
1. Introduction
Polar mesospheric clouds (PMCs) appear in the Arctic or Antarctic summer near 82-85 km. They are com-
posed of water ice particles and have been routinely observed by a wide variety of ground-based and satellite 
instruments (e.g., Russell et al., 2009 and references therein). PMCs typically form in the cold (<150 K) and 
dry (1 ppmv) conditions of the summer polar mesosphere (e.g., Rapp & Thomas, 2006; von Zahn & Berg-
er, 2003). The clouds are highly sensitive to the ambient temperature and humidity of the upper mesosphere 
and are therefore diagnostic of both small- and large-scale variations in the local meteorological conditions. 
This makes them a compelling target to test our understanding of energetics and microphysics in the upper 
atmosphere. Studies have focused on both the natural occurrence of the clouds as well as their formation 
induced by rocket exhaust. Previous studies have shown the role of the National Aeronautics and Space 
Administration (NASA) Space Shuttle’s main engine water exhaust in the formation of polar mesospheric 
cloud (PMC) in the Arctic and the Antarctic (Collins et al., 2009; Kelley et al., 2010; Stevens et al., 2003; 
Stevens, Englert et al., 2005a; Stevens, Meier et al., 2005b; Stevens et al., 2012). Case studies have shown 
that one burst of these space shuttle-generated PMCs can account for roughly 10%–20% of the total ice 
mass observed in one season of observations over the Arctic or the Antarctic (Stevens, Englert et al., 2005a; 
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Stevens, Meier et al., 2005b). These bursts were primarily distinguished by an increase in PMC frequency, 
rather than brightness (DeLand & Thomas, 2019). However, neither the total contribution of space shuttle 
launches to the observed numbers of PMC nor the cumulative contribution of space traffic worldwide to the 
historical cloud record has yet been quantified.

The fate and transport of concentrated water plumes in the upper mesosphere-lower thermosphere 
(UMLT, ∼80–100 km) region has attracted considerable attention (e.g., Kelley et al., 2010; Liu, 2007; Meier 
et al., 2010; Pumphrey et al., 2011; Siskind et al., 2013; Stevens et al., 2014; Yue et al., 2013). These plumes 
raise a number of important questions about UMLT processes, ranging from dynamics and chemistry to 
PMC formation and climatology. Our fundamental understanding of how these plumes undergo a phase 
change to ice clouds lacks maturity. To date, no study, either observational or numerical, has quantified the 
microphysics, energetics, and transport of a water plume in the UMLT and explored the implications for 
PMC formation and the thermodynamics of this region.

To our knowledge, the impact of water vapor infrared (IR) cooling on mesospheric cloud formation has 
yet to be constrained with observations. This is primarily because the upper mesosphere is typically so dry 
that the contribution of cooling to the thermal budget by the naturally occurring water vapor is relatively 
small (∼1 ppmv). In this study, we describe a sounding rocket experiment that we designed and conducted 
to determine how concentrated water vapor (∼1  ppv, representing pure water vapor) impacts the PMC 
formation environment in the upper mesosphere. In this experiment water was released in the Arctic polar 
mesosphere and resulted in the immediate formation of a mesospheric ice cloud. Our experiment was de-
liberately conducted under inhospitable conditions for PMC formation (January in the Arctic) to test how 
efficiently water vapor can locally cool the upper mesosphere. The experiment took place at Poker Flat Re-
search Range (PFRR), Chatanika, Alaska (65°N, 147°W). A coordinated suite of ground-based instruments 
was operated at PFRR to observe the cloud as well as its environment before, during, and after the release. 
We extend a contemporary aerosol model and a radiation model to investigate the impact of this water re-
lease on the local temperature as well as the time-dependent microphysics leading to ice particle formation 
and sublimation. We find that the introduction of such concentrations of water vapor in a filamentary struc-
ture can quickly drive the temperature down to the water frost point that has been significantly increased 
(∼50 K) by the elevated water vapor mixing ratio, even in the polar winter.

This study is organized as follows: Section 2 describes the experiment design as well as the participating 
ground-based instruments. Section 3 describes the temperature observations and the cloud observations. 
Section  4 presents our interpretation the geometry of the release and the shape of the cloud. Section  5 
presents the coupled aerosol and radiation model used to interpret the observations, the results of the mi-
crophysical modeling, and the comparison with the observations. Section 6 discusses the results and their 
impact on our understanding of the PMC environment.

2. Experiment, Instruments, and Methods
2.1. The Super Soaker Rocket Experiment

On the night of January 25–26, 2018, a controlled water release experiment in the upper mesosphere was 
performed from PFRR. This experiment, called “Super Soaker”, consisted of three sounding rockets; two 
rockets carrying trimethyl aluminum (TMA) tracers, and a third rocket carrying 220 kg of liquid water. The 
water release section was a 43.2 cm (17 inches) diameter and 152.4 cm (60 inches) long aluminum payload 
structure with black powder charges at each end. Each powder charge receptacle contained 0.7 kg (1.54 lb) 
of powder charge. The water release section consisted of two canisters conjoined by a sealed V-band. In-
ternal baffles were included in the canister design to minimize fluid motion of the water during spin up of 
the payload. During the release, two V-band guns in the center of the section separated the canisters and 
simultaneous ignitions of the two powder charges dispersed the water.

The Super Soaker rocket salvo occurred between 0500 and 0600 Local Standard Time (LST = UT – 9 h, 
1400 and 1500 UT) on January 26, 2018 over a period of 40 min. The three sounding rockets were Terrier 
Improved Orion rockets (NASA code 41) and identified as 41.119, 41.120, and 41.122, respectively. The 
rocket trajectories, release point, and Rayleigh lidar beam are shown in Figure 1. The first two sounding 
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rockets, each carrying a TMA canister, were launched at 14:11:34 UT 
and 14:48:19 UT, respectively. The third and final rocket, carrying the 
water, was launched 90 s later at 14:49:49 UT. Upon reaching 85 km al-
titude 100.5 s after launch, the third rocket explosively released its wa-
ter payload at 14:51:29 UT. A Rayleigh lidar was located at 65.11°N and 
147.47°W and pointed toward the release point 24.5 km downrange. The 
water was explosively released at 85 km altitude at 14:51:29 UT. The tra-
jectory shown for the rocket carrying water terminates at the point of 
explosion. The Rayleigh lidar beam shows the location of the lidar sens-
ing volume relative to the water release point. At 85 km, the lidar beam 
was 3.7 km north east of the release point. The trajectories of the second 
and third rocket were well-separated in both space and time and did not 
overlap (Figures 1 and 2). The TMA trails from the first two rockets pro-
vide an estimate of the horizontal neutral wind response before and after 
the water release. The TMA trails revealed horizontal winds typical of 
quiet geomagnetic conditions (Mesquita et al., 2020). There was a strong 
eastward and northward jet with maximum winds of 80–100 m/s present 
between 93 and 100 km. The winds were less than 50 m/s below 90 km. 
There was no observable change in the horizontal winds directly attribut-
able to the release of the water, and therefore we focus exclusively on the 
third rocket and the water release.

