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Abstract Recent advances in data processing from the Cloud Imaging and Particle Size (CIPS) instrument
on the NASA Aeronomy of Ice in the Mesosphere satellite allow observation of bright mesospheric clouds

at mid-latitudes (<60°). When adjusted for the evolving local time (LT) of the CIPS observations during its
mission we find that the frequencies of these bright clouds in the northern hemisphere show no trend from
2007 to 2021 and no dependence on the solar cycle, although the interannual variability is extreme. Rather we
investigate the possible link with propellant exhaust from orbital vehicles, typically launched at lower latitudes.
By filtering the launch record equatorward of 60°N using only those launches between 23 and 10 LT, we find
a strong correlation with the observed mid-latitude mesospheric cloud frequency variability between 56° and
60°N. Meridional winds at 92 km from a meteorological analysis system reveal that these morning launches
occurred at the time of maximum northward transport. Based upon this combination of high correlation
between the cloud frequency and the launch record plus favorable transport conditions, it is likely that space
traffic has a strong influence on the interannual variability of these bright mesospheric clouds.

1. Introduction

Polar mesospheric clouds (PMC) are comprised of water ice particles that typically form around summer solstice
near 83 km and poleward of 60° latitude. Here temperatures can drop below 150 K, establishing one of the most
exotic environments in the Earth's atmosphere. The mere existence of PMC makes them a compelling target for
study of multi-decadal change as they are extremely sensitive to small variations in the ambient temperature
and water vapor. Typically, PMC are either reported as brightness (sometimes albedo or ice water content, e.g.,
Hervig et al., 2016 and references therein) or as cloud frequency (e.g., Bailey et al., 2005; Russell et al., 2014).
Frequency can be a particularly useful metric in quantifying their variability at mid-latitudes (<60°N), where
they are much sparser.

Observations of mesospheric clouds by the naked eye are typically between 55° and 65° (Gadsden, 1998) where
they are better known as noctilucent clouds (NLC). In this work, we will call them mesospheric clouds (Hervig
et al., 2016) since we only use mid-latitude satellite cloud data herein. The long ground-based historical record
makes them attractive as a diagnostic for decadal scale change; however, in practice, sampling and observational
difficulties complicate the utilization of this record (e.g., Kirkwood et al., 2008). The geographically isolated
nature of ground-based observations as well as inconsistent weather conditions necessarily raise the question as to
how globally representative a given time series might be. More recently, digital cameras have allowed for a better
interpretation of observed mesospheric cloud variations at mid-latitudes (Dalin et al., 2008). Nonetheless, a vali-
dated, multi-year satellite data set of mid-latitude mesospheric clouds can provide valuable context to this end.

Several case studies during the space shuttle program showed that water vapor exhaust deposited in the lower
thermosphere near Florida at launch can be transported to either the Arctic or Antarctic to create bursts of PMC
about a week later (Kelley et al., 2010; Stevens et al., 2003, 2005a, 2005b, 2012, 2014). These bursts were
detected primarily by an increase in PMC frequency, although the cloud brightness can also measurably increase.
DeLand and Thomas (2019a) recently studied the impact of all space traffic on relative changes to PMC up to
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10 days after launches and found only a limited effect for the latitude band 65°~75°N. However, they empha-
sized that the small number of cloud detections at more equatorward latitudes (<65°N) prevented them from
evaluating the potential link to space traffic there. Thus, the impact of space traffic on a multi-year time series of
mid-latitude mesospheric cloud frequencies currently remains unquantified.

Previous studies on understanding space shuttle main engine plume observations explored the rapid transport
between 100 and 110 km (Datta-Barua et al., 2021; Kelley et al., 2009; Liu, 2007; Meier et al., 2010; Niciejewski
et al., 2011; Wang et al., 2017; Yue et al., 2013; Yue and Liu, 2010), since that is the altitude range where most
of the shuttle water vapor exhaust is injected (e.g., Meier et al., 2011). In contrast, here we limit our analysis of
horizontal winds to altitudes from 90 to 95 km to assess rapid northward transport and the resultant impact of
space traffic exhaust on CIPS mid-latitude mesospheric cloud frequencies.

This work fits into the larger discipline which seeks to understand the environmental effects of emissions from
space launches, including mesospheric cloud formation (Dallas et al., 2020). A recent modeling study assessing
the global atmospheric response of PMC formation to launches simulated 10 flights per year to determine an
increase in PMC (Larson et al., 2017). In contrast, the analysis of the existing launch record presented here shows
that as few as six launches per month, or even fewer, can affect the observed interannual mid-latitude mesospheric
cloud frequency.

NASA's Aeronomy of Ice in the Mesosphere (AIM) mission launched in 2007 to help understand why PMC
form and vary (Russell et al., 2009) and has been operating nearly continuously since then. Although AIM has
provided a wealth of new results at polar latitudes, mid-latitude observations heretofore from AIM are sparse
(Hervig et al., 2016). Here we present northern mid-latitude mesospheric cloud frequencies from the Cloud
Imaging and Particle Size (CIPS) instrument on AIM during its years of operation (2007 to present). These CIPS
results are enabled by a new algorithm (version 05.20) that better isolates the relatively weak cloud signal from
the bright mid-latitude Rayleigh scattering signal observed in the nadir. The analysis is complicated by the evolv-
ing local time (LT) of the CIPS observations during its years of operation, which strongly affects the frequency
time series in the most recent years of observation. Further, the threshold for detection is high at mid-latitudes;
CIPS can only detect the brightest tail of the distribution here.

This study is organized as follows. We will discuss the new cloud retrieval algorithm in Section 2 and validate
against concurrent mid-latitude observations in Section 3. In Section 4 we show the mid-latitude mesospheric
cloud frequency time series from 2007 to 2021, as well as the total observed ice mass at mid-latitudes from one
season. In Section 5 we show how a meteorological analysis system that assimilates data in the upper mesosphere
can explain transport of space traffic exhaust from mid-latitudes to the sub-Arctic in a June 2019 case study.
Section 6 explores how the launch LT affects the comparison of the launch record with CIPS mid-latitude cloud
frequencies. Section 7 shows how we determine the phase and amplitude of the migrating diurnal and semi-diur-
nal tide using meridional winds from a meteorological analysis system to reconcile the selection of LT in Section
4. Section 8 summarizes some implications of these results.

