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Abstract: Polar mesospheric cloud (PMC) data obtained from the Aeronomy of Ice in the Mesosphere
(AIM)/Cloud Imaging and Particle Size (CIPS) experiment and Himawari-8/Advanced Himawari
Imager (AHI) observations are analyzed for multi-year climatology and interannual variations.
Linkages between PMCs, mesospheric temperature, and water vapor (H;O) are further investigated
with data from the Microwave Limb Sounder (MLS). Our analysis shows that PMC onset date and
occurrence rate are strongly dependent on the atmospheric environment, i.e., the underlying seasonal
behavior of temperature and water vapor. Upper-mesospheric dehydration by PMCs is evident in
the MLS water vapor observations. The spatial patterns of the depleted water vapor correspond to
the PMC occurrence region over the Arctic and Antarctic during the days after the summer solstice.
The year-to-year variabilities in PMC occurrence rates and onset dates are highly correlated with
mesospheric temperature and H,O. They show quasi-quadrennial oscillation (QQO) with 4-5-year
periods, particularly in the southern hemisphere (SH). The combined influence of mesospheric cooling
and the mesospheric H,O increase provides favorable conditions for PMC formation. The global
increase in mesospheric HyO during the last decade may explain the increased PMC occurrence in
the northern hemisphere (NH). Although mesospheric temperature and H,O exhibit a strong 11-year
variation, little solar cycle signatures are found in the PMC occurrence during 2007-2021.
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1. Introduction

Polar mesospheric clouds (PMCs), or noctilucent clouds (NLCs), are Earth’s highest
clouds that occur in the summertime, at high latitudes in a narrow altitude region near
~82 km. These clouds consist of ice crystals in nanometers that are nucleated onto meteoric
particles with an ice water content (IWC) of less than 100 g/km? [1]. The occurrence of
PMCs in the summer polar mesosphere indicates that PMC formation requires favorable
atmospheric conditions, i.e., low temperature (T) and sufficient water vapor (H,O) abun-
dance. While the mesospheric H,O supply is largely from the slow ascent of polar air in the
mean upper-atmospheric circulation, the regional temperature can be modulated by waves,
i.e., planetary waves, gravity waves (GWs), and tides originated from the lower atmo-
sphere. Different from the lower atmosphere, the wave-driven dynamic polar mesosphere
is coldest during the summer solstice. The cold mesosphere in the summer hemisphere
is a manifestation of strong dynamic forcing [2-6]. Gravity wave momentum deposition
induces a mean meridional flow from the summer to winter hemisphere, resulting in an
upward flow in the summer mesosphere and downward flow in the winter mesosphere.
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Adiabatic cooling and warming, associated with this seasonal vertical mean flow, drive
strong seasonal variations in mesospheric temperature and atmospheric tracers. Vertical
thermal structures and their relations to PMCs have been extensively studied in numerous
publications [7-10].

Upper atmosphere cooling is likely to increase from doubling CO, radiative forc-
ing [11]. Observational and modeling studies have linked PMC changes to enhanced
ice particle production by increased CO, cooling [10,12,13]. Linkages between increases
in PMC occurrence and brightness to climate change on different time scales have been
discussed by a number of authors [14-18]. On a centennial timescale, it has been suggested
that a H,O increase of about ~1 ppmv due to methane oxidation in the mesosphere during
the industrialization era could be one of the major contributing factors to the more frequent
occurrence of PMCs observed in recent years [19]. Since 11-year solar cycle variations can
also induce changes in PMC occurrence by modulating mesospheric T and H;O, the sensi-
tivity of PMC occurrence to the solar cycle has also been extensively investigated [20-25].
The micro-physical properties of PMCs, i.e., vapor pressure over ice and the nucleation of
mesospheric ice particles in the relevant temperature range, have also been explored with
laboratory observations in combination with detailed microphysical modeling of cloud
processes under the conditions of the polar summer mesopause [26-33].

Although PMCs have been observed for more than 120 years [34-36], observation
techniques have significantly improved in recent decades due to advanced new instruments
from the ground and rockets [37-46]. However, ground-based and rocket observations
are limited in terms of spatiotemporal coverage and unable to make consistent daily
measurements because they are often obscured by low clouds and local weather conditions.
Thus, sampling bias is a fundamental limitation in ground-based PMC observations.

Recent satellite observations of PMCs from low-Earth orbit (LEO) [47-56] and
geostationary-Earth-orbit (GEO) [57-60] have provided the needed global coverage of
PMCs with consistent temporal and spatial samplings. Sun synchronous satellite instru-
ments observe PMCs at two fixed local times from the ascending and descending orbits.
As the orbit can shift over the lifetime of the satellite, a local time shift in the observation
can affect the multi-year time series of the PMCs due to the interference of the tidal ampli-
tudes and phases with the observation times. Stable and continuous observations of PMCs
and the middle atmosphere environment are critical for understanding the variations in
PMCs, especially with their implication for long-term and/or solar cycle influences on the
mesosphere.

Beyond all the difficulties in diagnosing changes in the mesosphere, observational
evidence of the cooling trend in the mesospheric temperature can be found from Rayleigh
lidars [61] and satellite records [62-64]. The estimated decadal variability in the mesosphere
is often hampered by other large interannual fluctuations such as stratospheric sudden
warming and warming due to volcanic eruptions. Nevertheless, the observed temperature
in the middle atmosphere appears to exhibit a general cooling trend of 1-2 K/decade in
response to CO; increase [65].

Water vapor (HyO), a highly variable greenhouse gas in the lower atmosphere, is
an important tracer of the middle atmosphere dynamics [66] and an indicator of climate
change. In contrast to its increasing trend in the past, a ~10% decrease in stratospheric water
vapor since 2000 has been reported as a potential contributing factor to the global warming
hiatus, which may have caused a slow increase in the global surface temperature [67]. A
recent analysis from Microwave Limb Sounder (MLS) and Sounding of the Atmosphere
using Broadband Emission Radiometry (SABER) observations suggests an increasing H,O
trend of 0.2-0.3 ppmv/0.1-0.2 ppmv during the last decade in the stratosphere/lower
mesosphere, respectively [13]. An anthropogenic increase in methane (CHy) [68] could
possibly drive a steady increase in H,O, since methane oxidation is a principal source of
stratospheric water vapor.