2.2. Rayleigh Lidar

A steerable Rayleigh lidar was developed to support the Super Soaker experiment. The Rayleigh lidar con-
sisted of a Nd:YAG laser, a 0.78 m diameter f-3.7 Newtonian telescope, and a steerable 1.04 m mirror. The 
steerable mirror served to both direct the transmitted laser beam as well as reflect the laser light backscat-
tered from the sky into the telescope (Li, 2019). The light collected by the telescope was fiber-coupled to 
the detection system. The detection system included an optical chopper, collimating optics, interference 
filter, photomultiplier tube, a photon counting data acquisition system, and computer. The laser operated at 

532 nm with a pulse repetition rate of 20 pps. The laser pulse width was 
7 ns FWHM and the laser had an average power of 8.5 W. The field of 
view of the receiver was 1.7 mrad (defined by the fiber coupling lens) and 
the optical bandwidth was 0.3 nm FWHM. Lidar signals were acquired 
over 0.32 µs intervals, yielding a range resolution of 48 m. For the Super 
Soaker experiment the Rayleigh lidar beam was directed 10°E of N and 
18° off-vertical. The beam was 3.7 km from the release point at an altitude 
of 85 km.

For the cloud observations, the raw data profile consists of the integration 
of the backscattered signal from 500 laser pulses over 25 s. We character-
ize the cloud by the standard PMC metrics: aerosol backscatter ratio; vol-
ume backscatter coefficient; and integrated backscatter coefficient (e.g., 
Collins et al., 2009). The aerosol backscatter coefficient is calculated from 
the lidar data in a two-step process. We first determine the molecular den-
sity profile based on the lidar measurements preceding the rocket launch. 
We then determine the aerosol backscatter ratio by normalizing the pro-
files with clouds to the lidar profiles without clouds preceding the release. 
We then determine the backscatter coefficient from the backscatter ratio 
using the molecular concentration from the Mass Spectrometer Inco-
herent Scatter (MSIS) model and the Rayleigh molecular back scattering 
cross section for dry air (Hedin, 1991; Measures, 1992). We characterize 
the cloud altitude and width based on the backscatter coefficient profile.
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Figure 1. Trajectories of the three sounding rockets during the Super 
Soaker experiment. The black and blue solid lines show the trajectories 
of the two rockets carrying TMAcanisters. The red solid line shows the 
trajectory for the third rocket. The green solid line shows the Rayleigh lidar 
beam. The third rocket trajectory and Rayleigh lidar beam are only plotted 
up to the water release or soak point at 85 km altitude (85.33°E, 147.34°W). 
The lidar beam and release point are separated by 3.7 km at 85 km. TMA, 
trimethyl aluminum.

Figure 2. Flight paths of the second rocket carrying a TMA canister (blue) 
and the third rocket (red) carrying the water payload as a function of local 
time. The trajectory of the third rocket is plotted up to the release point at 
85 km altitude where 220 kg of water was released at 05:51:29 local time 
(14:51:29 UT). TMA, trimethyl aluminum.
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The Rayleigh lidar observations also yield measurements of temperature preceding the rocket launch when 
the lidar signal is dominated by scattering from molecules with negligible scattering from aerosols. For 
the temperature observations, the raw data profile consists of the integration of the backscattered signal 
from 1,000 laser pulses over 100 s. The temperature profile is derived using established techniques from 
the density profile measured by the lidar under the assumption of hydrostatic equilibrium and an initial 
temperature at the upper altitude of the profile near 80 km (e.g., Collins et al, 2011). The systematic un-
certainty due to the initial temperature is removed by using an initial temperature provided by a collocated 
sodium resonance wind-temperature lidar (SRWTL, described in the next section). The Rayleigh tempera-
ture profile is determined over the 40–80 km altitude region (Figure 3). The statistical uncertainties in the 
temperature are less than 0.1 K at 40 km and increases to 8 K at 79 km for a temperature profile with an 
integration period of 2 h. The choice of a 2-h interval preceding the launch ensures sufficient signal to yield 
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Figure 3. Temperature measured by SRWTL and Rayleigh lidar. (upper) Temperature profile over two-hour period 
preceding and over the 15 min spanning the Super Soaker launch. The error bars represent the one-sigma uncertainties 
in the temperatures (lower) Temperature plotted as a function of altitude and time (150 K, 250 K) integrated over 
15 min at 5 min intervals. Contours are plotted at 10 K intervals from 190 to 240 K. The dashed lines are at 1445 and 
1500 UT spanning the launch (see text for details). SRWTL, sodium resonance wind-temperature lidar.
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small statistical errors as well as avoid any biases due to contributions to the lidar signal from the products 
of the Super Soaker release.

2.3. Sodium Resonance Wind-Temperature Lidar

An SRWTL was deployed and upgraded to support the Super Soaker experiment (Li et al., 2020). The SR-
WTL used the three-frequency technique to measure wind and temperature in the mesospheric sodium 
layer (∼80–100 km; Bills et al., 1991; Krueger et al., 2015; She et al., 1990). The SRWTL was located ∼10 m 
from the Rayleigh lidar. The SRWTL was directed in the vertical and the beam is 27.6 km from the Rayleigh 
beam and was 24.5 km from the release point at an altitude of 85 km. The SRWTL observations are acquired 
at a raw resolution of 5 s and 48 m in the vertical. These observations yield temperature measurements over 
the altitude range of the sodium layer (∼80–100 km) at a resolution of 15 min and 1 km with statistical and 
systematic uncertainties of less than 2 K (Figure 3).

2.4. Advanced Mesospheric Temperature Mapper

The Advanced Mesospheric Temperature Mapper (AMTM) is an IR digital imaging system that measures 
the intensity and temperature of the hydroxyl (OH) emission layer that spans the water release altitude of 
85 km (Pautet et al., 2014). The AMTM utilizes a fast telecentric lens system and a cooled InGaAs array to 
observe structure in the OH (3,1) band at ∼1.55 µm that yields measurements of gravity waves with periods 
ranging from several minutes to several hours and associated temperature structure (e.g., Cai et al., 2014; 
Heale et al., 2017; Pautet et al., 2018; Yuan et al., 2016).

For the Super Soaker experiment, a 120° field-of-view AMTM was installed and operated at PFRR. The 
AMTM was located 1.6 km away from the lidars. The AMTM sequentially measured the P1(2) and P1(4) 
emission lines of the OH (3,1) band and a nearby spectral background. OH rotational temperature maps 
were determined using the line-pair-ratio method (Meriwether et al., 1975). The method has been adapted 
for the OH (3,1) band (Pautet et al., 2014). For routine nighttime measurements at PFRR, a cyclic exposure 
time of 10 s/filter was used resulting in a time series of band intensity and temperature maps on uniform 
grids (∼200 × 160 km), every ∼30 s, with a zenith spatial resolution of ∼0.625 km/pixel. For several test 
nights and for the Super Soaker mission night, a reduced exposure time of 4 s/filter was used to yield maps 
at an increased resolution of 12–15 s while maintaining a high temperature precision (∼2–3 K/pixel). The 
AMTM has previously been cross-calibrated using observations alongside an SRWTL yielding an accuracy 
of ∼5 K (Yuan et al., 2014).