2. CIPS Observations and Data Analysis

The CIPS instrument consists of four cameras that image the Earth in the nadir at 265 nm with a field-of-view that
is about 2,000 km X 800 km (McClintock et al., 2009). The observations are made during the daytime at a variety
of solar scattering angles, allowing for the separation of the cloud signal from the relatively bright Rayleigh scat-
tered background. The Level 2 v5.20 data, which is used herein, has a spatial resolution of 7.5 X 7.5 km. Details
on the previous version of the CIPS cloud retrievals (v04.20) may be found in Lumpe et al. (2013) and Carstens
et al. (2013).

AIM is in a sun-synchronous orbit with an inclination of 97° so CIPS can observe over nearly the entire polar
summer region when its field-of-view is sunlit. Earlier in the mission (2007-2015) the mid-latitude cloud obser-
vations were between 13 and 16 LT on the descending node of the AIM orbit, but for the last four seasons
(2018-2021) the orbit precessed so that the mid-latitude observations were between 6 and 10 LT on the ascend-
ing node as shown in Figure 1. We will show that these changes are important in the interpretation of the time
series because the cloud frequency is a strong function of LT at mid-latitudes. Operational issues prevented cloud
retrievals for the northern 2017 season.
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Figure 1. July averaged local solar time (in black) and solar zenith angle
(SZA, in red) of CIPS cloud observations from 2007 to 2021 at latitudes
from 56° to 60°N for the indicated albedo (A) threshold. Descending node
observations are shown before 2016 and ascending node observations after.
Data from both nodes are included during 2016, no CIPS Level 2 data are

available for the 2017 cloud season, and CIPS did not make any observations

in the second half of July 2019.

that a reported cloud detection in a given pixel is false, which is determined
by the y? distribution of the Rayleigh background removal and the pixel
noise. For the work described here, any pixels for which the viewing geome-
try (i.e., view, scattering, and solar zenith angles) precludes accurately distin-
guishing between Rayleigh scattering and ice particle scattering are omitted
from the analysis. We find that requiring the cloud albedo to exceed 5 x 10~°
sr~! minimizes false cloud detections while still retaining sufficient numbers
of valid measurements at latitudes from 56° to 60°N for the years considered
herein (2007-2021). This relatively high threshold represents the brightest
clouds in the CIPS dataset typically used for analysis. For comparison, the
noise floor of the CIPS data at polar latitudes is about 2 X 1076 sr~! (Lumpe
et al., 2013). Thus, while CIPS can observe dimmer clouds (<5 X 107¢ sr~1)

at higher latitudes, the number of pixels that can detect these clouds at mid-latitudes is much more limited due
to the brighter Rayleigh background there. We validate the resultant CIPS mid-latitude cloud frequencies against
concurrent satellite observations in the next section.

S 6 7 8 9 10 11 12 13 14
CIPS Albedo®265 nm (107 sr™")
_—

— |

0O 100 200 300 400 500 600 700 800

SHIMMER Peak Brightness (kR/nm)

Figure 2. A region of CIPS observations on 25 June 2009. The shaded
region shows pixels where observations were made and the colored region

shows where clouds were observed, referenced to the color bar directly below

the panel. The overplotted circles indicate where SHIMMER observations
were made on the same day and same time, and are filled where a cloud was

observed, referenced to the color bar at the bottom.

3. Mesospheric Cloud Frequency Comparison With
SHIMMER

The Spatial Heterodyne IMager for MEsospheric Radicals (SHIMMER)
was launched in March 2007 into a low inclination (35.4°) orbit to measure
mesospheric hydroxyl (OH) on the limb near 308 nm (Englert et al., 2010).
Along with the OH observations, SHIMMER measured mid-latitude meso-
spheric cloud altitude profiles from 2007 to 2009 over the daytime portion
of the diurnal cycle (Stevens et al., 2010). Limb viewing UV mesospheric
cloud observations are typically more sensitive than nadir viewing cloud
observations because they do not require the removal of the relatively bright
Rayleigh scattered background present when looking at down at the earth
during the day.

In June 2009 CIPS was measuring clouds at nearly the same time (13 LT)
and place as SHIMMER. Figure 2 shows a map of CIPS observations as
well as concurrent SHIMMER observations on 25 June 2009. For the region
shown in Figure 2 SHIMMER and CIPS were observing at the same latitudes
and longitudes at nearly the same LT on this day. The middle of the three
SHIMMER orbits in Figure 2 shows bright clouds whereas the others do not
show any clouds, which is generally consistent with the orbits of CIPS data
shown. However, the brightest SHIMMER clouds in the figure at 56°N and
40°E were not detected by CIPS. We note that the SHIMMER observations at
this location were made about 44 min after the CIPS observations, suggesting
either that there was a phase change from vapor to ice during this time or that
the clouds moved horizontally between observations.
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Figure 3. CIPS cloud frequency during 24-28 June 2009 in 20° longitude
bins for the latitude band from 54 to 58°N (black) using the indicated cloud
albedo threshold of 5 x 1076 sr~!. SHIMMER observations of clouds during
the same time period and at the same local time (LT) are overplotted in dotted
red for all SHIMMER clouds observed and dashed red for the brightest
SHIMMER clouds, using a threshold of 300 kR/nm. Total number of cloud
profiles from the thresholded SHIMMER data is indicated.

5 days because the SHIMMER observations precess in LT by about 30 min/
day (Stevens et al., 2009) so this time period ensures both datasets are meas-
uring at the same time and place. Figure 3 shows the CIPS and SHIMMER
mesospheric cloud frequencies distributed into 20° longitude bins. One can
see from Figure 3 that the SHIMMER frequencies are higher than CIPS,
indicating a greater sensitivity to clouds by virtue of its limb viewing geom-
etry. We therefore further sort the SHIMMER data by only taking the 29%
brightest clouds, where the SHIMMER threshold of 300 kR/nm is selected so
that the total frequency in Figure 3 agrees with CIPS for the indicated condi-
tions. The resultant longitude distribution from SHIMMER in Figure 3 is in
very good agreement with CIPS. Figures 2 and 3 show that the appearance of
bright mid-latitude clouds are both localized in longitude and episodic, which
is typical of the bright CIPS mid-latitude data as we will show. Figures 2
and 3 also reconcile the CIPS v05.20 cloud frequencies with concurrent limb
viewing observations and validate further investigation of the CIPS mid-lati-
tude cloud observations discussed in the next section.

4. Mid-Latitude Mesospheric Cloud Frequencies:
2007-2021

Figure 4 shows the July monthly averaged CIPS cloud frequencies from 56°
to 60°N for 2007 through 2021. Because the LT observed by CIPS changed

significantly during this time (Figure 1), we have also scaled each point in the time series in Figure 4 according to

its expected frequency variation over the diurnal cycle with reference to the first season of observations in 2007.