In this paper, we conduct a comprehensive study of PMC occurrence and the meso-
spheric environment for cloud formation to quantify the sensitivity of PMCs to environmen-
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tal conditions by analyzing two independent satellite PMC measurements. We characterize
the monthly and seasonal climatologies as well as year-to-year variations in PMC occur-
rence rates, as observed by the Aeronomy of Ice in the Mesosphere (AIM)/Cloud Imaging
and Particle Size (CIPS) experiment and Himawari-8/Advanced Himawari Imager (AHI).

To evaluate the PMC occurrence changes with respect to the warming climate and
altered mesospheric environment, we correlate the MLS T and H,O variations with the
PMC occurrence rates and PMC onset dates for the periods when AIM/CIPS and Himawari-
8/AHI observations are available. We also examine the interannual variations in PMCs
across 4-5-year periods (quasi-quadrennial oscillation) from 2007 to the 2021 /2022 PMC
season, in conjunction with mesospheric T and H;O.

2. Data
2.1. MLS T and H,O

We use V5.0 MLS T and H,O in the present study. MLS is an instrument onboard
the NASA/Aura satellite, launched in July 2004 into a Sun-synchronous polar orbit. MLS
measures thermal microwave emissions from the Earth’s limb from 82°S to 82°N. The
daily temperature and H,O fields are mapped onto a 4° (latitude) x 8° (longitude) grid for
daytime (ascending) and nighttime (descending) orbits. The daily mean is estimated as
an average of the data from ascending and descending orbits. MLS observations provide
nearly global coverage (82°5-82°N) by passing the same location two times every day:
ascending orbit at 1:45 + 15 PM local time and descending orbit at 1:45 + 15 AM local
time (https://aura.gsfc.nasa.gov/scinst.html, accessed on 31 January 2023). There are
differences in the MLS T and H;O data from ascending and descending orbits [69,70],
however, averaging the data from the ascending and descending orbits does not affect the
results of the paper.

Inferred from the emissions of molecular oxygen [O,] at 118 GHz and its isotope at
239 GHz, MLS temperature measurements have a vertical resolution of ~6 km and precision
of ~2.3 Kin the mesosphere [71,72]. The uncertainty due to noise and a priori information
is ~2.5 K above the mesosphere. MLS temperature measurements are recommended for
scientific use up to 0.0005 hPa (~104 km), as updated in the V5.0 data quality and description
document (https://mls.jpl.nasa.gov/data/v5-0_data_quality_document.pdf, accessed on
31 January 2023).

The H,O volume mixing ratio (VMR) is derived from the 183.3 GHz line using a
190 GHz radiometer. The typical precision values of the MLS V5.0 water vapor vary
between 0.3 and 2 ppmv over the range from 68 to 0.001 hPa with vertical resolution of
12-16 km in the mesosphere. The highest vertical level recommended for scientific use
is 316-0.001 hPa. In the comparison with the version 3.0 data from the Sub-Millimetre
Radiometer (SMR) aboard the Odin satellite, the profiles of the MLS T and H,O mixing
ratio are consistent with those of the SMR with relative differences within 5% in the lower
mesosphere [73].

2.2. MLS Relative Humidity with Respect to Ice (RHI)

The MLS relative humidity with respect to ice (RHI) product is only validated and used
for tropospheric studies [74]. The analysis of mesospheric RHI in this study is preliminary,
in which we focus mainly on its relative variations with time and altitude. As in an earlier
MLS algorithm [75], the RHI algorithm is based on the Goff-Gratch function [76] and is
recommended for use by the World Meteorological Organization (WMO). In essence, this
formula is fundamentally based on the Clausius—Clapeyron equation,

d(lnei) _ Lice(T)
dT =~ RT? M
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where ¢; is the ice saturation pressure, L;..(T) is the latent heat of the sublimation of ice as
a function of temperature, and R is the molar gas constant. If the H,O VMR is measured,
RHI (in %) can be expressed as

P'VMR H20 %

&

RHI = 100 2)
where p is the atmospheric pressure. Therefore, extension to the mesosphere would depend
primarily on the knowledge of L, (T) in a cold environment (130 K-180 K), which is
derived from the molar heat capacities of ice and water vapor. The water vapor capacity is
approximately constant for these temperatures, whereas the ice capacity as a function of
temperature is known quite well down to 15 K. A more comprehensive review on ice and
water vapor properties can be found in [77].

In summary, the MLS RHI should contain scientifically useful measurements of H,O
saturation in the mesosphere and warrant an in-depth analysis in PMC studies. Figure 1
shows two examples of the averaged RHI profiles in the NH and SH from a 30-day period
after the 2011 solstice. Despite the coarse vertical resolution in the mesosphere, the MLS
RHI appears to reveal a high saturation level in the upper mesosphere (0.01-0.002 hPa)
with a peak near 0.005 hPa. As discussed in later sections, these periods represent the
enhanced occurrence of PMC formation in the summer polar region. This high saturation
with an RHI > 100% is consistent with the PMC-forming potential at this time of year.
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Figure 1. Profiles of MLS T (K), RHI (%), and H,O (ppmv) averaged over 30 days after the 2011
summer solstice for the (a) NH and (b) SH.

2.3. AIMS/CIPS

The CIPS instrument [78] onboard the AIM satellite has been operational since May
2007. CIPS uses four UV imagers to measure the 265 nm radiation scattered by the atmo-
sphere from a ~30-85° latitude and completes about 15 orbits per day, crossing the equator
at 12 AM/PM local times. CIPS is a nadir-imaging instrument that utilizes a unique four-
camera design to discriminate the scattering of ultraviolet (UV) solar photons from PMC
ice particles against the background sunlit atmosphere. From 2007 through to February
of 2016, images were acquired in the summer hemisphere between the terminator and a
dayside latitude of about 40 degrees. Since 12 February 2016, images have been acquired
at all sunlit latitudes. The fundamental measurement is albedo, defined as the ratio of the
scattered radiance to the incoming solar irradiance.

In this study, we use the version 5.20, level 3c data set, which consists of orbit-by-orbit
albedos binned in 1° latitude bins for the entire season. We use an albedo threshold of
5 x 107® sr~! to reduce false detections and determine the PMC occurrence rate. The
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occurrence rate (OR) is calculated as the ratio of the number of clouds (with albedo values
>5x10"° sr’l) to the number of observations. Note that PMC retrievals are not available
for the NH 2017 and SH 2017-2018 seasons due to the difficulties in accounting for the
changing orbital parameters. Detailed descriptions of the observations, algorithms, data
products, and uncertainties can be found in [79,80].