3. Observations
3.1. Temperature

Immediately preceeding the Super Soaker rocket launches, the temperature profile shows a stratopause 
with a temperature maximum of 250 K at 50 km and a secondary maximum of 232 K at 83 km (Figure 3, 
upper panel). The temperature profile is a composite of the measurements with the Rayleigh lidar temper-
atures between 40 and 79 km averaged from 12:37–14:52 UT and the SRWTL between 80 and 100 km aver-
aged from 12:35–14:52 UT. The SRWTL temperature profile over 15 min spanning the launch (1445–1500 
UT) shows similar structure as the 2-h profile with wave fluctuations with a vertical wavelength of about 
5 km superimposed on the background profile indicative of gravity wave activity that is commonly observed 
in the UMLT (e.g., Chen et al., 2016; Chu et al., 2011). The temperatures are greater than 198 K over the 
80–90 km altitude region. The SRWTL and AMTM temperature measurement both show a pronounced 
2-h variation (Figure 3, lower panel Figure 4, upper panel). The Sounding of the Atmosphere using Broad-
band Emission Radiometry (SABER) instrument onboard the Thermosphere Ionosphere Mesosphere En-
ergetics Dynamics (TIMED) satellite makes measurements of the OH Meinel airglow layer (e.g., Marsh 
et al., 2006). TIMED-SABER reported the OH layer peak at 83 km at (62.4°N, 147.6°W) at 15:35 UT. The 
AMTM and the SRWTL (Gaussian weighted average SRWTL temperature measurements centered at 83 km 
with a 7 km FWHM) report temperatures of 225 K at the release and local maxima of 230 K following the 
water release (Figure 4, upper and lower panels). The AMTM measurements represent a spatial average 
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over 2  km  ×  2  km (corresponding to a three pixel by three-pixel aver-
age) around the zenith and around the release point, while the SRWTL 
measurements are in the vertical above PFRR. The SRWTL and AMTM 
temperature measurements differ by less than 2 K, validating the initial 
temperatures used in our simulation of the water release to within 2 K.

3.2. Mesospheric Cloud

The Rayleigh lidar detects enhanced backscattering in the upper meso-
sphere between 14:52 and 14:55 UT in a sequence of eight lidar profiles 
(Figure 5). The enhanced backscattering appears ∼18 s after the rocket wa-
ter release near 92 km, based on the middle of the lidar integration time-
step as the point of reference (14:51:35 + 12.5 s). The backscatter coefficient 
profiles initially show a peak backscatter ratio of 35 with a backscatter coef-
ficient of 8.5 × 10−11 m−1 sr−1 at 92.2 km and a FWHM of 4.6 km (Figure 6). 
The peak then appears to descend over time to an altitude of 78.1 km be-
fore disappearing (Figure 7). The observed peak initially descends with an 
apparent velocity of 127 m/s (14:52–14:53) and then descends less rapidly 
at 31 m/s (14:54–14:55). The observed FWHM of the ice cloud varies be-
tween 6.3 and 2.3 km. The peak backscatter ratios, backscatter coefficients, 
and corresponding altitudes are tabulated in Table 1.

The peak backscatter ratio varies between 2 and 35 with an average value 
of 14. The peak backscatter coefficient varies between 4.6 × 10−11 m−1 sr−1 
and 1.7 × 10−10 m−1 sr−1 with an average value of 1.1 × 10−10 m−1 sr−1. The 
cloud has a maximum peak backscatter coefficient of 1.7 × 10−10 m−1 sr−1 
at 80.4 km with a peak backscatter ratio of 11. The ratio of the integrated 
backscatter ratio to the integrated molecular backscatter ratio varies be-
tween 1 and 35 with an average value of 11. The integrated aerosol backs-
catter coefficient is calculated over the FWHM of the cloud and varies 
between 1 × 10−7 sr−1 and 7 × 10−7 sr−1 with an average value of 3 × 10−7 
sr−1. The cloud is an order of magnitude optically thinner than PMCs that 
have been reported from lidar measurements in the Arctic (e.g., Collins 
et al., 2009; Fiedler et al., 2003). As regards the evolution of the cloud over 
the eight profiles, the peak backscatter coefficient of the cloud remains 
relatively constant between the second and sixth profiles. The integrated 
backscatter coefficient is largest when the cloud FWHM is a maximum 
of 6.3 km in the second profile, and remains relatively constant between 
the third and sixth profiles when the FWHM is between 2.3 and 3.2 km.

Microphysical cloud properties can be derived from the lidar measure-
ments under the assumption that the cloud is composed of spherical wa-
ter ice particles of a given radius (Bohren & Huffman, 1983; Flatau, 2018). 
For the peak backscatter ratio of 1.7 × 10−10 m−1 sr−1 at 80.4 km, the cor-
responding particle densities are 6.5  ×  105  m−3 and the corresponding 
ice mass density is 2.6 × 10−12 kg/m3 for 100 nm radius particles. We do 
not have direct ice particle size observations and this size is based on the 
typical particle size observed and modeled in the polar mesosphere (e.g., 
Rapp & Thomas, 2006; von Savigny & Burrows, 2007).

4. Interpretation of Observations
4.1. Motivation

The Super Soaker cloud observations present two challenges. The first 
challenge is the rapid appearance of the clouds 18 s after the release of 
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Figure 4. Temperature measured by SRWTL (red) and AMTM (blue and 
black). The AMTM measurements are based on the measurements in the 
vertical (blue) and at the release or “soak” point (black). The red arrow 
indicates the time of the water release. The vertical lines span the period 
when the cloud was detected by the Rayleigh lidar. See text for details. 
AMTM, Advanced Mesospheric Temperature Mapper; SRWTL, sodium 
resonance wind-temperature lidar.

Figure 5. Raw Rayleigh lidar signal from artificial cloud released over 
PFRR on January 26, 2018 plotted as a function of time and altitude. 
The raw signal is acquired at 48 m in range (45.7 m in altitude) and 25 s 
resolution in time. The signal is smoothed with a five-point running 
average in range. The cloud is clearly visible between 14:52 and 14:55 UT 
and 92 and 78 km. The vertical white line marks the time of the water 
release. The signal below 77 km represents the Rayleigh scatter from the 
atmosphere which increases with decreasing altitude.
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Figure 6. Aerosol backscatter coefficient profiles derived from Rayleigh lidar measurements plotted as a function of 
altitude. The thin solid black curves represent the backscatter coefficient derived from the lidar signal that has been 
smoothed by 2 km. The thin broken black curves represent the uncertainty in the backscatter coefficient based on 
statistical uncertainty in the lidar signal. The green curve represents the backscatter coefficient profile smoothed with 
a 1 km running average. The peak backscatter coefficient, altitude and uncertainty (in parenthesis) are listed on each 
plot.