The scaling is largest near the end of the time series since frequencies peak early in the morning at mid-latitudes

(see Figure 1) due to a temperature minimum in the diurnal tide at that time of day (McCormack et al., 2014;

Schmidt et al., 2018). The scaling is based on the July 2009 averaged diurnal variation at mid-latitudes described

by Stevens et al. (2017), who used a model that assimilated satellite temperature and water vapor data from the

mesosphere as well as the bulk thermodynamic equilibrium model of Hervig et al. (2009) to infer cloud frequen-
cies. The calculation is based on an ice water content threshold of 40 g/km?, which roughly corresponds to the

albedo threshold used for the time series in Figure 4 (Broman et al., 2019; Lumpe et al., 2013). The absolute

frequencies calculated over the diurnal cycle by Stevens et al. (2017) range from 3% to 29% at mid-latitudes and

are larger than reported from CIPS, however we only use the relative variation over the diurnal cycle to scale the

1 1 1 1 1
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& 44 Avg. (2007-2016): 0.5% « k
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Figure 4. Interannual variability of mid-latitude mesospheric cloud frequency
from 56° to 60°N for July CIPS data, using a cloud albedo threshold of

5 X 107¢ sr~!. The monthly averaged frequencies are shown in black for
descending node observations (10 years average indicated) and in red for
ascending node observations. No data are available for the northern 2017
cloud season. Solid symbols indicate observed monthly averaged results. Open
symbols connected by the dotted line show the monthly averaged frequencies
corrected for the changing local time (LT) using the diurnal variation of
mid-latitude cloud frequency (see text).

data in Figure 4. The continuity of the time series in 2016 (when CIPS meas-
urements are made on both nodes of the AIM orbit) and beyond demonstrates
that the adjustment over the diurnal cycle is in the right direction by about
the right amount.

Figure 4 shows many important results. The average cloud frequency for
descending node observations in July is 0.5% during 2007-2016. This is lower
than both the average frequency (about 5%) reported from ground-based
observations near 54°N by Gerding et al. (2013) and limb viewing satellite
observations near 60°N (Bailey et al., 2005), underscoring that the CIPS data
presented here represent only the brightest portion of the cloud population.
The average CIPS frequencies are even lower than frequencies reported from
other nadir viewing observations from 50° to 64°N (about 1.5%; DeLand
et al., 2007; DeLand & Thomas, 2019b). A quantitative comparison of CIPS
frequencies with these results would require rigorous consideration of lati-
tudes, longitudes, LT, days and years sampled, and sensitivity, as was done in
Section 3 with SHIMMER, and is beyond the scope of this work.

In addition, there is no anti-correlation of cloud frequency with the 11 years
solar cycle, which peaked in 2015 for the months shown (Machol et al., 2019).
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2 ] between solar activity and MSE frequency (Pokhotelov et al., 2019).
0.0 3 4f [l T U [ Finally, when adjusted for the expected variation of cloud frequency over the
1 Jun 11 Jun 21 Jun 1 Jul 1 Jul diurnal cycle, the CIPS results in Figure 4 show no clear increase throughout

Figure 5. Total ice mass of mesospheric clouds in metric tons/day observed

the time series in the northern hemisphere from 2007 to 2021. This is consist-

by CIPS during June and July 2019 from 54° to 60°N for the indicated ent with results from ground-based observations over a longer time period

threshold and local time (LT).

(51 years) at the same latitudes reported by Dalin et al. (2020).

The total daily ice mass from 2019 is shown in Figure 5, which is deter-

mined from the sum of all detected ice water content (g/km?) multiplied by
the area of each CIPS pixel (56.25 km?) for each day. We choose to show the 2019 season in more detail because
it has been identified as a particularly active season for mid-latitude mesospheric clouds (Gerding et al., 2021).
The variation in Figure 5 is extreme, with the daily ice mass between O t and 2 t. Such variability at a fixed LT
motivates us to consider another source of cloud formation, so we consider here the advection of space traffic
exhaust. A typical vehicle releases 100-600 tons of exhaust during a single launch (Stevens et al., 2012; DeLand
& Thomas, 2019a), which is far more than shown in Figure 5 for any given day. By way of comparison with
Figure 5, the response in mesospheric cloud ice mass from a space shuttle main exhaust plume in the Arctic can
be 262 t/day (Stevens et al., 2005a).

5. A Case Study of Space Traffic Exhaust Forming Mid-Latitude Mesospheric Clouds

As noted above, the extreme temporal variability shown in Figures 4 and 5 leads us to consider that some mid-lat-
itude mesospheric clouds might be produced by water vapor exhaust from space traffic. Meridional transport
of space shuttle exhaust can be global in scale over a time period of days (e.g., Meier et al., 2011; Niciejewski
et al., 2011; Stevens et al., 2014; Yue et al., 2013; Yue and Liu, 2010), and for the northern mid-latitudes studied
here the transport is less than would be needed to reach the Arctic. Furthermore, the response to space traffic can
be pronounced in cloud frequency (Stevens et al., 2003, 2005a, 2005b) and can affect the brightest subset of the
clouds (Siskind et al., 2013; Stevens et al., 2012), both of which are the focus of this work. The monthly average
cloud frequencies presented here are also quite low (<1%, see Figure 4), so they can be more affected by water-
rich exhaust plumes from lower latitudes. Furthermore, recent work has shown that the plume water vapor itself
with its extremely high concentrations can locally cool the upper mesosphere to enable cloud formation, even in
the polar winter (Collins et al., 2021).

We first present a parcel advection case study to show that exhaust from a June 2019 launch in Vandenberg,
CA (34.7°N) can explain a burst of bright mesospheric clouds observed in the sub-Arctic a few days later. We
then repeat the analysis for many different launch LT to gain insight on the relationship between launch LT and
northward transport.

