
ATMOSPHERIC DYNAMICS

Hydraulic jump dynamics above
supercell thunderstorms
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The strongest supercell thunderstorms typically feature an above-anvil cirrus plume (AACP), which is a
plume of ice and water vapor in the lower stratosphere that occurs downwind of the ambient
stratospheric flow in the lee of overshooting deep convection. AACP-origin hydration of the stratosphere
has a poorly constrained role in ozone destruction and surface warming. In this study, we use large
eddy simulations corroborated by radar observations to understand the physics of AACP generation. We
show that the overshooting top of a simulated supercell can act as a topographic obstacle and drive a
hydraulic jump downstream at the tropopause, similar to a windstorm moving down the slope of a
mountain but without solid topography. Once the jump is established, water vapor injection deep into the
stratosphere may exceed 7 tonnes per second.

A
bove-anvil cirrus plumes (AACPs) are a
regular feature of strong mid-latitude
thunderstorms, particularly over the
Great Plains (1–4). AACPs exhibit a
high correspondence with the most se-

vere conditions on the ground, including
major tornado and hail events (4–6). An AACP
consists of a thin cirrus plume, often visible
by satellite, which shoots several kilometers
above the much larger anvil cloud directly
into the lower stratosphere where it spreads
downwind. AACPs can also aid in the pre-
dictability of severe hail and tornadoes, as
AACPs are visible above the cloud tops an
average of 31 min before severe conditions
are reported (6).
AACPs may also play a major role in water

vapor injection into the lower stratosphere
(2, 5, 7), which is hydrated by deep convec-
tion (8, 9). Increased stratospheric water vapor
increases stratospheric radiative cooling directly
and through ozone destruction (10–12) but acts
to warm the troposphere and surface (13, 14).
Model-based estimates of the water injection
rate into the lower stratosphere above a deep
thunderstorm range from 1 to a few tonnes of
water per second on average (2, 15–18), suggest-
ing deep convective origin of total stratospheric
water vapor, as high as 18% from tropical storms
alone (18). Thunderstorm frequency may in-
crease owing to a rise in atmospheric specific
humidity in a warming climate (19), which
suggests the potential for positive feedback
between more mid-latitude thunderstorms and
increased lower stratospheric water vapor in
response to climate change (20).
AACP dynamics and associated features, par-

ticularly the physical mechanism responsible

for irreversibly injecting tropospheric water
into the lower stratosphere, are an issue of
debate, though there is broad agreement re-
garding the role of breaking gravity waves
excited by deep convection (1, 2, 4, 5, 21). It has
long been recognized that deep convection
and overshooting tops (OTs) can effectively
act as topography that can block or redirect
oncoming upper tropospheric or stratospher-
ic air (1, 21). This can lead to the breaking of
waves downstream,which lofts water into the
lower stratosphere (2). However, there are a
half dozen concurrently observed features
for which there is still no consistent physi-
cal model, and existing hypotheses appear
to contradict each other. We resolve these
conflicts by showing that the mechanism re-
sponsible is likely a hydraulic jump, forced by
and interactingwith the dynamic OT. Hydrau-
lic jumps occur when fluid flows too fast for
gravity waves to travel upstream, wherein the
fluid becomes unstable and suddenly readjusts
to a turbulent, slower flow.
Homeyer et al. (5) were the first to iden-

tify the mean environmental conditions that
determine whether an AACP forms. They
identified the importance of upper-level
wind magnitude and, through idealized nu-
merical simulations, showed that stronger
constant oncoming winds in the upper tropo-
sphere and lower stratosphere induce a strong
AACP, whereas winds of half that magnitude
do not.
In this study, we conducted two large eddy

simulation (LES) experiments using modifica-
tions to the Homeyer et al. (5) soundings (fig.
S1): one with strong upper winds, simUstr, and
one with weak upper winds, simUwk (22). These
idealized wind profiles are based on reanalysis
results (5). The Bryan Cloud Model 1 (23) is run
at 50-m cubic resolution in a storm-following
domain of size 243.2 km by 240.8 km by 30 km.
We find that most of the competing AACP
hypotheses can be simultaneously correct,
each explaining a different aspect of a down-

slope windstorm and hydraulic jump at the
tropopause. Regarding the simUwk storm,
we provide an observation of a similar storm
observed in May 2011 that likely exhibits an
example of flow separation above the OT,
which precludes a hydraulic jump. Finally,
we quantify howmuch water is irreversibly
injected into the lower stratosphere by each
simulated storm.
Both simulations rapidly develop a mature