Journal of Geophysical Research: Space Physics

the water. Mesospheric clouds almost never form outside the summer 
season (e.g., Gadsden, 1982; Warren et al., 1997). During polar summer 
such clouds typically exist at temperatures below 150 K (e.g., Jensen & 
Thomas, 1988), which is over 50 K lower than the temperature measured 
by the lidars (Figures 3 and 4). The second challenge is the rapid descent 
of the cloud peak with an apparent vertical velocity of 31–127 m/s (Fig-
ure 7), as vertical winds in the UMLT are typically less than 1 m/s (e.g., 
Berger & von Zahn, 2002).

While the frost point for water vapor mixing ratios of a few ppmv typical 
of the polar summer mesosphere is ∼150 K, the frost point for the more 
humid conditions of 1 ppv associated with the Super Soaker experiment 
is ∼200 K (Figure 8, Marti & Mauersberger, 1993; Stevens et al., 2002). 
The temperature profiles measured by the lidars show that under these 
extremely humid conditions ice can form above 91 km and below 78 km, 
but requires a temperature decrease of ∼25 K to form between 80 and 
85 km. Thus, we consider the possibility that the Super Soaker cloud is 
formed by an expanding shell of water vapor that rapidly cools the up-
per mesosphere and drives temperatures down to the elevated water 
frost point. Ambient water vapor mixing ratios at 85  km are typically 
a few ppmv or less, leading to IR cooling rates of about 1 K/day (Fom-
ichev et al., 2004), which are small compared to other calculated heating 
rates of about 10 K/day in the polar summer mesosphere (Thomas, 1996; 
Zhu, 1994). However, we will show that large amounts of water vapor 
(1 ppv) in a filamentary structure can produce local cooling rates of about 
1 K/s. This cooling can drive the temperature down to the frost point in 
seconds, thereby allowing mesospheric water ice cloud formation in the 
polar winter mesosphere.

4.2. The Nature and Geometry of the Cloud

The Super Soaker payload of 220 kg of water was kept warm enough 
to remain in liquid form on the launch pad and during its ascent. We 
consider four possible sources of the enhanced backscattering ob-
served by the Rayleigh lidar in the upper mesosphere: liquid water 
from the payload; debris from the exploding payload; debris from ig-
nition of a rocket stage; and ice clouds from the released water. We 
expect that the water evaporates when it is explosively released at the 
ambient pressure of ∼0.3 Pa at 85 km. Two experiments using the Sat-
urn launch vehicle in the 1960s provide insight into the fate of water 
released in the upper atmosphere (Woodbridge et  al.,  1963; Wood-
bridge & Lasater, 1965). The “High Water” experiments consisted of 
two releases of water in the thermosphere and associated laboratory 
experiments (Woodbridge et al., 1963; Woodbridge & Lasater, 1965). 

In the High Water releases 42–44 tonnes of water were explosively released at 105 and 165 km. Clouds 
formed in less than a second after the water was released. In the High Water laboratory experiments 
3 cm3 of water was released into a volume of 3 × 107 cm3 at a pressure of 2 × 10−4 mbar (typical of at-
mosphere near 89 km). The released water changed into the ice phase less than 10 ms after the release 
(Woodbridge et al., 1963). Since this is much less than the time we observe the cloud after the Super 
Soaker release (18 s, Figure 7), we conclude that liquid water is not observed by the lidar in the Super 
Soaker experiment.

To determine whether the cloud is formed by rocket debris we consider the sedimentation speed vs for a 
spherical particle of radius r in the upper mesosphere. This sedimentation speed is given by
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Figure 7. Properties of artificial cloud released at PFRR on January 26 
plotted as a function of time. Upper: Altitude of peak (green short dash 
with closed square) and altitude of half-maximum (green long dash with 
open square). Middle: Peak backscatter coefficient. Lower: Integrated 
aerosol backscatter coefficient over FWHM of cloud (green short dash 
with closed square) and integrated molecular backscatter coefficient over 
FWHM (green long dash with open circle). PFRR, Poker Flat Research 
Range.
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where g is the acceleration due to gravity, k is Boltzmann’s constant, T is 
the temperature, ma is the mass of a typical air molecule, n is the particle 
number density, ρ is the density of the particle material, and r is the parti-
cle radius (Reid, 1975). At 85 km the temperature was 229 K just prior to 
the release of the water so that Equation 1 reduces to

� � U u u u685 km 2.8 10sv r (2)

where vs is in cm/s, ρ is in g/cm3 and r is in cm. The density of water ice 
is 0.93  g/cm3 whereas the rocket is primarily composed of aluminum, 
which has a density of 2.7  g/cm3. Studies of high intensity explosions 
and collisions of orbital debris report representative fragment sizes of 
between 200 µm and 1 cm (Zhang et al., 1997). Using the lower value 
of 200  µm yields a fall speed of the aluminum debris of greater than 
1.5 km/s, which is even larger than the 0.6 km/s vertical velocity of the 

Super Soaker rocket at the time of the release and would fall out of our region of observations before the first 
detection of the cloud by the lidar. The aluminum debris would have to be an order of magnitude smaller 
(<20 µm) to yield fall speeds consistent with the apparent descent of the cloud (30–100 m/s). The possibility 
of such fine particles is not completely ruled out but is unlikely to be the case. We conclude that the cloud 
observed by the lidar is not metal debris from the rocket payload.

Four clouds in the mesosphere have been reported after the ignition of the fourth stage of Black Brant X and 
XII rockets above 85 km (Fricke et al., 1996; Thurairajah, 2009). These clouds were detected serendipitously 
by zenith pointing lidars located ∼30–50 km from the rocket ignition. The clouds were detected 12–90 min 
after the ignition for periods of 15–70 min at altitudes of about 10 km below the ignition altitude between 65 
and 90 km. However, the Terrier Improved Orion used in the Super Soaker experiment is a two-stage rocket 
where the second stage ignition is complete by the time the rocket reaches an altitude of 35 km. Thus we 
conclude that the cloud is not formed by exhaust products from the ignition of a rocket stage.

The rapid vertical motion of the cloud, descending approximately 14 km in 3 min (Figures 6 and 7) with 
apparent velocities of between 100 and 30 m/s, is much greater than the sedimentation speed of typical 
PMC particles. Typical 100 nm PMC particles have sedimentation speeds of approximately 0.3 m/s and 
would fall less than 0.05 km in this time. The ice particles would have to have radii of 10–30 µm to sedi-
ment this rapidly. Based on the measured lidar backscatter coefficients such large particles would be very 
sparse (<0.1 m−3). Given the concentration of dust particles serving as nucleation sites (>107 m−3, Wilms 
et al., 2016) we expect that the cloud is formed of a larger number of smaller particles typical of PMC. We 
conclude that the rapid descent of the cloud does not represent the sedimentation of large ice particles.