The parcel advection study uses meteorological fields produced by a high-altitude version of the Navy Global
Environmental Model, or NAVGEM-HA (e.g., Hoppel et al., 2013; Kuhl et al., 2013; McCormack et al., 2017).
NAVGEM-HA is a meteorological analysis system that assimilates data from a variety of ground-based and
satellite instruments and generates atmospheric temperature, winds, and composition fields from the surface to
~100 km altitude globally on a 1° latitude and 1° longitude grid with a 3-hourly cadence. The winds are a product
of the combined forecast model and data assimilation system and we refer to this product as “analyzed winds”
hereinafter.
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NAVGEM-HA output is only available for limited time periods during a few
different years of the AIM mission, but one of those periods is the month of
June 2019 when CIPS was observing mesospheric clouds at mid-latitudes
as shown in Figure 5. NAVGEM-HA uses concurrent satellite and ground-
based mesospheric and lower thermospheric temperature observations to
derive vector winds so is therefore representative of the specific conditions
during the time period simulated. NAVGEM-HA horizontal winds have been
reliably validated up to 95 km altitude (McCormack et al., 2017; Stober
et al., 2020) so we limit our analysis to the 90-95 km region where meridi-
onal winds are relatively fast and temperatures relatively low and close to the
frost point. Note that below 90 km we find no evidence of rapid meridional
transport to the sub-Arctic from the available NAVGEM-HA output.

Figure 6. Parcel advection results from 90 to 95 km in 0.2 km increments We first consider the mesospheric cloud observations of 17-18 June as
following the Space-X Falcon 9 launch at 6.3 local time on 12 June 2019 shown in Figure 5. In addition, Gerding et al. (2021) recently reported an

from Vandenberg AFB. The initial latitude is 1°N of the launch latitude to
approximate a northward launch trajectory. The locations of the CIPS clouds
observed on 17-18 June are indicated in red.

Latitude

unusually bright NLC on 17 June from a German ground-based station. A
review of the launch record (www.spaceflightnow.com/launch-log) shows a
Space-X Falcon 9 launch from Vandenberg Air Force Base (35°N, 121°W)
in California at 6.3 LT of 12 June that year. Using the horizontal winds from
90 to 95 km from NAVGEM-HA, we advect parcels horizontally in altitude
increments of 0.2 km from the launch site for 6 days to infer the path of each parcel during 12-18 June. We do not
consider vertical motion in this simulation and assume that horizontal motion at any given altitude is on the same
pressure surface for each path. Vertical winds are highly variable and on average relatively weak (<10 cm/s) in
this altitude region so that the net effect on the fate of a parcel from mid-latitudes over the time periods considered
herein is small. Each parcel is treated as a passive tracer and advected in three-hour increments to be consistent
with the cadence of the NAVGEM-HA output.

Figure 6 shows that on average from 90 to 95 km the meridional winds are northward and the zonal winds
eastward for the time period considered. The eastward motion is largely controlled by the mean zonal wind
(e.g., Yue et al., 2013). For the meridional motion, the parcels travel along similar paths early in the simula-
tion but then diverge and ultimately spread over a wide range of latitudes including the sub-Arctic. Such rapid
poleward transport has been observed before in case studies of the space shuttle main engine plume (Stevens
et al., 2003, 2005a, 2005b). Previous studies have also shown that photolysis of space shuttle plume water vapor

in the mesosphere and lower thermosphere (MLT) is relatively unimpor-

tant over the time scales considered here so that 73% remains after 3.4 days

IVandenberg (35° N, 239° E)
312 June 2019

1 ! . (Stevens et al., 2003, 2005b).

Significantly, some of the paths in Figure 6 are consistent with the location of
the CIPS mesospheric cloud observed on 17-18 June and the NLC observed
in Germany (54.1°N, 11.8°E) on 17 June. The mesospheric clouds observed
by CIPS on 17-18 June represents only about 1 ton of water ice (Figure 5),
which is far less than the propellant available from either the first or second
stage of the Falcon 9 (100—400 tons). The altitudes used in the simulation
are also close to the mesopause, where the relatively low temperatures are
more likely to enable cloud formation, particularly as the parcels approach
the polar summer. The advected parcels, the observed mass of the clouds,

20 31 Day Avg and mox
32 Day Avg and max

T T

0 S 10 12 20
Launch Local Time (h)

Figure 7. Latitudes of air parcel trajectories calculated for altitudes from 91 to
93 km in 0.2 km increments. Maximum (dashed) and average (solid) latitude
of advected parcels from Vandenberg after 1 (black) and 2 (red) days starting
on 12 June 2019. Vandenberg latitude (35°N) indicated by the dotted black
line.

and the temperature therefore together plausibly connect the enhanced cloud
activity on 17-18 June with the launch on 12 June.

Yue and Liu (2010) argued that the phase of the migrating tide may play a
role in the fate of a space shuttle plume. To assess the possible impact of
launch LT on the plume fate we show in Figure 7 results from eight differ-
ent LT for the same day, one simulation for each three-hour time increment
of NAVGEM-HA. For each simulation, Figure 7 shows both the mean and
maximum latitude of each from 90 to 95 km after 1 day and after 2 days. It
is crucial to assess transport of the plume in this way because the detected
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Figure 8. (a) The diurnally adjusted July averaged CIPS mesospheric cloud
frequency from Figure 4 (in red) compared against the number of launches

for each month (in black). The launch totals are taken 10 days prior (21 June
to 21 July) to the CIPS cloud frequencies to account for transport to the
sub-Arctic and cloud formation (see text). (b) Same as Figure 8a except only
those vehicles launched between 23 local time (LT) and 10 LT are included for
launches equatorward of 60°N. Launches poleward of 60°N are from 30 June
to 30 July. The correlations between cloud frequencies and the launch record
are given at the top of each panel.

cloud ice mass is so low that even small portions of the plume can contribute
to the mass shown in Figure 5. It is notable that some parcels readily reach
the sub-Arctic after 2 days, regardless of the launch LT. Even the average
latitude of the parcels reach 50°N for early morning launches after 2 days
for this time period, so the launch LT can make a difference in the ultimate
latitude for the results in Figure 7. We explore this further in the next section.

6. Mid-Latitude Mesospheric Clouds and the Launch
Record

To better quantify the impact of launch LT, we compare the launch record
against the 14 years of CIPS data corrected for the diurnal variation of
mid-latitude mesospheric cloud frequency as shown in Figure 4. We first
assemble launches during each year of the CIPS observations without regard
to launch LT and compare directly against the time series of mid-latitude
frequencies in Figure 8a. Here we apply transport time of 10 days earlier
(21 June-21 July) than the data from the July cloud observations, roughly
consistent with the maximum time of response of PMC from previous case
studies of the space shuttle main engine plume (Stevens et al., 2003, 2005a).
For launches poleward of 60°N we use a response time of 1 day. Overall, the
correlation between the launch record and the CIPS frequencies ( = 0.30) is

not compelling.