2.4. Himawari-8/AHI

Himawari-8 is a Japanese GEO meteorological satellite, operated since July 2015.
Himawari-8/AHI has 16 observation bands, including 3 visible bands: blue (0.47 um), green
(0.51 um), and red (0.64 um). These visible bands can be used for PMC observations [59].
In this work, we use Himawari-8/AHI PMC occurrence rate data from 2016 to 2021 for
the NH and from 2016/2017 to 2021 /2022 for the SH. The PMC data sets are produced by
the PMC detection method, which was developed in [60]. To perform the PMC detection,
the resampled optical intensity data are calculated from the full-disk HSD band-1 (blue)
images, which have 11,000 x 11,000 pixels with a time resolution of 10 min. The spatial
resolutions (or the resampled grid) of the resampled data are 1 degree in latitude and
1 km in height. Then, the PMC detections are performed for the height profiles of the
resampled intensity data at each latitude with a 10-min interval. We calculate the daily
PMC occurrence rates from the detected PMC data. The Himawari-8/AHI PMC OR data
used in this work are available with resolutions of 1 day in time and 1 degree in latitude.
More detailed information for the AHI PMC measurement can be found in [60].

3. Results and Discussion
3.1. Climatology of Mesospheric T and H,O

In this section, we investigate the climatology of the MLS T and H,O mixing ratio.
PMC:s are expected to alter and to be altered by T and H,O in the summer mesopause
region. Figure 2 shows the zonal mean monthly climatology calculated from the MLS T (left
panel) and H,O (right panel) during 2005-2021 for each month of the year. The climatology
is shown for 82°S-82°N over the altitude range from 5 to 0.001 hPa (~37 to ~100 km). The
climatology of the middle atmosphere T from MLS clearly shows the hemispheric asymme-
try of the cold temperature minimum over high latitudes in both summer hemispheres in
the upper mesosphere (between 0.01 hPa and 0.001 hPa). Because the UV absorption by
ozone in the Hartley band near 240 nm is a major source of solar heating in the mesosphere,
the mean temperature monotonically decreases with altitude as the ozone VMR decreases.
However, additional radiative, chemical, and dynamical processes are involved in the
determination of the temperature structure near the mesopause [81]. A large amplitude of
the annual oscillation in the high latitude implies that dynamic forcing is stronger there,
compared to low-latitude zones. The summertime cold region is obvious during summer
months, extending from the upper mesosphere to below 0.01 hPa. The temperature range
for the summer mesosphere extends from 140 to 180 K in both hemispheres.

The climatology of HyO (right panel) shows a general decrease with altitude to near
the mesopause. A meridional tilt is obvious during the solstice season and the H,O mixing
ratio decreases from the summer to winter hemisphere. For a given altitude, H,O increases
with an increasing latitude, reflecting the summertime upwelling of water vapor following
the mean meridional circulation, which maximizes at high latitudes. The H,O amount
decreases with latitudes, so a HyO maximum appears at the equator during equinox. A
noticeable perturbation in the H,O field in summer high latitudes can be found in the upper
mesosphere. At a high latitude above 0.01 hPa, the H,O meridional increase slows down
and does not increase with latitude beyond 50°N/S during the summer months. In contrast,
the summertime HyO reaches a maximum below the 0.01 hPa level. This perturbation
indicates that the summertime high-latitude H,O depletion above the 0.01 hPa level may
be linked with the formation of PMCs. The decrease in HyO above this level in the upper
polar mesosphere could be due to the photodissiation of the H,O where it is brought up
from a lower altitude by the overturning circulation as it reaches the mesopause [82]. The
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Figure 2. Latitude height distribution of MLS T (K) (left panel) and HyO (ppmv) (right panel)
monthly zonal mean climatology calculated during 2005-2021.

3.2. Upper-Mesospheric Dehydration

We investigate this dehydration process in further detail with the MLS T and H,O
measurements to examine its temporal evolution and spatial distribution in connection to
PMC formation. In Figure 3, the zonal mean MLS H,O climatology (2005-2021) near the
mesopause region above 0.02 hPa is shown at a given time and latitude for the NH (left
panel) and SH (right panel). At the 0.02 hPa level, a high amount of HyO VMR i.e., a H,O
VMR greater than 6 ppmv, appeared approximately 10 to 15 days before the solstice in both
hemispheres. This high H,O concentration continues to grow and peaks at greater than
7 ppmv at 80°N/S during the ‘core” of PMC seasons around the summer solstice. This high
H,O amount at 0.02 hPa in high latitudes persists over the next 90-100 days and shows
equatorward propagating signals. The extent of the equatorward propagation signal is
slightly more prolonged in the SH relative to the NH, but the structure of the hemispheric
distribution of H;O VMR is quite similar.

Significant H,O depletion in the upper mesosphere (above 0.005 hPa) is evident in
the MLS climatology. This perturbation suggests that the summertime high-latitude H,O
above the PMCs is depleted by the formation of PMCs, while the H,O below the PMC
altitudes is enhanced by the sublimation of PMCs when they release H,O back into the
surrounding environment. This is consistent with the WACCM model simulations, which
indicates that PMC formation is expected to decrease the distribution of atomic hydrogen
and H,O around PMCs [83].
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Figure 3. MLS zonal daily mean H,O VMR climatology (ppmv) in the mesosphere at 0.02, 0.01, 0.005,
0.002, and 0.001 hPa for the NH (left column) and SH (right column) (2005-2021). Black lines indicate
local summer solstices. Above 0.01 hPa, white dotted contour lines represent T at 150 K, and solid
lines represent T at 140 K (lower latitudes) and 130 K (higher latitudes), respectively.

In the lower mesosphere at 0.01 hPa and 0.02 hPa, Figure 3 (lower panels) shows the
composites of the HO maximum at 30-40 days after solstice, not near the solstice. The
wave-driven ascent is known to be responsible for the cold summer polar temperature and
high H>O in the mesosphere. However, delayed H,O maxima (i.e., delayed 30—40 days
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from solstice) at these altitudes indicate that the wave-driven ascent in the summer pole
may not occur simultaneously with the temperature minimum at the summer solstice, but
is a delayed response due to additional subsequent dynamic processes.

The MLS H,O measurement is based on its 183 GHz emission feature from the limb
atmosphere. There is a two-order magnitude of sensitivity difference between emissions
from gas and the condensed phase of water. MLS is very sensitive to water vapor depletion
as it freezes into a condensed phase because it is insensitive to cloud ice. Similar studies with
these MLS data were carried out for the dehydration process near the tropical tropopause
layer (TTL) where water vapor is frozen to cirrus [84], and for the denitrification in the
polar stratosphere where nitric acid gas (HNO3) is taken up onto ice surfaces [85].