We suggest that the evolution of the cloud as measured by the Rayleigh lidar is consistent with the expan-
sion of a spherical shell of water ice following the explosive water release (Figure 9). We assume that the 
center of the shell travels upward due to the vertical velocity of the rocket and expands with a radial velocity 
due to the explosive release. At a distance of 3.7 km from the release point, the 220 kg of water would create 
a spherical shell that is 1.35 m thick with a water concentration of 1 ppv. The initial appearance of the cloud 
near 92 km with the largest FWHM (6.3 km) reflects the passage of the leading edge of the shell through the 
lidar beam. As the shell continues to expand, the lower edge of the shell travels across the lidar beam and 
the cloud appears to descend less rapidly with a smaller FWHM (2.3–3.2 km). The relative constancy of the 
peak backscatter coefficient is consistent with a uniform shell. The variation of the integrated backscatter 
coefficient is also consistent with the expansion of a uniform shell where the values are greatest when the 
FWHM is largest coinciding with the passage of the leading edge of the shell.

We estimate the velocities associated with the shell based on the following observations: the vertical ve-
locity of the rocket at the time of release was 553 m/s; the appearance of the cloud at an altitude 7.2 km 
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Time 
(UT)a

Altitude 
(km)

Aerosol 
backscatter ratio

Altitude 
(km)

Backscatter 
coefficient 

(×10−11 m−1 sr−1)

14:51:35 92.2 35 ± 7 92.2 8.5 ± 1.6
14:52:00 89.9 35 ± 6 89.1 14 ± 2.2
14:52:26 85.6 19 ± 3 85.4 14 ± 2.1
14:52:51 82.8 13 ± 2 82.6 14 ± 2.2
14:53:26 80.6 11 ± 2 80.4 17 ± 2.3
14:53:51 79.5 7.1 ± 1 79.4 13 ± 2.1
14:54:17 79.2 2.8 ± 1 79.1 5.3 ± 1.5
14:54:42 78.3 2.1 ± 1 78.1 4.6 ± 1.2
aThe time is recorded at start of each profile acquisition. Each profile is 
derived from 25 s of signal integration and each observation has a vertical 
resolution of 48 m.

Table 1 
Peak Aerosol Backscatter Ratio and Backscatter Coefficient
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above the release point 18 s after the release; the appearance of the cloud 
3.7 km from the release point, 18 s after the release; and the appearance 
of the cloud at 78 km, 924 s after the release. We expect that the velocity 
of the shell decreases in time due to atmospheric drag. The vertical mo-
tion is consistent with an initial vertical speed of 553 m/s that decreases 
exponentially with a decay time of 26  s and yields an average velocity 
of 400 m/s over 18 s. The horizontal motion and downward movement 
of the cloud is consistent with an initial explosive speed of 215 m/s that 
decreases exponentially with a decay time of 208 s and yields an aver-
age expansion speed of 206 m/s over the initial 18 s and an eventual net 
downward motion of the cloud. We conducted a ground test of the ex-
plosive release and determined the velocity of the water released to be 
140 m/s from the video recording of the release. The explosive energy of 
the release determines its velocity. The explosive energy of 1.4 kg of black 
powder is 6 MJ (e.g., Akhavan, 1998). If this explosive energy was entirely 
converted into kinetic energy, the 220 kg of water would have a velocity 
of 230 m/s. While some explosive energy would be lost in rupturing the 
water cylinders, yielding a smaller explosive velocity for the water, we 
expect that the explosive velocity under near vacuum at 85 km would be 
larger than at the surface pressure on the ground. Finally, we expect that 
the expanding shell was deformed by the background winds (Mesquita 
et al., 2020). There were significant wind shears above 90 km where zonal 
and meridional jets had maximum wind speeds of 100 m/s and so the 
spherical shell would be significantly distorted above 90 km.

5. Microphysical Modeling of the Cloud
Our modeling of the cloud is guided by two observations of PMCs. First is that the lower edge of naturally 
occurring PMCs are found at temperatures that are remarkably repeatable of 150 K near 82 km which is 
close to the frost point (Lübken et al., 1996). Second is that recent balloon-borne imager observations have 
revealed filamentary structures as small as 30 m in PMCs (Fritts et al., 2017).

5.1. The Community Aerosol and Radiation Model for Atmospheres

We use the Community Aerosol and Radiation Model for Atmospheres (CARMA) to explore the interplay 
between the water vapor cooling and the ice particle heating, determine the thermal environment, and 
characterize the cloud. CARMA is a one-dimensional model of cloud microphysics. The model calculates 
nucleation, growth, sublimation, and sedimentation rates of ice particles and their resultant particle size 
distribution based on input profiles of temperature, pressure, water vapor, vertical winds, and nucleation 
sites (Rapp & Thomas, 2006). For this study, we use an updated version of CARMA (Wilms et al., 2016). 
Furthermore, our simulation is done in the rest frame of the expanding cloud of water. We make sev-
eral modifications to the model to accommodate the rapid formation of the clouds, the small spatial 
scales, and the large quantity of water present in the Super Soaker experiment. These modifications are 
as follows:

 (a)  The altitude resolution was reduced from 250 to 5 m, to better match the 48 m vertical resolution of the 
Rayleigh lidar cloud observations and model the radiative cooling of water vapor at high vertical resolu-
tion. For the standard CARMA model domain of 72–102 km, this yields a total of 6,000 altitude levels

 (b)  The time step is reduced from 100 to 1 s to capture the evolution of the local temperatures from the time 
of the water release to the time of the first cloud observation 18 s later. The model is run over 432 time 
steps (7.2 min) in order to include the 3-min time period over which the clouds were observed

 (c)  The background densities are taken from the NRL MSIS empirical model for January at latitude 65.1°N, 
longitude 212.6°E, and time 14:51 UT of our experiment (Picone et al., 2002)

 (d)  The initial temperatures are taken from the temperature profile measured by the Rayleigh lidar and 
SRWTL (Figure 3)
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Figure 8. The water frost point as a function of temperature and altitude 
for a variety of water vapor mixing ratios relevant to this study (Marti & 
Mauersberger, 1993; dashed lines). The measured temperature profile 
immediately prior to the release of water (solid line, Figure 3) and the 
assumed water vapor mixing ratio profile of the release (long dashed line, 
Equation 3) are also plotted.
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 (e)  The initial background water vapor profile prior to the Super Soaker 
water release is taken from a simulation for the conditions of our ex-
periment (latitude and day of year) using the National Center for At-
mospheric Research (NCAR) Thermosphere Ionosphere Mesosphere 
Electrodynamics General Circulation Model (TIME-GCM; Roble & 
Ridley, 1994). We use a background water vapor profile with mixing 
ratios less than 0.1 ppmv throughout the region of interest. This is 
more than an order of magnitude less than water vapor mixing ratios 
typically found in the polar summer (e.g., Rapp & Thomas, 2006) and 
seven orders of magnitude less than those following the water re-
lease. We will discuss the simulated vertical distribution of the water 
release (1 ppv) in the next section