supercell thunderstorm with a cold OT that
reaches a height of ~15 km, generating gravity
waves in its environment (Fig. 1 and figs. S2
and S3). The storm-relative upper winds are
33.7 m s−1 for simUstr and 14.5 m s−1 for simUwk.
Storm simUstr eventually develops a steady
AACP, and simUwk does not.
The upper flow behavior of simUstr and

simUwk differs noticeably by minute 35,
approximately when the OT in each storm
becomes established well above the 12-km
tropopause (fig. S3). simUwk exhibits flow
separation of stratospheric air away from
the storm anvil shortly after cresting the OT,
similar to flow separation in the lee of real
topography. This separation prevents the de-
velopment of a strong standing gravity wave,
and the free-slip–like conditions instead per-
mit weak transient overturning circulations
(rotors) (24). By contrast, simUstr exhibits a
deepening standing gravity wave in the lee
of the OT.
Before the OT altitude becomes relatively

steady, the simUstr storm develops a turbulent
filament of breaking gravity waves aloft, in a
narrow region 2 to 3 km above and ~5 km
downstream of the simUstr OT (25). It is nar-
rowly rooted in the cloud top but spreads out
forward and laterally such that it lies above
nearly laminar flow (Fig. 1A and fig. S4). By
minute 40, this turbulent region is identified
by turbulent kinetic energy dissipation values
>5 m2 s−2, indicating substantial mixing. Con-
currently, the simUstr storm develops a broad,
rapid jet exceeding speeds of 75 m s−1 at the
tropopause. By minute 45, simUstr exhibits the
onset of a hydraulic jump and a type II rotor
(Fig. 1C) (26). Meanwhile, the flow separation
in the lee of the simUwk storm’s OT allows the
development and formation of a milder type I
rotor between the tropospheric jet below and
smooth stratospheric flow above (Fig. 1 and
fig. S3).
Lagrangian parcel analysis of simUstr reveals

that the fastest wind region at the tropopause
(speed >110 m s−1) is sourced primarily from
the core of the overshooting updraft but also
from the lower stratosphere (Fig. 2), a mix-
ing hypothesized by Heymsfield et al. (21).
Most upstream stratospheric air in simUstr

below the peak altitude of the OT diverges
around it. However, some stratospheric air
above the OT’s central axis plunges down-
ward from 17- to 12.5-km altitude in the lee
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of the OT. Negatively buoyant, descending
tropospheric air from the OT converges in the
same jet, and a tropospheric parcel reaches a
storm-relative peak speed of 119 m s−1.
The simUstr OT is exceedingly cold, with the

coldest parcels nearing 190 K. Frozenwater in
the moist tropospheric updraft precipitates out
(graupel) or descends in the subsiding jet re-
gion (ice), and tropospheric air is diabatically
warmed as a result of mixing (Fig. 2B). The
potential temperature of tropospheric parcels
exceeding 90 m s−1 increases in the range of
0 to 100 K in total, with most of the increase

occurring rapidly once the now-dehydrated air
enters the turbulent jump (fig. S5). Jet-bound
stratospheric air plummets down the leeside
of the OT, where it is adiabatically warmed by
more than 25 K within 15 km downstream of
the OT (fig. S6), consistent with (27) though
over half the distance. It is also substantially
hydrated throughmixingwith tropospheric air.
Using airborne radar, we observed a feature

that bears similarity to breaking waves in the
OT lee of both simulations (though primarily
simUwk), lending credence to the realism of
our simulations. The NASA ER-2 aircraft flew

over an intense, nontornadic hailstorm in
Oklahoma on 24 May 2011 (Fig. 3, A, C, and
E, and fig. S7) during the Mid-latitude Con-
tinental Convective Clouds Experiment (MC3E)
(28, 29). The aircraft was instrumented with a
dual-frequency nadir-pointing Doppler radar.
One of the storms, which had an extremely
strong updraft estimated at 50m s−1 and anOT
at 16-km altitude (tropopause height ~14 km),
also had an apparent Kelvin-Helmholtz (K-H)
wave on the lee side of the OT. Rising and sink-
ingmotions from theDoppler velocities (Fig. 3E)
are consistentwith the presence of aK-Hwave.
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A simUstr at 40 min

C simUstr at 45 min

E simUstr at 70 min

B simUwk at 40 min

D simUwk at 45 min

F simUwk at 70 min

AACP

Fig. 1. Storm evolution. Cross-section of simUstr (A, C, and E) and simUwk (B, D, and F) at y locations indicated in fig. S2. Magenta lines, potential temperature above
360 K; blue lines, streamlines below 360 K; red contour, region where total wind speed >75 m s−1; blue shading, water vapor mixing ratio in parts per million by
volume (ppmv); black line, cloud and frozen water mass mixing ratio of 5 × 10−2g kg−1. The general location of the AACP is labeled in (E).

