Further simulations of a larger sample of storms are required to explore
this disconnect between overshooting area and water mass flux, and to determine whether it is typical for
overshooting events or unique to this case.

Figure 8. (a) Fraction of plume by air mass (red) and added water mass (blue) binned by water vapor enhancement. The
corresponding cumulative distribution functions are shown in panel (b) along with the water mass quartiles in dashed gray.
The bin size is 1 ppmv for both plots.
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The net water flux is integrated with respect to time to find the plume water content within the 370–380 K, 380–
390 K, and ≥390 K potential temperature layers. In this simulation 121 kt of water vapor is added to the
stratosphere over the lifetime of MCS1: 56 kt to the 370–380 K layer, 30 kt to the 380–390 K layer, and 35 kt
above the 390 K isentrope. Figure 10a shows the time series of the mass of water in each of these layers. As
indicated by the water flux values from Figure 9, 79% and 66% of the water that is added to the 370–380 K and
380–390 K layers, respectively is added prior to 0200 UTC. Conversely, 62% of the water added above 390 K is
added after 0200 UTC during the period of peak overshooting. A vertical profile of the plume mass (Figure 10b)
reveals that the water content decreases rapidly away from the tropopause which, considering the relative fre-
quencies of overshoots by depth (Figure 5b), is not surprising. The amount of mass added to each layer closely
follows an exponential distribution with an e‐folding depth of 13.3 K (∼740 m), found by performing linear
regression on the natural logarithm of the water mass in each bin versus water vapor enhancement.

5. Summary and Conclusions
This study demonstrates that the WRF model is capable of simulating an overshooting MCS with reasonable
fidelity—in this case, an MCS that occurred overnight on 9–10 June 2022. When compared with radar obser-
vations from GridRad, the simulation produces a similar amount of overshooting, though it does not replicate the
deepest observed overshoots (>4 km above the tropopause), which occur infrequently. The model shows
enhanced concentrations of stratospheric water vapor as a result of the overshooting, and a distinct plume is
formed. Simulated water vapor concentrations are interpolated to the path of an ER‐2 flight from the DCOTSS
project, producing remarkably similar enhancements of water vapor to those measured by the HHH instrument.

We use isentropic back trajectories to estimate the net flux of water into the stratosphere from the WRF simulation
and integrate the flux over time to determine the total water mass added to discrete layers. The flux is calculated

Figure 9. Time series of overshooting area (red) and water vapor mass flux (blue) for potential temperatures of (a) ≥390 K,
(b) 380–390 K, and (c) 370–380 K. Note that the overshooting area values represent the area of overshoots whose cloud tops
lay within the indicated layer. In other words, the three lines should be summed to find the total overshooting area. The
dashed gray lines at 0200 separate the series into two regimes that correspond to the early, isolated overshoots and the
overshoots produced by the mature MCS1.
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by determining the change in plume water content between trajectory time
steps. In the early stages of the storm the flux correlates well with over-
shooting area, however surprisingly little water is added to the 370–390 K
layer during the period of maximum overshooting (after 0200 UTC on 10
June). The total water mass added to each layer is then calculated by inte-
grating the flux with respect to time. The simulated event added 56, 30, and 35
kt of water vapor to the 370–380 K, 380–390 K, and ≥390 K potential
temperature layers, respectively (Table 4). Enhancements of up to 46 ppmv
above background (∼4.5 ppmv) are seen near the tropopause, and enhance-
ments are found as high as the 445 K isentrope.

Using data from HHH, we apply similar methods to those used by Smith et al.
on a plume sampled by the ER‐2 during the SEAC4RS mission to come up
with an observationally derived estimate of stratospheric hydration due to
MCS1. The results from this method are compared with those of the WRF
simulation in Table 4. The mass values are comparable for the 380–390 K
layer, but the observationally derived mass estimates below the 380 K and
above the 390 K isentrope are much less than is simulated. This highlights the
difficulties of estimating the plume water content using only flight data.
Based on the simulation, the near‐tropopause portion of the plume covers a
much larger area than the measurements would suggest, and higher portions
of the plume are not sampled at all. We therefore believe the agreement be-
tween the estimates of plume water mass from the model and observations are
well within the combined uncertainty.