 (f)  The initial vertical winds are taken from the TIME-GCM. These 
winds are less than 4 cm/s throughout the CARMA model domain 
and not enough to substantially affect the cloud development over 
the relatively short time period of our simulation. Eddy diffusion was 
set to zero at all altitudes

 (g)  The vertical distribution of dust serving as nucleation sites is 
the  same as that used in a recent study of realistic PMC forma-
tion  (Wilms  et  al.,  2016). The concentration of nucleation sites 
is less  than that used in earlier CARMA studies (Rapp & Thomas,  
2006)

 (h)  A radiative cooling model (Zhu, 1994) is coupled into the CARMA framework and the water vapor cool-
ing is calculated for each 1-s time step. We reduce the computation time by limiting our calculations to 
only those altitudes for which the water vapor mixing ratio is 103 ppmv (0.001 ppv) or greater. Mixing 
ratios smaller than this do not significantly affect the temperature within the time period of our sim-
ulation. The radiative cooling model calculates the water vapor IR cooling rate by rotational lines and 
6.3 micron vibrational-rotational band by use of the escape-to-space probability derived from the corre-
lated k-distribution functions. The non-LTE processes for the 6.3 micron vibrational-rotational band are 
parameterized by an equivalent two-level model (Houghton, 2002; Zhu, 2004)

 (i)  The release of latent heat associated with phase changes is calculated for each altitude and each time-
step, and included in the time-dependent evolution of the temperatures

 (j)  The parameterization of Siskind et al. (2007) is used to describe the infrared heating from ice particles 
and also included in the time-dependent evolution of the temperatures

The combination of the cooling (h) and the heating (i) and (j) is used to determine the temperature changes 
induced by the water release and cloud formation at each timestep. The temperature is updated at the end 
of the time step and the growth or sublimation of any ice particles is then recalculated with the updated 
temperature profile.

5.2. Modeling of Water and Cloud Formation

Once the water has evaporated, we expect radiative cooling in the gas phase to drive the local temperature 
to the elevated frost point. In this way, the released water passes through three phases (liquid to vapor to sol-
id) in a period of less than a minute. Before incorporating a radiative cooling model into our ice formation 
model, we explore the impact of concentrated filaments of water vapor in on the local thermodynamics in 
the upper mesosphere.

We determine the cooling rates of layers, or filaments, of water vapor rate as a function of its mixing ratio 
for a variety of different widths from 0.1 m to 10 km (Figure 10). For narrow filaments (0.1–1 m), the cool-
ing rate increases linearly with the water vapor mixing ratio. However, for broader filaments (1–10 km) the 
cooling rate is nonlinear due to increasing optical thickness that prevents the IR radiation from escaping 
to space. This nonlinearity is largest when mixing ratios are highest and the filaments are the broadest. 
The cooling is therefore fastest when the water is concentrated and distributed in the narrowest filaments. 
Cooling rates of 2.6 K/s can be reached for 1-m filaments of pure water vapor (1 ppv), which is fast enough 
to form ice particles within the time frame of our observations.
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Figure 9. Schematic of expansion of Super Soaker water release relative 
to Rayleigh lidar beam. The release occurs at an altitude of 85 and 3.7 km 
from the lidar beam (green solid line). The explosive release is at 0 s. 
The location of the cloud is plotted at 6, 18, and 31 s after the release 
corresponding to the beginning (blue dashed), middle (blue solid), and end 
(blue dashed) of the first lidar profile (Figure 6). The location of the of the 
cloud is plotted at 82, 94, and 107 s after the release corresponding to the 
beginning, middle, and end of the fourth lidar profile (Figure 6). See text 
for details.
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We characterize the initial water vapor mixing ratio distribution in terms of an initial peak mixing ratio ver-
tical profile following the release and a length scale that describes the filamentary structure. The filaments 
are the result of the explosive release, and are described as Gaussian functions, that do not interact with 
each other. Since the payload is pure water vapor and we observe clouds approximately 5 km above and 
below the altitude of release, we adopt a smooth function centered at 85 km with a width of a few km to 
represent the water vapor distribution in the filaments immediately after its release. We choose a Chapman 
layer with a water vapor mixing ratio altitude profile f(z) that is defined by
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where f0 is the water vapor mixing ratio at the peak (1 ppv), z0 is the release altitude (85 km), and H0 is the 
effective scale height of the distribution (Chamberlain, 1995). We choose a scale height of 3 km so that 
peak water vapor distribution provides enough water to locally cool the atmosphere down to the frost point 
throughout the region of the lidar cloud observations (78–92 km, Figure 9). We model the filaments as 3-m 
wide, centered every 5 m, and assume that each filament cools independently of the filaments above and 
below it. We use the largest cooling rates associated with the center of the filaments in our simulation.

Once in the ice phase, the particles warm due to the absorption of both IR terrestrial radiation and solar 
radiation (Espy & Jutt, 2002). We quantify the IR contribution by a simple parameterization that depends 
only on the equivalent water ice mixing ratios

P u uterr ice0.68dT P
dt

 (4)

where dT/dt is in K/s, Pterr is the heating by terrestrial IR radiation between 10 and 14 microns in W/cm3 and 
µice is in ppv (Siskind et al., 2007). The constant 0.68 has units cm3/(J/K)J. We calculate the heating rates as 
a function of equivalent water vapor mixing ratio (Figure 10). The terrestrial heating can vary between 17 
and 56 W/cm3 based on the temperature of the IR emitting surface (e.g., cloud tops at 220 K, bare ground at 
283 K). We adopt the smaller value in this study based on results of a previous observational study (Siskind 
et al., 2007). While the Super Soaker water release occurred at night when the solar heating was zero, for 
completeness we also show the dependence of the heating rate due to absorption of the solar radiation of 
value 16 W/cm3.

Figure 11 shows the water vapor mixing ratio and cooling rates in a plume filament near the peak of the 
initial water vapor distribution at 85 km. The peak water vapor mixing ratios are near 1 ppv upon the release 
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Figure 10. Left: Calculated water vapor cooling rates as a function of water vapor mixing ratio at 85 km altitude. 
Broader layers of water vapor cool less efficiently than narrower layers. Right: Calculated water ice heating rates as a 
function of equivalent water ice mixing ratio (µice). The black line (17 W/cm3) and the blue line (56 W/cm3) represent a 
range of possible terrestrial heating rates (Siskind et al., 2007).
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and then decrease to about 0.8 ppv during the simulation. As expected, the cooling rates are larger when 
water vapor mixing ratios are larger and smaller when water vapor mixing ratios are smaller. The calculated 
peak cooling rates are between 0.4 and 0.7 K/s. We use the cooling rate of each filament at each altitude 
as well as its time dependence to determine how the water vapor cooling of the expanding plume evolves 
with both altitude and time. This is shown in Figure 12 where we have overlaid the Rayleigh lidar observa-
tions of the cloud peak for reference. The cooling rates are highest near 85 km as expected from our initial 
distribution of water vapor and fall off at the top and bottom of our model domain. The extremely rapid 
cooling shown in the first minute leads to ice cloud formation as temperatures are quickly driven down to 
the elevated frost point.