Fig. 2. Lagrangian parcels that meet one of the following conditions: Total
wind speed exceeds 110 m s−1 within the jet before entering the hydraulic
jump (“jump parcels”), or maximum height exceeds 19.25 km (“lid
parcels”). (A) Parcels are shaded by wind speed, lid parcels are integrated from

40 to 50 min, and jump parcels are integrated from 40 to 46 min to visualize the
breaking wave. (B) Same parcels are shaded by potential temperature; jump
parcels are integrated from 40 to 51.7 min to visualize mixing. For text and
interactive 3D versions, see supplementary materials.
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Similar transient K-H features are found
in simUwk, and we show a candidate in Fig.
3, B, D, and F. The storm-relative environ-
mental wind speed at 14 km is ~14 m s−1

(fig. S8), similar to simUwk’s wind speed of
14.5 m s−1, though the observed storm also
had wind shear in that region. The corre-
sponding flow field in simUwk demonstrates
that in the lee of the OT, a layer of strato-
spheric air is stagnant above a region of faster
tropospheric air (fig. S9). This permits K-H
wave breaking of the descending tropospheric
air from the OT to occur in the absence of a
hydraulic jump, as well as formation of a weak
type I rotor just above it.
The impact of theAACPon local stratospheric

hydration is substantial. Simulated water injec-
tion into the stratospheric middleworld (be-
tween 360 and 380 K potential temperature
surfaces) and overworld (above 380 K) is
measured by a time series of the domain-
integrated perturbation water vapor and frozen
water for both storms (Fig. 4, A and B). In the
unsaturated stratosphere, sublimation of ice is
an irreversible process, so the water vapor time
series integrates the contribution of both direct
injection and sublimation of injected ice. Over-
all, simUwk is a broader storm and a better hy-
drator of the stratosphere. By the end of the

simulation, simUwk has injected slightly more
water vapor than simUstr into the middleworld
and ~50% more ice. However, the bulk of this
water vapor reaches only the thin lower layer of
the stratospheric middleworld.
Though both storms induce gravity wave

breaking at the tropopause early on, there is a
substantial divergence of overworld water in-
jection at t ≈ 45 min in simUstr, coincident
with the occurrence of the peak wind in the
jet region and the jump onset (Fig. 4). Upon
reaching the jump onset, the stratospheric
overworld in simUstr experiences an increase
in water vapormass at a rate of ~7.6 tonnes s−1,
which is the highest yet quantified in a simu-
lation. By contrast, simUwk exhibits an over-
world vapor injection rate of ~1.3 tonnes s−1,
which is itself unexpectedly high.
The linear trends of water injection indi-

cate that both storms had much future po-
tential to inject water into the stratosphere.
Greatly heightened stratospheric water vapor
mixing ratios have been observed downstream
of deep mid-latitude convection up to a day
later (9), suggesting that this short model in-
tegration is irreversibly injecting water into
the stratosphere.
The severe storm community has long con-

sidered OTs to be “topographic” obstacles,

inducing lee waves and potentially rotors.
This work suggests the presence of hydraulic
control, supercritical flow, and a hydraulic
jump in the lee of a thunderstorm’s OT, at
the tropopause. Similar behavior has been
observed and modeled for decades by the
mountain meteorology community. Theo-
retical work motivated by severe downslope
windstorms in the lee of mountains (30–33)
may be applicable to the prediction of severe
thunderstorm behavior.
Internal hydraulic theory has been developed

for continuously stratified flow above real top-
ography (30, 33). There are three mechanisms
bywhich a continuous, unbounded atmosphere
above an obstacle may initiate a downslope
windstorm that terminates in a hydraulic jump
(34). All three require a vertical length scale
that serves the place of an upper boundary
from classic hydraulic theory, and this is com-
monly provided by either vertical shear or a
change in the environmental buoyancy fre-
quency with height. Because the ratio of the
buoyancy frequency (N) to the mean wind
speed (U) is approximately constant with
height in the stratosphere of the present
simulations, the only capping mechanism
available is that sufficient gravity wave break-
ing occurs aloft of a topographic obstacle and
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Fig. 3. Comparison of K-H wave at storm top observed by ER-2 HIWRAP Radar
during storm transect on 24 May 2011 at 0125 UTC (Universal Time Coordinated)
and simulation simUwk. In both cases the stratospheric wind blows from left to
right. (A) Doppler Ku-band radar reflectivity of the entire transect. (B) Simulated