The spatial patterns of the H,O hole, a region of exceptionally depleted H,O in the
upper mesosphere at 0.002 hPa over the Arctic and Antarctic regions, are shown in Figure 4
for NH (Figure 4a,c) and SH (Figure 4b,d) for the 2007 (NH) and 2007 /2008 (SH) summers.
The H,O VMRs are averaged for 0 to 30 days from the summer solstice. The depleted
H,O region appears at the upper mesosphere above 0.002 hPa from the beginning of the
summer solstice and lasts more than 30 days. We infer that the H,O holes in these regions
are probably caused by the formation of PMCs, not by atmospheric dynamics, since this
kind of perturbation is not found in the MLS CO distribution. The H,O bound in ice
particles is coupled with the background environment by freeze drying and sublimation.
The formation of clouds can dehydrate the surrounding atmosphere, and they release the
H,0O back to the surrounding atmosphere within ~60 days from the solstice. The presence
of PMCs presumably causes an obstruction to the upwelling of HyO and may have caused
the H,O holes above the PMCs.

(a)HZO pm v) :NH :0.002 hPa (b)HZO pm v) :SH :0.002 hPa

(ppPmV)

@H,0 bpmv):SH :0.01 hPa

0
(ppmv)

Figure 4. The H,O dehydration (in ppmv) at 0.002 hPa due to PMC formation in 2007 NH and
2007/2008 SH summer seasons. HyO VMRs are averaged for 0 to 30 days from summer solstice
(a) for the NH and (b) for the SH, respectively. Similarly, the HyO (in ppmv) at 0.01 hPa is shown
(c) for the NH and (d) for the SH. Overlaid blue lines represent a temperature contour of 140 K for
0.002 hPa and 150 K for 0.01 hPa.

In both hemispheres, these depleted H,O regions are nearly concurrent with low-
temperature regions, as shown by the 140 K temperature blue contour lines in Figure 4. At
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0.002 hPa, regions of H,O holes are evident where the temperature is lower than 140 K. Note
that the 140 K temperature contour lines are almost coincident with the 70°N/S latitude line.
The ice particles in the upper mesosphere are transported according to background winds,
eddy diffusion, and sedimentation. Ice particle nucleation and growth are well-described
with microphysical processes and saturation [86,87].

3.3. Climatology of PMCs

To show the daily variability in the frequency of PMC occurrence at different latitudes,
the average PMC occurrence rate (OR) from the two instruments, AIM/CIPS and Himawari-
8/AHI, are compared in Figure 5. The upper panel represents AIM/CIPS-measured PMC
ORs for the NH (Figure 5a) and SH (Figure 5b) and the lower panel represents those
from Himawari-8/AHI for the NH (Figure 5c) and SH (Figure 5d). The PMC ORs are
calculated from the daily occurrence rates during 2007-2021 in the NH and 2007 /2008-
2021/2022 in the SH from AIM/CIPS and 2016-2021 in the NH and 2016,/2017-2021 /2022
from the Himawari-8/AHI measurements. The AIM/CIPS PMC measurements cover
15+ years from 2007, while Himawari-8/AHI only covers 7 years since 2016. Therefore, the
climatologies from the two instruments represent the temporal and spatial distribution of
an average PMC OR from two different periods. A comparison of the two data sets also
shows different latitudinal coverages, with AHI observations limited to below 81°N/S.

Despite differences in the sampling and algorithms of the measurements, the daily
variations in the PMC ORs from two independent measurements show remarkable sim-
ilarities in their overall spatial extent, timing, and the duration of the cloud occurrence.
The latitudinal extent of the PMC occurrence starts increasing from ~30 days before the
summer solstice to ~30 days after the solstice, until they reach the peak of occurrence. In
both hemispheres, PMCs occur most frequently above 70°N/S in latitude and for a ~60 to
90 day duration centered around the peak, which occurs about 30 days after the summer
solstice. The OR from AHI reaches its maximum within 80°N/S latitudes about 20 days
after the solstice, which is ~10 days earlier than that from CIPS.

To examine the impact of atmospheric conditions on PMC formation, mesospheric T
and H,O climatology at 0.02 hPa during the same periods of each PMC observation are
also overlaid with PMC climatology. Solid and dotted contour lines in magenta represent
high-latitude (60°N/S-82°N/S) H,O VMRs. Similarly, the white contour line represents
the high-latitude mean T at the same level. During the summer solstice, the average
temperature is ~5 K higher in the SH compared to the NH within the high-latitude region.
Hence, the different threshold values of T are shown in Figure 5 for the two hemispheres.
The T threshold values for the SH and NH are 178 K and 173 K, respectively.

In both hemispheres, the maximum PMC OR is not coincident with the date of the
minimum temperature, but lags up to 30 days after the summer solstice. The mesospheric
temperature at 0.02 hPa and the near-mesopause temperature reaches its local minimum
in the PMC region around the summer solstice, but the PMC occurrence peak from CIPS
lags the temperature minimum, reaching its maximum ~30 days after the solstice in both
hemispheres. The date of the seasonal high-latitude mesospheric HyO maxima seen from
MLS is up to 30 days later than the date of the corresponding local T minima. The lagged
days between the PMC OR and T are reduced in AHI-measured PMC ORs. In both cases,
however, the PMC OR peak occurs between the T minima and HpO maxima.

The two magenta contour lines in Figure 5 represent the daily zonal mean H,O VMR
over 60°N/S5-82°N/S. On average, the CIPS NH PMC fields greater than 20% of the OR
are mostly confined to humid regions where the HyO VMR is higher than 7.1 ppmv (solid
magenta lines). The PMC ORs greater than 80% are mostly coincident with the region of
a high HyO VMR greater than 7.5 ppmv (dotted magenta lines). On average, high H,O
VMRs of >7.1 ppmv and HyO VMRs of >7.5 ppmv last ~60 days and ~30 days, respectively.
In the case of AHI, regions of the same high HyO VMR are broader and days of the same
high H,O VMR extend as long as ~70 days. The extended days of the high H,O VMR in
Figure 5c,d reflect the increase in mesospheric H,O during recent years.
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Figure 5. Climatology of the daily PMC occurrence rate (OR) in % as observed from AIM/CIPS
(upper panel: 2007-2021) and Himawari-8/AHI (lower panel: 2016-2021) in the NH and SH at each
latitude bin. Black lines indicate the day of local summer solstice. Solid and dotted contour lines in
magenta represent high latitude (60°N/S-82°N/S) H,O VMR of 7.1 ppmv and 7.5 ppmv, respectively,
at 0.02 hPa (near PMC altitude). White lines represent high latitude mean T = 173 K (NH) and
T =178 K (SH) at the same level.