The ultimate goal of this study, and a central goal of the DCOTSS project, is
to quantify the net flux of water vapor into the summer stratosphere over
North America due to overshooting convection. Sayres et al. (2024) provide
an observationally based estimate of seasonally integrated convective hy-
dration using background water vapor measurements from DCOTSS.
Correlating the background concentration with the parcel's residence time
within the North American Monsoon Anticyclone (NAMA), they estimate the
average increase in water vapor concentration due to overshooting convection
per day for the 2021 and 2022 warm seasons. Sayres et al. (2024) find that 32
and 20 Tg of water vapor (1 Tg = 103 kt) were added between the 380 K and
460 K isentropes in the months of April–August in 2021 and 2022, respec-
tively. Considering 65 kt of water is added above 380 K in our simulation,
there would need to be 300–500 events of this magnitude each summer to
reproduce the Sayres et al. (2024) numbers.

To more directly compare our results with those of Sayres et al. (2024) we
estimate the fraction of overshooting over North America that this event
represents by comparing the overshooting area in GridRad associated with
this storm with the total overshooting area from GridRad in May, June, and
July 2022 (NASA, 2023b). We find that this event is 0.75% of the overshoot
area above the 380K isentrope for this time period, which corresponds to
∼130 events of this magnitude in May–July, or ∼220 events when scaled to
the April–August time period used for the Sayres et al. (2024) estimate.
Note that this assumes the rate of overshooting is constant across these
5 months, which seems unlikely based on the monthly overshoot statistics
presented in Cooney et al. (2018). Furthermore, if we assume a direct
correlation between overshooting area and water mass flux we can use this
ratio to perform the reverse calculation, that is, using the mass transport
from this single event to estimate the total mass flux for the full summer. In
this way, we estimate 8.7 Tg of water was added by overshooting in May–
July of 2022. While this estimate relies on some major assumptions, scaling

Figure 10. (a) Mass of water vapor added to the 370–380 K, 380–390 K, and
≥390 K potential temperature layers through time. (b) The vertical density of
plume water vapor is shown in solid blue. An exponential fit is found by
performing linear regression on the natural logarithm of the water mass in
each bin versus water vapor enhancement. The result is shown in dashed red,
and has an e‐folding depth of 13.3 K (∼740 m). The values shown between the
horizontal dashed gray lines indicate the total mass of water added to each 10 K
layer.

Table 4
Comparison of Plume Water Mass Estimated From In Situ Aircraft
Observations Alone and From the WRF Simulation

Potential temperature (K) In situ data only (kt) WRF simulation (kt)

370–380 9.9 56

380–390 22.9 30

≥390 4.0 35

Total 37 121
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the Sayres et al. (2024) calculation to the same 3‐month period gives 12 Tg of water added, which agrees with
our result within a factor of 1.5.

Finally, Sayres et al. (2024) also provide estimates for the mass transport at different potential temperatures which
can be compared with the vertical distribution of plume water in our simulation. Remarkably, applying an
exponential fit to their results we find an e‐folding depth of 11.0 K from 380 to 410 K, which is in excellent
agreement with our value of 13.3 K from Figure 10b. Similarly, Cooney et al. (2018) and Jellis et al. (2023) find
exponential relationships between the overshooting area observed in GridRad and height above the tropopause
with e‐folding scales of 0.77 and 1 km, respectively, while our value of 13.3 K corresponds to approximately
0.74 km for the case simulated. While it is encouraging that these results agree with those of previous studies,
there is significant uncertainty that is to be expected when using results from a single simulated storm. Additional
simulations that can be calibrated with in situ data from other DCOTSS flights are planned in order to develop a
more robust statistical relationship between overshooting characteristics (volume, duration, etc.) and water
transport to the stratosphere.
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