Once the ice forms, heating occurs due to latent heating and absorption of terrestrial radiation (e.g., Espy 
& Jutt, 2002). Figure 13 shows the latent heating due to the change of phase from vapor to ice. The latent 
heating rate is explicitly calculated by

U 
e p

p a

dmL ndT dt
Cdt

 (5)

where dT/dt is in K/s, Le is the latent heat of sublimation (erg/g), dm/dt is the ice particle growth rate (g/s), 
np is the particle number density (cm−3), ρa is the atmospheric density (g/cm3), and Cp is the specific heat 
of the atmosphere at constant pressure (erg g−1 K−1; Bardeen et al., 2010). The latent heating is briefly large 
(∼0.6 K/s) and balances the large cooling from the water vapor. The IR heating from the ice particles (Equa-
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Figure 11. Water vapor mixing ratio (upper) and corresponding cooling rate (lower) in time and altitude for a water 
filament near the 85 km altitude of the Super Soaker water release. See text for details.
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tion 4) takes more time to become apparent as the ice particles need to grow large enough for the heating 
to become significant.

Figure 14 (upper panel) shows the time evolution of the water ice mixing ratio for the conditions of the 
Super Soaker experiment, where we have again overlaid the lidar cloud observations for comparison. The 
initial formation of ice particles agrees well with the altitude and time of the cloud observations. The on-
set of ice formation for any given altitude is driven by the combination of the assumed initial water vapor 
mixing ratio following the release (Figure 9), the length scale of the filaments (Figure 10), and the initial 
temperature profile (Figure 3). Figure 14 (lower panel) shows the terrestrial IR ice particle heating rate 
corresponding to the accompanying water ice mixing ratio. The heating rate is large when the water ice 
mixing ratio is large and small when the ice particle mixing ratio is small. Maximum heating values are 
near 0.4 K/s, much larger than the ice particle heating rates typically calculated for polar summer condi-
tions of ∼1 K/day (Siskind et al., 2007). This extreme heating reflects the high humidity of the release. The 
competition between the cooling and the heating is evident where the cooling is large when the heating 
is small and vice versa as the water alternates between the vapor and ice phase (Figures 12–14). Figure 15 
shows the sum of the cooling rate and the two heating rates (Figures 12–14, respectively). Ultimately there 
is a balance between the IR cooling and IR heating with near zero net heating, due to the initial radiative 
cooling and the subsequent latent heating and water ice heating.
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Figure 13. Latent heating resulting from ice formation after the release of water vapor at 85 km in time and altitude. 
The Rayleigh lidar cloud observations are overlaid as black circles. See text for details.

Figure 12. Water vapor cooling rate in time and altitude. The cooling rate for each 5 m layer is calculated assuming 
narrow filaments of water vapor. The Rayleigh lidar cloud observations are overlaid as black circles. See text for details.
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The variation of temperature in altitude and time within the expanding plume as well as the temperature 
change from the initial condition are shown in Figure 16. Temperatures are near 190 K where the cloud 
observations are made and there is a trough of low temperatures that roughly aligns with the observations. 
This is the result of competition between the cooling in the vapor phase and the heating in the ice phase. As 
discussed earlier, the frost point temperatures for water are elevated due to the high humidity and 190 K is 
more than sufficient to form ice particles (Figures 8 and 11). In the region where the ice cloud is present the 
supersaturation with respect to ice is between 3 and 30 which is well above the value of 1 that is required 
for ice particles to exist.

Neither the SRWTL nor the AMTM detect (Figures 3 and 4) the simulated decrease in temperature (Fig-
ure 16). The cadence of the SRWTL measurements was 15 min, the spot size was 45 m, the profile was 
smoothed over 1 km in altitude, and the lidar measurement was located 24.5 km from the release. The ca-
dence of the AMTM was 12 s, the horizontal resolution of each pixel was 0.625 km square, and the temper-
ature is integrated through the whole OH layer (FWHM ∼7–8 km). We conclude that the cloud formation 
was too rapid, the cloud structure was too fine, and the cloud motion too swift for the cooling to be directly 
observed by either the SRWTL or the AMTM. The cooling of the air due to the cloud is concentrated around 
the cloud as it expanded and we have applied the model in the rest frame of the expanding cloud. We expect 
that the large and recurrent releases of water due to plumes of vehicle exhaust would yield significant and 
more uniform cooling of the atmosphere.
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Figure 14. Equivalent water ice mixing ratio (upper and ice particle heating rate (lower) as a function of time and 
altitude. The Rayleigh lidar cloud observations are overlaid as black circles. See text for details.
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Figure 16. Upper: The evolution of temperature in the water release as a function of time and altitude. The Rayleigh 
lidar cloud observations are overlaid as black circles and fall in a cold trough of the model results. Lower: The 
difference between the initial temperature profile (Figure 3) and the temperatures in the simulation following the 
release of water.

Figure 15. Total water heating rate based on vapor cooling, latent heating, and water ice heating rate as a function of 
time and altitude. The Rayleigh lidar cloud observations are overlaid as black circles. See text for details.
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In Figure 17, we show the ice mass density simulated by CARMA as a function of time and altitude. These 
model ice mass densities are several orders of magnitude greater than those estimated directly from the Ray-
leigh lidar observations in Section 3.2. To compare the simulation with the observations, we need to convert 
the model results to the lidar rest frame and then average the model results in time and altitude. Based on 
the arrival time of the cloud at each altitude from the water release (18–205 s), we calculate that the speed 
of the water from its release point to the lidar beam 3.7 km away is between 18  and 206 m/s. At the lidar 
beam we assume that the 220 kg of water released formed a uniform spherical shell that was 1.35 m thick. 
The lidar beam has a divergence of less than 0.5 mrad and a spot size of less than 45 m at 90 km. Consid-
ering the leading edge of the spherical shell cloud as a thin vertical slab, the cloud passes through the lidar 
beam in 0.2 s, 125 times less than the 25 s integration time of the lidar profile. However, the scattering from 
the air is from the entire volume of the beam while the cloud only fills a fraction (1.35/40 = 1/29.6) of the 
beam. Thus over a 25 s integration interval the backscatter ratio measured by the lidar is a factor of 3,700 (= 
125 × 29.6) less than the backscatter ratio of the cloud. In the last cloud observation, the cloud echo is due 
to the lower edge of the shell passing overhead and the echo descends over 775 m in 25 s. In this case the 
backscatter ratio of the cloud measured by the lidar is a factor of 574 (= 775/1.35) less than the backscatter 
ratio of the cloud. The lidar estimate of the ice mass density is proportional to the backscatter ratio, and so 
the ice mass density of the cloud is also underestimated by the lidar.