In general, during the MLS observations (2005-2021), the NH high latitude
(70°N-82°N) H,O VMR at 0.02 hPa increased by ~0.4 ppmv (~7%). These results are
consistent with the current understanding of the conditions of T and H,O needed for
forming PMCs. A combination of the recent mesospheric cooling and increments in the
mesospheric H,O concentration would provide favorable conditions for the formation of
PMC:s in the coming years. Detailed analyses of the year-to-year variability in PMCs, T,
and H,O are discussed in Section 3.4.

The climatology of the PMC OR exhibits a hemispheric asymmetry, as the multiyear
averaged PMC occurrence is more frequent in the NH than in the SH in both the AHI and
CIPS observations. The multiyear average of the daily PMC OR can reach 100% in NH
high latitudes, but it is rarely higher than 80% in the SH. Several studies have noted the
hemispheric asymmetry in PMC occurrence, with PMCs more frequently observed with a
greater extent in the NH relative to the SH [27,39,54,87]. The smaller extent of PMCs in the
SH compared to the NH is also obvious in recent years (2015-2021), as clearly seen from
the Himawari-8/AHI observations [60].

Besides the frequency of their occurrence, distinct interhemispheric differences in PMC
altitudes and micro-physical properties have also been reported. For example, it was shown
that the mean cloud altitude is higher and they are brighter with a greater mean particle
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size in the SH compared to the NH [49]. Interhemispheric teleconnections between the
two hemispheres via stratospheric wind reversal have been proposed as a dynamic control
mechanism [12,21,88-90]. In addition to the cold temperature, the upward transport of
H,O to the summer polar mesopause region is another important factor in PMC formation.
The higher-altitude PMCs in the SH are indicators of the stronger mesospheric upwelling
compared to that in the NH. Different solar forcing in the two hemispheres is suggested
as a main cause of the interhemispheric differences in the altitudes of the supersaturation
region and the upwelling vertical wind, as the solar flux in January is 6% greater than
the solar flux in July due to the Earth’s orbital eccentricity [39]. More precise comparison
of the daily PMC ORs for latitudes between 38° and 81°, obtained from simultaneous
Himawari-8/AHI and AIM/CIPS data, have already been presented in [60].

3.4. Dependence of Year-to-Year Variations of PMC on T and H,O
3.4.1. Onset Time of PMC

To examine the relationship between PMC formation and atmospheric conditions,
the PMC onset dates from CIPs are compared to the timing of the high H,O and cold
temperature at 0.01 hPa (Figure 6). The high H,O onset date is estimated as the first day
of the PMC season, when the MLS high-latitude (60-82°N/S) zonal mean H,O VMR at
0.01 hPa is greater than 4.2 ppmv and 6.5 ppmv for the NH and SH, respectively. Similarly,
the cold temperature onset date is estimated as the first day of the PMC season when the
MLS high-latitude (60-82°N/S) zonal mean mesospheric temperature at 0.01 hPa is lower
than 165 K and 185 K for the NH and SH, respectively. Besides the frequency of their
occurrence, distinct interhemispheric differences in the onset time of PMCs are a good
indicator of the wave activity involved in each hemisphere’s PMC season [90].
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Figure 6. Interannual variations in the CIPS PMC onset date (in yellow) and onset date of the high
H,O (in blue) VMR and low temperature (in red) with respect to the summer solstice in the (a) NH
and (b) SH. Note the different y axes for each hemisphere’s PMC season.
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The PMC onset date, as seen by CIPS, is estimated from the version 5.20 level 3c data.
The onset date is the first day of the PMC season, when CIPS observed an orbit-average
cloud albedo of at least 5 x 107 sr~! in the latitude range of 70°~80°N [91]. A good
consistency in the onset dates between AHI and CIPS are already shown [60], where the
detection threshold for the CIPS albedo is 3 x 107° sr~!. Because the estimate of the onset
date is sensitive to the threshold values, the results from AHI may be a bit later if the
threshold is increased to 5 x 107 sr~1.

In general, the PMC onset dates occur 20-30 days prior to the summer solstice. During
the 15 years of the CIPS measurements, the earliest onset in the NH was 34 days before
the solstice in 2013 and the latest onset was 20 days before the solstice in 2008. The NH
PMC onset date was from 10 to 20 days earlier than that of the SH. In the NH, the PMC
onset date occurs between 20 and 34 days prior to the summer solstice, while it occurs even
after the summer solstice in the SH. Nevertheless, this shows that the variability in the SH
season onset during CIPS periods is 25 days, significantly greater than that in the NH. The
earliest onset in the SH was 30 days before solstice in 2011 and the latest onset was 5 days
before the solstice in 2022. The PMC onset dates in the NH tend to show an increasing
trend towards an early onset of the season. Interestingly, the onset dates in the SH show
dramatic interannual variability with 4- to 5-year oscillation. Furthermore, they show the
latest onset during the last year of the observation in 2021/2022.

This year-to-year variability in PMC onset time has been reported in earlier observa-
tions. In the SH, solar cycle variation and stratospheric control (inter-hemispheric coupling)
have been suggested as the mechanisms which drive the interannual variation in PMC
onset [21,90,92]. It was proposed that the SH PMC onset is mainly controlled by the timing
of the SH stratospheric polar vortex breaking [93]. An early reversal of winter (eastward) to
summer (westward) stratospheric wind causes the early onset of a net eastward GW drag,
which can lead to an early deceleration of the mesospheric zonal mean flow. Accordingly,
the early onset of an eastward GW drag would accelerate equatorward meridional drift
and mesospheric upwelling. In the NH, inter-hemispheric coupling has been suggested
as one of the drivers of the variation in PMC season onset [22,92]. In this mechanism,
planetary-wave-induced changes in the winter stratosphere modulate the zonal wind,
leading to changes in the GW filtering, the mean meridional circulation, and the summer
mesospheric temperature. The 11-year solar cycle [21], early springtime PW breaking in
the summer stratosphere [43,90], and enhanced quasi 5-day PW activity [91] have also been
suggested as drivers of the interannual variation in PMC onset time in the NH.