However as shown in Figure 8b, when we restrict the selection of launches at

latitudes less than 60°N to only use those greater than 23 LT or less than 10
LT, the correlation between launch record and CIPS frequencies is now excellent (r = 0.81). We use all launches
at latitudes greater than 60°N without regard to launch LT in Figure 8b, since there is no need for northward
transport to the sub-Arctic. The LT window between 23 LT and 10 LT for launches equatorward of 60°N is chosen
to maximize the correlation of the CIPS frequencies with the launch record. This maximum correlation is found
by testing both the width of the LT window (11 hr in Figure 8b) as well as the center of the LT window (4.5 LT)
and is discussed further in Section 7. The morning time window is generally consistent with our results shown in
Figure 7. It is also generally consistent with observational studies of space shuttle main engine exhaust plumes,
showing that the plumes tended to travel north when launched in the morning and south when launched in the
late afternoon and evening (Siskind et al., 2003; Stevens et al., 2014). Figure 8b is compelling evidence that July
launches worldwide are helping to control the interannual variability of the bright mesospheric clouds observed
by CIPS in the sub-Arctic. Table 1 shows all of the launches (47) used in Figure 8b time series by date and Table 2
shows the distribution by launch site latitude.

The idea that space traffic can control the interannual variability of CIPS cloud frequencies was first proposed by
Siskind et al. (2013) based on data from the Arctic during 2007-2012. For this shorter time series, they found a
frequency peak in 2011 that was consistent with an increase in space traffic as also shown in Figure 8. In addition,
similar to what is shown in Figure 8, they found 2007 Arctic cloud frequencies observed by CIPS were lower
than 2008 frequencies. In that work, they showed that 2007 temperatures in the winter polar stratosphere were
unusually high and that such a deviation can drive temperatures in the polar summer mesosphere high enough
to suppress cloud formation. Those CIPS data were taken from 66° to 71°N, used a lower detection threshold of
2 x 1076 sr~!, and registered frequencies in the 20%—35% range. By contrast, here for the much smaller popula-
tion of bright clouds seen by CIPS at mid-latitudes, it appears that the launch record sorted by LT in Figure 8b
can explain the 2007 frequency minimum as well as subsequent maxima (2009, 2011, 2014, 2016, and 2020) and
minima (2010, 2012, and 2015). We therefore find that although a link to the winter stratosphere could play a role
in the interannual variability for the larger population at higher latitudes, it is not needed to explain the interannual
variability of the CIPS frequencies at mid-latitudes.

It is notable that none of the launches in Table 1 include a space shuttle. Transport of the shuttle exhaust in
previous studies was inferred near 105 km and created PMC at higher latitudes (>65°N). In contrast, in this work
we determine transport from analyzed winds at lower altitudes (90-95 km) and to lower latitudes (56—60°N).
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Table 1
Successful Orbital Launches Used in Figure 8b Time Series
Year Date uT Lat Lon LST Site Vehicle
2007 02 Jul 1938 62.9 40.5 22.3 Plesetsk Kosmos
2007 07 Jul 0116 46 63 5.5 Baikonur Proton
2008 26 Jun 2359 46 63 4.2 Baikonur Proton
2008 22 Jul 0240 62.9 40.5 5.4 Plesetsk Kosmos
2008 26 Jul 1831 62.9 40.5 21.2 Plesetsk Soyuz
2009 21 Jun 2150 46 63 2 Baikonur Zenit
2009 30 Jun 1910 46 63 23.4 Baikonur Proton
2009 06 Jul 0126 62.9 40.5 4.1 Plesetsk Rokot
2009 21 Jul 0357 62.9 40.5 6.7 Plesetsk Kosmos
2010 21 Jun 0214 46 63 6.4 Baikonur Dnepr
2010 12 Jul 0352 13.6 80.3 9.2 Satish Dhawan PSLV
2011 13 Jul 0227 46 63 6.6 Baikonur Soyuz
2011 15 Jul 2316 46 63 3.5 Baikonur Proton
2011 16 Jul 0641 28.5 -80.5 1.3 Cape Canaveral (CC) Delta
2011 18 Jul 0231 46 63 6.7 Baikonur Zenit
2012 29 Jun 1315 28.5 —80.5 79 CcC Delta
2012 15 Jul 0240 46 63 6.9 Baikonur Soyuz
2012 28 Jul 0135 62.9 40.5 4.3 Plesetsk Rokot
2013 01 Jul 1811 13.6 80.3 23.5 Satish Dhawan PSLV
2013 19 Jul 1300 28.5 —-80.5 7.6 CcC Atlas V
2013 19 Jul 2337 37.5 112.6 7.1 Taiyuan Chang Zheng
2014 30 Jun 0422 13.6 80.3 9.7 Satish Dhawan PSLV
2014 02 Jul 0956 34.8 —-120.6 1.9 Vandenberg Delta
2014 03 Jul 1243 62.9 40.5 15.4 Plesetsk Rokot
2014 14 Jul 1515 28.5 —80.5 9.9 CcC Falcon 9
2014 18 Jul 2050 46 63 1 Baikonur Soyuz
2015 03 Jul 0455 46 63 9.1 Baikonur Soyuz
2016 22 Jun 0355 13.6 80.3 9.3 Satish Dhawan PSLV
2016 24 Jun 1430 28.5 —-80.5 9.1 CcC Atlas V
2016 07 Jul 0136 46 63 5.8 Baikonur Soyuz
2016 16 Jul 2141 46 63 1.9 Baikonur Soyuz
2016 18 Jul 0445 28.5 —-80.5 234 CcC Falcon 9
2018 29 Jun 0942 28.5 —80.5 43 CcC Falcon 9
2018 09 Jul 2058 282 102 3.8 Xichang Chang Zheng
2018 09 Jul 2151 46 63 2 Baikonur Soyuz
2019 24 Jun 1809 28.2 102 1 Xichang Chang Zheng
2019 25 Jun 0630 28.6 —80.6 1.1 Kennedy Space Center Falcon Heavy
2019 10 Jul 1714 62.9 40.5 19.9 Plesetsk Soyuz
2020 23 Jun 0143 28.2 102 8.5 Xichang Chang Zheng
2020 04 Jul 2344 413 100.3 6.4 Jiuquan Chang Zheng
2020 15 Jul 1346 378 =755 8.7 Wallops Minotaur
2020 19 Jul 2158 30.4 131 6.7 Tanegashima H-ITA
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Table 1
Continued
Year Date UT Lat Lon LST Site Vehicle
2021 29 Jun 2327 46 63 3.7 Baikonur Soyuz
2021 30 Jun 1447 35 —118.1 6.9 Mojave Air and Space Port LauncherOne
2021 04 Jul 2328 413 100.3 6.2 Jiuquan Chang Zheng
2021 19 Jul 0019 28.2 102 7.1 Xichang Chang Zheng

Note. Only launches between 23 local time (LT) and 10 LT are included from mid-latitude sites (<60°N). All launches from Plesetsk (63°N, italicized) are included
from 30 June through 30 July for each year. Mid-latitude launches are from 21 June through 21 July. Solid fueled launch vehicles are underscored due to less water vapor
expected for that propellant (Siskind et al., 2003). There is no CIPS data from 2017, so that year is skipped. There are no launches listed after 17 July 2019 for that year
due to operational issues with the AIM satellite.