reflectivity of simUwk, minute 55 in xz cross section at y = 34.925 km. (C) Doppler
Ku-band radar reflectivity of K-H wave; (D) same as (C) but for simUwk candidate K-H
feature. (E) Doppler estimated vertical velocity (saturated at ±25ms−1) of K-Hwave in (C).
(F) Simulated vertical velocity of K-H wave in (D) (color bar saturated at ±25 m s−1).
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forms a wave-induced critical layer at that
height. This layer can then serve to trap and
reflect vertically propagating gravity waves
back downward and eventually lead to the
development of a hydraulic jump in contin-
uously stratified flow (35).
One might measure a nondimensional ob-

stacle height ĥm ¼ Nhm=U to understand lee
flow behavior as a function of incoming ho-
rizontal wind speed U, buoyancy frequency N,
and topographic height hm (4). Though the
OT reaches 15 km, 3 km above the base state
tropopause, stratospheric air that is lifted
and advected over the OT rises no more than
200 m (hm ≈ 200 m). Most air is deflected
around the storm laterally. Though this yields
ĥm < 1 for simUstr, ĥm is not the only control
that determines wave breaking aloft or down-

stream, and a hydraulic jump can still occur
when ĥm < 1 (31).
The primary departure from the down-

slope windstorm mechanism is the finding
that air exiting the OT speeds up into the jet
region as it subsides downwind in both simu-
lations, apparently independent of whether
the stratosphere converges into it or separates
aloft. The jet can exceed speeds of 90 m s−1

even in simUwk (Fig. 4C). This feature has
no counterpart in real topographic obstacles
because it is the topography itself that is flow-
ing, and hm varies with the evolvingOT shape.
A jet in the OT lee of both storms seems in-
evitable as the collapsing OTmust accelerate
downward in the lee toward its level of neutral
buoyancy (1).
This work demonstrates a likely internal

hydraulic jump in the absence of solid top-
ography. More realistic wind profiles near
and above the tropopause can have consider-
able shear, which can be a more favorable en-
vironment for the occurrence of a hydraulic
jump (34). Though the presence of water spe-
cies does not seem tohavemuch effect onAACP
dynamics, subsequent water injection to the
stratosphere greatly increases stratospheric hu-
midity during the duration of the simulation.
The realism of the rapid tropopause jet found

in an AACP-producing storm can be validated
using the existing high-altitude ER-2 airborne
platform. Improvements in the radars aboard
the ER-2 include scanning for 3D winds and
higher sensitivity. Additionally, a cloud lidar
that detects small ice particles often accom-
panies these radars. A dedicated field cam-
paign that targets AACP-generating convective
storms at close range would better constrain
storm top physics and quantify their water
vapor contribution to the stratosphere; this
would be complementary to the ongoingNASA
Dynamics and Chemistry of the Summer
Stratosphere (DCOTSS) campaign taking place
2021–2022.
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Fig. 4. Temporal evolution of water mass and
wind in simUstr and simUwk in kilotonnes. Mass
unit is 1 tonne = 1000 kg. (A) Perturbation water
content (black circles for vapor and blue snowflakes
for solid phases) in the model domain in the
stratospheric overworld above the 380 K potential
temperature surface for simUstr (solid line) and
simUwk (dashed line). (B) Similar to (A) except in
the stratospheric middleworld 360 to 380 K layer.
(C) Peak wind speed in the storm vicinity in the
tropopause region (magenta, 11- to 14-km altitude)
and near the surface (black, 25 m altitude). Jump
onset in simUstr is indicated by the gray vertical line
in each panel.
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Water up
Above-anvil cirrus plumes are stratospheric cloud formations that form downwind from the tops of some very strong
thunderstorms. Despite their common occurrence, an adequate physical model explaining many of their features and
effects does not exist. O’Neill et al. show that the storm supercell that extends into the stratosphere functions like a
physical barrier, deflecting wind streams there like a topographic obstacle and driving a hydraulic jump downstream at
the tropopause (see the Perspective by Smith). This feature triggers the intense injection of water vapor deep into the
stratosphere, leading to a substantial increase in stratospheric humidity. —HJS
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