Our analysis clearly shows that the summer polar mesospheric cold temperature and
high HyO VMR onsets are correlated with the interannual variability in PMC onset. In
the NH, the mesospheric T and H;O VMR onset time show 2-3-year oscillations and the
PMC onset time tracks these variations well. In the SH, the mesospheric T and H,O VMR
show unique 4-5-year oscillations and the PMC onset time is highly correlated with these
atmospheric oscillations. There are four cases in the SH (2010/2011, 2015/2016, 2020/2021,
and 2021/2022) where the PMC onset times are late. Negative ENSO events associated with
the westerly Quasi Biennial Oscillation (QBO) phase have been suggested as the potential
cause of early SH stratospheric polar vortex breaking around the solstice [92]. Although
early PMC onset has occurred during a strong positive ENSO year, anomalous zonal wind
filtering may induce anomalous eastward GW forcing in the upper mesosphere. We can
infer that the early onset of high mesospheric H,O and cold T at the PMC level, achieved
by the enhanced mesospheric upwelling due to the early onset of a GW drag, would lead
to an early onset time of SH PMC. More on this oscillation is discussed in Section 3.4.3.

3.4.2. Occurrence of PMC

Many studies have discussed the linkages between the increasing trends in the oc-
currence and brightness of PMCs and climate change on different time scales [14,16,17].
Substantial trends in PMC occurrence have been consistently reported since a review paper
by [50]. A more frequent, brighter, and broader extent of PMCs in the NH compared to
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those in the SH has been emphasized [39,54,60,88]. A centennial-scale H,O increase of
about ~1 ppmv due to CHy oxidation in the mesosphere during the industrialization era
has been proposed as one of the major contributing factors to the increased occurrence of
PMCs [19].

To examine the recent trends and hemispheric asymmetry in the PMC occurrence rate
(OR), we compare the interannual variations in PMC ORs from CIPS and AHI in Figure 7.
To address the atmospheric environment related to these PMC ORs, a comparison of MLS
H,O, RHI, and temperature is also shown for both the NH and SH. For each year, the daily
occurrences of PMCs in each latitude bin from 60°-85°N/S are averaged. Similarly, MLS
H,O (ppmv) within the HyO hole beyond 72°N/S at 0.01 hPa, MLS RHI, and T at near
mesopause (0.001 hPa) beyond 62 N/S are averaged for 0 to 30 days from the summer
solstice for each hemisphere. The error bars indicate the standard deviation of the daily
time series of each variable during 30 days from the summer solstice.
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Figure 7. Year-to-year variations in seasonal mean PMC occurrence Rate (%) for NH (a-c) and SH
(d-f) from CIPS (in blue) and AHI (in red). Similarly, year-to-year variations in MLS H,O (ppmv),
RHI (%), and T beyond 62°N/S at 0.01 hPa are given on the right axis. HyO VMR, RHI, and T are
averaged for 0 to 30 days from summer solstice for each hemisphere. The y-axis for T is reversed for a
better presentation. The vertical bars indicate standard deviations for the MLS variables.

In the NH (Figure 7, upper panel), the PMC ORs as observed by CIPS increased by
0.75%/year during the observation periods (2007-2021). Even though large discrepancies
between CIPS and AHI are shown at the end of the time series in 2021, the ORs, as observed
by AH], also increased from 2017. The MLS H,O VMR within the H,O hole also generally
increased by ~0.4 ppmv (~7%) during the analysis periods within 2005-2021. An increase
in mesospheric HyO, which is greater in the NH than in the SH, can be the most plausible
candidate for the PMC formation process which leads to a consistent positive PMC trend
in the NH.

Different from the NH, the PMC occurrence rates in the SH are evident during 2016
and 2022 from both observations. While PMC occurrences consistently increase in the NH
(0.75%/year), the SH PMC ORs show a decrease (—0.96%/year). The ORs are relatively low
during recent years, i.e., 2020-2022. In the SH, the MLS H,O VMR within the H,O hole only
increased by ~0.25 ppmv (~4%) and showed similar low local minima in 2016/2017 and
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2021/2022, consistent with the PMC occurrences. PMCs can be indicators of anthropogenic
H,0O increases, because increasing H,O significantly enhances the visibility of PMCs.

More interestingly, the PMC occurrence rate variations in the SH are highly correlated
with the mesospheric (0.01 hPa) RHI (y = 0.93) and T (y = 0.97) variations. The PMC,
RHI, and T show 4-5 years of mesospheric oscillations. The correlation in the year-to-year
variability between the PMC occurrence and H,O, RHI, and temperature in the PMC region
can be investigated further, as the PMC and middle atmosphere observations continue.
The PMC ORs in the SH show unique features, decoupled from the NH variations. The
perturbations in the NH stratosphere and mesosphere, i.e., stratospheric sudden warming,
do not impact the SH to change the gravity wave forcing, since the midsummer jet in the
SH is strong enough not to be coupled with anomalies in the NH [94].

3.4.3. Quasi Quadrennial Oscillation

In the SH, the PMC and summer mesospheric high-latitude T, H,O, and RHI time
series contains an oscillation over an approximately 4-5-year periods (Figure 7). A peak-
to-peak amplitude of the QQO feature in PMC is 20-25%. The amplitude of mesospheric
T, HyO, and RH oscillation at 0.01 hPa is 4-5 K, 0.3-0.5 ppmv, and 40-50%, respectively.
The distinct features of Quasi Quadrennial Oscillation (QQO) and the unusual periodic
4-5-year oscillation in the high-latitude near-mesopause region T and meridional wind are
reported [95,96] with multiple satellite and ground observations.

Considering the significant negative correlation between the high-latitude T and H,O
at 0.01 hPa, we can infer that the QQO variation in the T and H,O is an adiabatic response.
In the SH summer, the equatorward circulation leads to upwelling and adiabatic cooling,
while poleward circulation leads to downwelling and warming. Similarly, a lower H,O
mixing ratio is expected with the downwelling, and a higher H,O mixing ratio is expected
with the upwelling. In the same way, a higher T and lower H,O mixing ratio are still
expected with descent in the SH winter. A significant anticorrelation between meridional
wind and temperature has been found [96] with wintertime radar measurements at Davis
station, Antarctica. They suggest that the wintertime QQO is linked to adiabatic heating
and cooling driven by the meridional flow. As a mechanism behind the QQO, their analysis
supports tidal and planetary waves, which may filter GWs to drive an adiabatic response in
the mesosphere. However, their explanation is a more plausible explanation for the winter
hemisphere, since GW is relatively weak in the summer hemisphere.