Figure 8 does not consider size of launch vehicle (e.g., Stevens et al., 2012), launch site latitude (Table 2), ascent
trajectory, or the water vapor yield of the propellant combination which requires additional study that is beyond
the scope of this work. On the other hand it should be emphasized that water vapor mixing ratios from a single
plume can be near unity (e.g., Collins et al., 2021 and references therein) and are many orders of magnitude
larger than ambient mixing ratios, which are typically reported in parts per million at these altitudes. Figures 8a
and 8b provide evidence that the migrating tides (i.e., those that follow the sun) contribute importantly to the
northward transport of space traffic exhaust during the summer. In the next section we analyze meridional winds
from high-altitude meteorological analysis systems over several years during the AIM mission to better quantify
the launch LT dependence on mesospheric cloud formation indicated by Figure 8.

7. Transport to the Sub-Arctic: Migrating Tides and Diffusive Spreading

This section explores analyzed meridional wind fields to quantify the most important tidal components contrib-
uting to northward transport of space traffic exhaust to the sub-Arctic. The intent of this analysis is to reconcile
apparent relationship between launch LT and CIPS cloud frequencies implied by Figure 8b with the representa-
tive MLT migrating diurnal and semi-diurnal tides in June and July. For this we include results from an additional
forecast-assimilation system: Navy Operational Global Atmospheric Prediction System—Advanced Level Phys-
ics High Altitude (NOGAPS-ALPHA; Eckermann et al., 2009; Hoppel et al., 2008). The standard NOGAPS-AL-
PHA product (Eckermann et al., 2009) produced a meteorological analysis every 6 hours. In order to resolve the
semi-diurnal tide, Siskind et al. (2012, 2014) described a product which initialized forecasts every 6 hours but
provided output every hour. This hourly product, available for the summer of 2009, has been used to study a wide
range of tidal modes (Lieberman et al., 2015; Stevens et al., 2017).

Following the work of Yue and Liu (2010), the most important components contributing to poleward transport are
the diurnal migrating tide, the semi-diurnal migrating tide, and the quasi-two-day wave (Q2DW). Some non-mi-
grating tides and other planetary waves will be present but we herein limit the analysis to those modes expected
to contribute to transport over thousands of kilometers in days to weeks. We focus primarily on the altitudes from
91 to 93 km and on the latitude and longitude of Cape Canaveral (28°N and 279°E), which is one of the most
active launch sites in the world (Table 2).

The three components above are simultaneously fit using a least-squares algorithm for the desired latitude or longi-
tude gridpoint and for each altitude up to 95 km. For every timestep throughout the 21 June to 21 July time period
and at each altitude, we use an 8-day window (4 days on either side) and save the amplitude and phase of a diurnal
oscillation, a semi-diurnal oscillation, the Q2DW, as well as the mean meridional wind for the middle of the 8-day
window. The next timestep (hourly for 2009 or 3-hourly for the other years which use the NAVGEM analysis) is fit
and so on until the end of the time period so that the resulting time series of components is implicitly smoothed over
8 days. The explicit expression fit to the NAVGEM-HA and NOGAPS-ALPHA meridional wind output is

v(z,t) = vo(z,1) + Asg(z,1) cos [( i—g) (tag — pas(z, t))] + Az(z, 1) cos [(i—Z) (t2a — Ppoa(z, 1))
+A1(z,t) cos [( %) (tas — P12z, t))] (€Y
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Table 2 where v,(z,?) is the mean meridional wind at altitude z and time 7 (in h), A(z,7)

Number of Launches From Each Site in Table | Sorted by Latitude

Number Location Latitude
8 Plesetsk 62.9N
15 Baikonur 46.0 N
2 Jiuquan 413N
1 Wallops 37.8 N
1 Taiyuan 375N
2 Vandenberg/MHV 348N
1 Palmachim 319N
1 Tanegashima 304N
8 CC/KSC 28.5N
4 Xichang 282N
4 Satish Dhawan 13.6 N
47 Total

Note. Cape Canaveral (CC) and the Kennedy Space Center (KSC) are taken
to be at the same location. Vandenberg and MHYV are taken to be at the same
location.

is the amplitude of the Q2DW (A,,), the diurnal tide (4,,), or the semi-di-
urnal tide (A,,), and ¢(z,7) (in h) is the corresponding phase of the same
three components. The tidal oscillations are calculated at the center of the
sliding 8-day window with a period of 48 hr for the Q2DW (z,) or 24 hr for
the diurnal and semi-diurnal tide (z,,). Our approach therefore does not fit a
wavenumber to the oscillations but rather quantifies the temporal variation
of the above oscillations at a single spatial gridpoint in order to minimize
the averaging required to fit the data. Thus, for example, non-migrating and
migrating components are mixed together in these results. This approach is
driven by the specific geographic location of the launch site and the observed
rapid, global-scale transport of space traffic exhaust over many latitudes
which demands as little averaging as possible (see Figure 6). However, previ-
ous studies have readily shown that the wavenumber 1 migrating diurnal tide
(DW1) and the wavenumber 2 migrating semi-diurnal tide (SW2) are typically
the strongest modes for the altitudes, latitudes, and season considered here
(e.g., Forbes, 1995; Oberheide et al., 2009; Wu et al., 2008a, 2008b; 2011).