We also calculate a backscatter ratio from the ice mass densities and di-
rectly compare it with the Rayleigh lidar measurements of the aerosol 
backscatter ratio (Table 1). The comparison is shown in Figure 18, where 
we have interpolated the model results onto the midpoint of each cloud 
timestep and averaged the model results in altitude over ±24 m to repre-
sent the vertical resolution of the lidar. We scale the ice mass densities by 
3,700 for the first observation and progressively reduce the scale factor to 
574 in the last observation. The model results in Figure 18 are in general 
agreement with the range of backscatter ratio values determined from 
the lidar measurements. Given the uncertainties in the vertical and hori-
zontal distribution of the water vapor, this level of agreement between 
the data and model is significant. More importantly, the observed alti-
tude and onset of cloud formation is largely reproduced by the model 
(Figure 17). CARMA also calculates the ice particle radii produced in the 
exotic, water rich environment of the Super Soaker experiment. Early 
in the simulation ice particle radii are calculated to be between 10 and 
100  nm, whereas later in the simulation the radii can exceed 300  nm. 
These particles have sedimentation speeds that are much lower than the 
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Figure 17. The ice mass density within the water release as a function of time and altitude. The Rayleigh lidar cloud 
observations are overlaid as black circles. See text for details.

Figure 18. A comparison of the aerosol backscatter ratio derived from 
CARMA and the Rayleigh lidar measurements. The CARMA results are 
plotted as open circles. The scaled CARMA results (based on the speed and 
geometry of the water release) are plotted as black circles. The Rayleigh 
lidar measurements are plotted as green squares. CARMA, Community 
Aerosol and Radiation Model for Atmospheres.
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observed descent rate of the cloud. Quantitative analysis of the ice particle sizes is sensitive to the water 
vapor distribution, which we can only estimate in our experiment. However, we emphasize that the onset 
of ice formation in both time and altitude is reproduced in our simulation under inhospitable conditions for 
mesospheric cloud formation due to the quantitative consideration of IR cooling by narrow concentrated 
water vapor filaments.

6. Discussion and Conclusions
We have presented an observational and modeling study of a cloud resulting from a water release in the 
upper mesosphere. We observed this mesospheric cloud 18 s after the explosive release of 220 kg of water 
at 85 km. We have analyzed this cloud under the assumption that it is composed of water ice. By adding IR 
water vapor cooling to the microphysical model, we have reproduced the altitude and the onset of ice cloud 
formation observed by our ground-based Rayleigh lidar in the winter mesosphere where ice clouds are rare-
ly observed. The model results show that the cloud forms due to the combined effects of rapid IR cooling 
(∼25 K) by meter-scale filaments of nearly pure water vapor (∼1 ppv) and an increase in frost point (∼50 K 
from ∼150–200 K) due to this high humidity. Following the formation of the ice cloud, the model results 
indicate that latent heating and IR heating by the ice particles together balance the water vapor cooling. The 
result of this balance of cooling in the vapor phase and heating in the ice phase is that the water acts as a 
thermostat to maintain the local temperature near the frost point. This scenario is consistent with the fact 
that the lower edge of naturally occurring PMCs are found at temperatures that are remarkably repeatable 
of 150 K near 82 km (Lübken et al., 1996).

The Super Soaker cloud forms so rapidly that we do not expect variations in the condensation nuclei and 
eddy diffusion to significantly affect the cloud development. Modifications to the condensation nuclei and 
to the eddy diffusion profiles in the model could alter the calculated ice particle characteristics but a sen-
sitivity study involving variations to these inputs and the resultant impact on the cloud characteristics is 
beyond the scope of the current study. This is primarily due to the limited number of observations available 
to constrain such a study and our limited knowledge of the vertical and horizontal distribution of the water 
vapor following its explosive release.

The small filaments of water vapor simulated here cannot be resolved by satellite-borne instruments and 
thus models constrained by direct satellite observations of water vapor cannot address the microphysics at 
these meter-scales directly. The limb viewing satellite instruments assume spherical symmetry over length 
scales of hundreds of kilometers that are a factor of 105 larger than studied here. Recent balloon-borne 
imager observations have revealed structures as small as 30 m in PMCs (Fritts et al., 2017). Regardless of 
the length scale of an upper mesospheric water vapor parcel, local mixing ratios of 10 ppmv or more create 
cooling in excess of 10 K/day (Figure 10), which can dominate the energetics of the upper mesosphere 
(Fomichev et al., 2004; Thomas, 1996; Zhu, 1994). Additional insight to what controls the energetics of 
the upper mesosphere in the presence of water ice clouds could be gained with simultaneous observations 
of mesospheric clouds, water vapor, and temperatures. This would require measurements of water vapor 
and temperatures at significantly higher spatial (meters) and temporal (seconds) resolution than currently 
possible.

In the presence of pure, or nearly pure, water vapor the water frost point temperature in the upper mes-
osphere is near 200 K (Figure 9). This is about 50 K higher than the water frost point when water vapor 
mixing ratios are at the typical values of a few ppmv in the polar summer mesosphere. This effect was 
previously demonstrated in a study of satellite observations of the Space Shuttle main engine plume, which 
is almost entirely water vapor (Stevens et al., 2002). In that study, OH dayglow observations and water ice 
were observed simultaneously in the upper mesosphere under conditions normally inhospitable to cloud 
formation. The OH dayglow observations were a proxy for water vapor in the upper mesosphere. Our con-
clusion from the Super Soaker experiment that high concentrations of water vapor actively cool the upper 
mesosphere and drive the temperature down to the elevated frost point confirms these earlier observations 
of simultaneously observed OH and water ice.

Water vapor is a common effluent in space traffic exhaust. Previous work has shown that the space shut-
tle main engine plume provided a reservoir of water in the upper atmosphere that produced bursts of 
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mesospheric cloudiness following launch. This was observed in the Arctic summer (Collins et al., 2009; 
Kelley et al., 2010; Stevens, Englert et al., 2005a; Stevens et al., 2003; Stevens et al., 2012), at high northern 
latitudes in the fall (Stevens et al., 2002), and in the Antarctic summer (Stevens, Meier, et al., 2005b). The 
summer polar mesosphere is distinguished by vigorous and persistent vertical upwelling (e.g., Berger & von 
Zahn, 2002). The introduction of concentrated filaments of water vapor leading to the formation of mes-
ospheric ice clouds as described herein would have more persistent effects in the summer, as the vertical 
winds could sustain the ice particles in the upper mesosphere where they could be observed repeatedly. This 
might explain why the formation of mesospheric clouds by space traffic is more readily observed in the sum-
mer than in the winter. Nonetheless, while space traffic water exhaust serves as a reservoir for mesospheric 
cloud production, this study suggests that the exhaust can also actively cool the mesosphere and induces the 
formation of mesospheric clouds, even in the polar winter.

Data Availability Statement
The data presented in this study are available at NASA’s publication repository, NASA PubSpace (https://
www.ncbi.nlm.nih.gov/pmc/funder/nasa/).
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