4. Discussion

Quantifying the relationship between PMC, T, and water vapor (H,O) is complicated
due to the interaction of PMC with the surrounding H,O. When the surrounding atmo-
sphere is cold enough to form PMCs, PMCs can dehydrate the surrounding environment.
When the surrounding environment is warmed, the clouds sublimate and release the water
vapor back into the atmosphere. This process is similar in many aspects to that near the
tropical tropopause, where the in situ formed cirrus interacts with local water vapor [84].
In other words, the total water (vapor + ice) is approximately conserved over a short
(months) period of time. Although the degree of saturation (S) is commonly used by the
PMC community [30], RHI (standard product from the MLS retrieval) is an equivalent
variable to S and widely used in Earth and planetary sciences. RHI is simply the ratio of
water vapor pressure over the local atmospheric saturation pressure.

4.1. Relationships between T, H,O, and RHI

The MLS mesospheric temperature (T) data have been validated extensively against
other measurements [71,72,97]. In the polar regions, they generally agree within ~5 K, with
SABER temperature data and improvements have been further made with the version 5
data. As shown in [45], the MLS T is close (within 5 K) to the frost point at the altitude
where PMCs form. As shown in Figure 6, at 0.01 hPa, the MLS T is ~150 K, in line with
the conditions for PMC formation. The 170 K contour used at 0.02 hPa is used to illustrate
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the sharp vertical gradient in the atmosphere where PMCs are likely to form at a higher
altitude. In addition, it is imperative to recognize that PMC formation can be intermittent,
wave-like, or spotty in space and time. The MLS T results shown in this study reflect a
daily or monthly mean condition. Transient wave perturbations can occur and induce a
colder temperature condition for PMCs to form intermittently.

Atmospheric T and H,O are intimately related through the Clausius Clapeyron (CC)
equation. However, the following conditions would be required to determine/validate
one from the other: (1) simultaneous PMC detection at the same location as the T and H,O
measurements; (2) either T or HyO is precisely measured; and (3) the supersaturation ratio
is well known for PMC formation. The MLS RHI uncertainty is typically ~50% [75], which
is largely determined by its T error (1 K ~ 16% in the CC equation). The larger MLS T error
in the mesosphere is likely to increase the RHI uncertainty to 200%, which may help to
constrain PMC supersaturation.

Given the large uncertainties about the range of PMC supersaturation, which is
associated with their formation process and ice and nuclei microphysics, the MLS RHI
data serve as a surrogate for evaluating the validity of the intimate relationship between
T and HO. Like the situation near the tropopause, the RHI measurement is derived
fundamentally from the CC equation. In this study, we presented a basis of how this
principle is applicable to a wider temperature and pressure range, including very cold
conditions near the mesopause.

4.2. Influence of PMC on H;O and RHI

The impact of the PMC on the atmospheric environment, via the processes of dehy-
dration resulting from ice growth and H,O enhancement resulting from ice sublimation,
is examined with MLS RHI. In Figure 8, a comparison of MLS RHI (%) profiles is shown
for different time periods of the summer solstice. MLS RHIs are averaged for 0 to 30 days
before the solstice, from 0 to 30 days after the solstice, and from 30 to 60 days after the
solstice, respectively, for 60°N/S-82°N/S during 2005-2022. The 30 days after the solstice
(in red curves) can be considered as the PMC formation phase and the 30 to 60 days after
the solstice (in yellow curves) can be considered as the sublimation period. The 30 days
before the solstice (in blue curves) can be considered as a background state profile which is
not influenced by the PMC formation.

As seen in Figure 8a,b, the RHI profiles show a rapid increase in RHI with an increasing
altitude from 0.02 hPa. In both hemispheres, enhanced RHI profiles above 0.02 hPa indicate
the increase in RHI from altitudes near the bottom of the PMC layers from 0 to 30 days
after the solstice. After 30 days from the solstice, the RHI profiles tend to go back to the
background states in both hemispheres. In the SH, the RHI from 30 to 60 days after the
solstice is slightly lower than the RHI before the solstice. It is noticeable that the hydration
layers in the SH are elevated to above 0.01 hPa in comparison to those in the NH, and that
this follows from SH PMC being located ~1 km higher than that in the NH [62].

To show the differences in the RHI distribution among different periods around the
summer solstice, the probability density functions (PDFs) from the same temporal and
spatial conditions of RHI at 0.01 hPa are calculated (Figure 8c,d). The bin size is 5%, and
the total integration of the area under each PDF is normalized to be one. The PDFs of RHI
(%) during different periods indicate that supersaturation (above 100% of RHI) happens
more frequently at 30 days after solstice, when PMCs are forming.
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Figure 8. Comparison of profiles of MLS RHI (%) among different periods around summer solstice in
(a) NH and (b) SH. Comparison of probability density function (PDF) of RHI in (¢) NH and (d) SH.
RHI data at 0.01 hPa are averaged for 0 to 30 days before solstice (in blue), 0 to 30 days after solstice
(in red), and 30 to 60 days after solstice (in yellow), respectively, for 60°-82°N/S latitude band during
2005-2021.

4.3. Diminishing Solar Cycle Variations in PMC

Discerning the near-term trends in the atmospheric tracers from the influence of the
solar cycle variation is a challenging task. When the variation associated with the solar
cycle is not thoroughly accounted for, there can be biases for any remaining trends. The
variations in the annual mean near-global (82°5-82°N) area weighted T and H,O near
the mesopause to the 11-year solar cycle are investigated by analyzing MLS observations
from 2005 to 2021. In this study, the V19 Total Solar Irradiance (TSI) data from the SOlar
Radiation and Climate Experiment (SORCE) Total Irradiance Monitor (TIM) [98] are used
as a solar irradiance index, which can indicate the solar activity level over the solar cycle.
With an absolute accuracy, the TSI can be the preferred reference data, compared to F10.7
flux and Ly-« flux, to determine the amplitude of solar cycle and difference between two
minima. The TIM TSI data have a three times higher accuracy (0.035%) than previous TSI
measurements with a long-term stability of 0.001% per year [99].