An example of the NOGAPS-ALPHA output and the composite fit for 1
month is shown in Figure 9 at 91.4 km altitude near Cape Canaveral (29°N,
279°E) from the NOGAPS-ALPHA system in 2009. The data are averaged
over +2 latitude gridpoints north and south of Cape Canaveral as well as +2
longitude gridpoints east and west. When using the more finely sampled
NAVGEM-HA product this averaging is over +3 longitude gridpoints. This

helps to reduce the variability while maintaining the main features of the temporal oscillations. Here we have

also overplotted results for the same latitude and months from the horizontal wind model (HWM14) which is an

empirical model often used in this region of the atmosphere (Drob et al., 2015). The extreme day-to-day varia-

bility in the analyzed meridional winds is evident as is the significant underestimate of HWM14, which can be

expected from a climatology. Also overplotted is the reconstructed fit using all components which captures the

amplitude and phase of the main features, although even the composite fit cannot resolve the peaks and troughs

of the analyzed winds. Nonetheless, the reconstructed fit is adequate to assess the phases and variability of the

components, which are the focus of this section. Figure 10 shows the same data but over a shorter time period

(8 days) to more clearly show the peak-to-trough variability of the data and the reconstructed fit. Figure 10 also

shows the three individual components split out from the composite fit, with the amplitude of each indicated.
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Figure 9. NOGAPS-ALPHA analyzed meridional winds for 21 June to

21 July 2009 over Cape Canaveral, FL (29°N, 279°E). Overplotted is the
reconstructed fit (red) as well as HWM 14 empirical model at 91.4 km (blue)
for the same time period and latitude.

Figure 11a shows the derived amplitudes of the three components used in
Figures 9 and 10 over all days considered in this study. All of them contrib-
ute, but the diurnal migrating tide is most often the strongest for the location,
time period, and altitude shown. Also shown in Figure 11a is the mean wind
(v, in Equation 1), which is on average southward at 10.6 m/s and typical of
the mean meridional wind in this region of the atmosphere for the indicated
time period. Net northward transport of any tracer therefore needs to over-
come this through a combination of the tidal modes present and diffusive
spreading. Figure 11b shows the LT of the maximum northward wind for the
diurnal and semi-diurnal components from the output in Figure 11a, which
are consistently near the indicated means of 11.2 and 2.2 hr.

Figures 12a—12c show the altitude dependence of the amplitudes for the
semi-diurnal component, the Q2DW, and the diurnal component, respec-
tively, averaged between 21 June and 21 July for five different years during
the AIM mission. In each case the monthly averaged mean wind is also shown
for comparison. Derived amplitudes of the semi-diurnal tide in Figure 12a are
consistent with the independent analysis of 2010 NAVGEM-HA output by
Stober et al. (2020). Amplitudes of the semi-diurnal tide, diurnal tide, and
mean wind are similar to July 1993 zonal averages from 90 to 95 km derived
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Figure 10. (top) Analyzed winds (black) for a sample 8-day fitting window from Figure 9 (without HWM 14) along with the composite fit (red). Each of the fitted
components is shown separately in the panels below. The black histogram of each component represents the analyzed winds with the other two components subtracted.
The fitted solution to each component is shown in red.

using data from the Wind Imaging Interferometer (WINDII) on the NASA TIMED satellite (Zhang et al., 2007).
Amplitudes of the migrating diurnal tide and the Q2DW are consistent with results from McCormack et al. (2014)
using the 2009 NOGAPS-ALPHA 6-hourly product. Figure 12 serves to illustrate that the amplitudes are on
average representative for the AIM years of operation and that all three components as well as the mean wind
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Figure 11. (a) Derived amplitudes at 91.4 km for the diurnal tide, semi-diurnal tide, and the Q2DW over Cape Canaveral
during the time period of interest in 2009. Also shown is the derived mean wind. Monthly averages for each component are
indicated in the upper left. (b) Corresponding LT of maximum northward wind for the diurnal and semi-diurnal components
in (a) during the same time period, with the monthly averages indicated.
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Figure 12. (a) Altitude dependence of the semi-diurnal component meridional wind amplitude over Cape Canaveral for the time period of this study (21 June to 21
July) and for 5 different years of NOGAPS-ALPHA and NAVGEM-HA analyzed winds (solid lines). The NOGAPS-ALPHA or NAVGEM-HA mean wind is shown as
the dashed lines. (b) Same except for the Q2DW. (c) Same except for the diurnal component.

contribute to the meridional motion of a parcel. The NOGAPS-ALPHA semi-diurnal tidal amplitude has a differ-
ent altitude dependence above 90 km in Figure 12 and the NOGAPS-ALPHA diurnal amplitude is larger above
90 km. Importantly, however, the components for all years are largest near the top altitudes (90-95 km) where we
have run our parcel advection simulations in Figures 6 and 7.

Although the altitude dependence of the components shown in Figure 12 is instructive, the meridional transport
is also described by the variation of these components with latitude between 29°N and 56°N. In this part of the
analysis, we only consider the NAVGEM-HA analyzed winds because these have been validated with independ-
ent ground-based observations (McCormack et al., 2017; Stober et al., 2020) whereas the NOGAPS-ALPHA
winds have not. To explore this further, using the NAVGEM-HA results from 2014 we interpolate the derived
amplitudes of all components as well as the mean wind to 92 km and show their variability during the time period
of interest between the equator and 60°N in Figure 13. For these results we use the longitude of 279°E to main-
tain consistency with Figures 9-12. Figures 13a—13c underscore that the week-to-week variability as well as the
latitudinal variability of the components at midlatitudes (30°—60°N) is significant.

Figure 14 shows the monthly averaged amplitude versus latitude of all three components for four different years
of NAVGEM-HA output available. As with Figure 13, we use the longitude from the active launch site of Cape
Canaveral (279°E, see Table 2). Figure 14 serves to indicate that the latitude dependence of 2014 averages are
representative of all 4 years of analyzed winds. The derived variability is overplotted as a standard deviation and
is similar between the 4 years of NAVGEM-HA output.

In order to more directly address the launch LT dependence of plume transport as indicated by Figures 8b and 15
shows the monthly averaged LT for the maximum of the semi-diurnal (Figure 15a) and diurnal (Figure 15b)
components as a function of latitude for 4 years of NAVGEM-HA analyzed winds used in this study. Importantly,
the behavior with latitude is largely repeatable from one year to the next near 92 km. The LT of the maximum
northward wind at 92 km is on average 4.3 hr for the semi-diurnal tide and 12.0 hr for the diurnal tide from Cape
Canaveral to the sub-Arctic.

Figure 16 quantifies the implications of these results to meridional transport over the first 24 hr from Cape Canav-
eral. The top panel shows meridional winds from the diurnal tide, the semi-diurnal tide, and the superposition of
the two. Here we have used average amplitudes and phases for all years and latitudes from the launch site latitude
to the sub-Arctic using the results in Figures 14 and 15. In the bottom panel we show the results of a simple parcel
advection calculation in the meridional direction using the wind speeds from both components in the top panel.
In the bottom panel, the LT represents the starting LT of a parcel over Cape Canaveral. Morning launches at
mid-latitudes are in general found to show the most northward motion over 24 hr, which is nearly the same range
of LT (23-10 LT) used on the launch record in Figure 8b.

Also overplotted in the bottom panel of Figure 16 is the correlation coefficient as calculated in Figure 8b but for
all launch local times, using a sliding 11 hr launch window. One can see not only the prominent peak at 4.5 LT
(23-10 LT), but also the shape of the curve is similar to that shown by the calculated average maximum latitude
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Figure 13. Amplitudes of the fitted components using the 2014 NAVGEM-HA analyzed winds at 92 km and 279°E for the
days used in this study.
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from the tidal analysis. There is a noticeable lack of agreement between 0 and 4 LT, but that is likely due to the
fact that there are not many launches at this time of day with which to correlate to the cloud frequency time series.

Although Figure 16 shows that morning launch LT yield the most northward motion, additional northward
transport is required to reach the sub-Arctic from 29°N. This can be attributed to rapid horizontal spreading
of the exhaust plumes. Such rapid spreading was described by Kelley et al. (2009) and later refined by Stevens
et al. (2014), who analyzed space shuttle main engine plume observations in the MLT and showed that northward
spreading of a shuttle plume can exceed 20° latitude in 24 hr. Using the results from Figure 16 and this rapid
diffusive spreading, portions of the plume can typically reach the sub-Arctic in 24 hr from Cape Canaveral after
morning launches. Therefore, the LT required to fit the launch record with the CIPS cloud frequency data are
consistent with the average tidal phases derived from analyzed meridional winds.

8. Discussion and Summary

We have presented northern mid-latitude mesospheric cloud occurrence frequencies during 2007-2021 from the
CIPS instrument on the NASA AIM satellite. These mid-latitude observations are enabled by a new version of the
data that quantifies pixel-to-pixel variations in the capability to distinguish between ice cloud and Rayleigh scat-
tering, which are caused by changes in lighting conditions associated with pixel-dependent viewing geometries.
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Figure 15. (a) Local time of maximum northward wind for monthly averages of the semi-diurnal tide (21 June to 21 July) at 92 km for the 5 years of analyzed winds
used in this study. Results from the longitude of Cape Canaveral (279°E) are given. Standard deviations of the fitted maxima are shown as the horizontal lines in the
same color as the year shown. (b) Same as left panel but for the diurnal tide.
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Figure 16. (top panel) Representative diurnal (red dashed) and semi-diurnal
(blue dashed) components of meridional wind over Cape Canaveral at 92 km
averaged between 21 June and 21 July, where the representative amplitude
(A,4, A,y and phase (¢,,, ¢,,) are taken from output in Figures 14 and 15.
The sum of the two components is shown in solid black. (bottom panel) The
maximum latitude reached after 24 hr as a function of launch local time (LT)
from the sum of the two components in the top panel. The heavy black line
indicates the LT chosen to select launches contributing to the CIPS frequencies
in Figure 8b. The magenta line shows the correlation coefficient (r, right hand
axis) between the CIPS frequencies in Figure 8 and the launch record for each
LT using a sliding filter that is 11 hr wide and centered on each of the launch
LT shown. Dotted line indicates the starting latitude.

Consideration of each pixel's sensitivity to cloud detection allows for a more
detailed analysis of the wealth of data available from CIPS at mid-latitudes.

We find that average frequencies were higher in 2018-2021 most likely due
to increased sampling during morning LT by CIPS, when lower temperatures
lead to more cloud formation. After correcting for the above LT depend-
ence, the frequency time series of sub-Arctic (56°-60°N) mesospheric cloud
frequencies from 2007 to 2021 shows no systematic trend during the AIM
years of operation and no dependence on the solar cycle.

It is important to note that the generality of our conclusions is likely limited
by the high threshold we apply for cloud detection. This means that we are
not sampling the entire population of clouds, just the very brightest. Thus,
while we emphasize the effects of launch vehicle exhaust, our results are
specific to this subset. The effects of interhemispheric coupling from the
winter hemisphere on temperatures, and thus cloud formation, at the high
latitude summer mesopause have been well documented (Gumbel and
Karlsson, 2011; Karlsson et al., 2007, 2009; Siskind et al., 2011; Siskind
et al., 2013). The results shown here are not necessarily in disagreement with
those earlier studies. Nonetheless, the bright clouds that CIPS detects at these
sub-Arctic latitudes are likely drawn from the same population of visible
NLC which are observed over populated areas and that receive significant
public attention (e.g., Hultgren et al., 2011; Taylor et al., 2002). Thus, it is
worthwhile to understand what may drive this fraction of the larger meso-
spheric cloud population.

With those caveats, we conclude the following for the CIPS mid-latitude
mesospheric cloud frequencies:

1. Due to the low mass of the observed clouds (typically less than 2 t/day),
space traffic exhaust from launch vehicles advected from lower latitudes
can measurably contribute to the observed interannual frequency varia-
bility in the sub-Arctic

2. Horizontal winds from a meteorological analysis system between 90 and 95 km suggest that exhaust from

a launch in California on 12 June 2019 is responsible for a burst of clouds observed by CIPS and from the

ground on 17-18 June over western Europe

3. A parcel advection study for a range of launch LT at mid-latitudes shows that a launch vehicle plume can reach

the sub-Arctic in less than 2 days, with a diurnal dependence on the launch LT so that morning launches yield

more northward transport

4. The CIPS mid-latitude cloud frequencies in July are strongly correlated with the number of orbital vehicles

launched between 23 LT and 10 LT at lower latitudes, indicating that space traffic exhaust helps control the

interannual variability of the clouds

5. Tidal analysis of analyzed horizontal winds at 92 km shows that the LT of maximum northward motion is also
between about 23 LT and 10 LT at mid-latitudes in July and consistent with the derived LT dependence of the
launch record on the CIPS frequencies

The launch LT therefore plays an important role in the ultimate fate of a launch vehicle plume between 90 and
95 km. Quantifying meridional transport of exhaust plumes at higher altitudes (i.e., up to 110 km) necessarily
requires a separate analysis since the phases and amplitudes of the migrating tides can change significantly with
altitude (e.g., Forbes et al., 1982a; Forbes et al., 1982b; Stober et al., 2020; Zhang et al., 2007).

We note that Siskind et al. (2013) were the first to suggest that the effects of space traffic exhaust on mesospheric
clouds might persist beyond the termination of the space shuttle program. Our results support that suggestion.
The CIPS data combined with the tidal analysis we present provides evidence that exhaust from northern hemi-
sphere launches not only reaches the sub-Arctic, but likely has a strong influence on the interannual variability of
the bright mesospheric clouds observed there.
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