Remote Sens. 2024, 16, 1563

17 of 24

latitude

80 [

60 [

40 -

20

ok

20 L

40 L

-60 -

180

179
178
177 -
176 -
175

174

173 L L L L L L
2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

AnnualT K) atO. fﬁ

In Figure 9, the annual mean and standard deviations of T and H,O near the mesopause
(0.001 hPa) are shown for the interannual variations related to the solar cycle. At a given
level at 0.001 hPa, the annual mean temperature (Figure 9, left panel) is maximum at
mid-latitudes (30°N/S-40°N/S) and minimum at high latitudes above 60°N/S. The annual
mean temperature clearly shows interannual variations associated with the 11-year solar
cycle (SC). The near-global mean temperature shows an in-phase correlation with the
SORCE-measured TSI without lag (y = 0.81) with a 95% confidence level [100], as the T is
higher during the solar maximum (2012-2014) and lower during the solar minima (SC 24;
2007-2009 and SC25; 2018-2020). The amplitude of temperature variations associated with
the solar cycle is ~5 K during SC 24-25.
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Figure 9. Latitudinal distribution of annual mean temperature (K) and H,O (ppmv) at 0.001 hPa is
shown in the upper panel. The near-global averaged (82°S-82°N) annual mean time series and their
standard deviations are shown in the lower panel with SORCE TSI (W /m?) variation. The y-axis for
H,O plot (lower right) is reversed for a better presentation.

The inferred annual mean temperature response to solar forcing from the Hamburg
Model of Neutral and Ionized Components (HAMMONIA) is 0.5-1 K/100 sfu [101]. The
solar cycle variation amplitude of the global mesopause temperature estimated from the
Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) is ~5 K [102]
and 3-5 K [103,104] per 100 solar flux unit (sfu) depending on latitude. Since the F10.7 flux
changes by roughly ~100 sfu over the 11-year solar cycle, our estimate corroborates with
the previous results from the SABER measurements.

The analysis from satellite observations and model simulations suggests a decrease in
mesospheric H,O with solar cycle [14,105] which may be less favorable for PMC forma-
tion. The Ly-« flux plays an important role in the chemical composition of H,O and the
mesosphere [106], by the two major photolysis of H,O at the Ly-« line, i.e.,

H,O+ hv — H+ OH 3)

H,0 + hv — Hy 4+ O(1) )

For a given altitude at 0.001 hPa, the annual mean H,O VMR (Figure 9, right panel)
generally increases with an increasing latitude in both hemispheres, reflecting the summer-
time upwelling of H,O following the mean meridional circulation, which maximizes at
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high latitudes. It shows a maximum amount over the SH high latitudes, 60 S-80 S. Similar
to temperature, the near-global mean H,O VMR time series also clearly shows an 11-year
solar cycle signal without lag (y = —0.85 with 95% confidence level) with TSI. The response
process of water vapor to solar forcing and the pathways of solar signals are complex, be-
cause the H,O VMR in the mesosphere is driven by two processes: transport and chemistry.
The “top—-down” pathway considers solar variations in the Lyman-« (121.6 nm) decreasing
the mesospheric H,O, which then couples down to the stratosphere via a wintertime polar
vortex [69]. In “bottom-up” pathway, the tropospheric H,O response may play a role
because both H,O and CHyj in the stratosphere originate from here. With an increased
solar flux during the solar maximum condition, a lower H,O in the upper mesosphere is
expected due to the enhanced H,O photolysis process.

The amplitude of the solar-cycle-driven near-global annual mean H,O VMR is about
0.1 ppmv at near mesopause (0.001 hPa). This 0.1 ppmv solar variation in HO is consistent
with [106], shown with the composite data at 68°S and 68°N. The solar cycle signal is
significant above 0.005 hPa. But below that level, H,O is insensitive to solar irradiance
variation. While the solar maximum is generally expected to induce lower water vapor in
the upper mesosphere, estimates of the solar cycle variation from H,O measurements often
depend on the analysis period. For example, the relatively large amplitude of the H,O solar
cycle variations over 1 ppmv obtained from the Halogen Occultation Experiment (HALOE)
(1993-2005) is diminished after 2004. It was suggested that HALOE H,O measurements
near the summer mesopause can be contaminated by PMCs [106]. Enhanced PMC extinc-
tion during the solar minimum can falsely increase H,O, and a higher H,O concentration
during the solar minimum could have included this artifact.

Solar cycle variations are expected to disturb PMC formation by modulating the
temperature and humidity in the middle atmosphere. A higher temperature [107] and
H,O reduction by Ly-a flux-driven photolysis during the solar maximum period should
provide less favorable conditions for PMC formation. However, quantifying solar cy-
cle signals from PMCs from the data record covering less than a few solar cycles is a
complicated exercise. Despite an expectation of the high sensitivity of PMCs to solar irradi-
ance, little solar cycle signatures are found in the PMC occurrence during 2007-2021. The
linear correlation between yearly PMC ORs and TSI from 2007 to 2021 is not significant
(v <0.1) for both hemispheres, as can be seen from Figures 6 and 7 in Section 3.4. The steady
global increase in the mesospheric H,O during the last decade may have overwhelmed the
H,O decrease driven by solar activity. Mesospheric H,O increases due to anthropogenic
methane increases probably play a dominant role in weakening the solar cycle response in
PMCs.

5. Summary

The sensitivities of PMCs to the MLS-measured T and H,O were analyzed to investi-
gate the characteristics of PMC occurrence in relation to the middle atmosphere conditions.
The AIM/CIPS and Himawari-8/ AHI measurements of the PMC cover 16 years from 2007
and 6 years from 2016, respectively. The measurements of the middle atmosphere from
MLS fully cover more than 18 years from August 2004.

1.  We compared the climatology and year-to-year variability in the daily PMC ORs from
AIM/CIPS and Himawari-8/AHI Despite differences in the sampling and algorithms
of the measurements, daily variations in the PMC occurrence rate in two independent
measurements showed a remarkable similarity in their overall spatial extent, timing,
and the duration of the cloud occurrence. The OR from AHI reached its maximum,
within 80 N/S latitudes, about 20 days after the solstice, which was ~10 days earlier
than that from CIPS. The climatologies of the two PMC ORs exhibited a hemispheric
asymmetry between the two hemispheres, as the multiyear averaged PMC occurrence
was more frequent in the NH than the SH in both observations.

2. The climatologies of the two PMC ORs were compared with the climatology of the
summer solstice HyO VMR and T at the near-PMC level (0.02 hPa) at a high latitude



Remote Sens. 2024, 16, 1563

19 of 24

(60°N/S-82°N/S). The PMC occurrence above 60°N/S was directly related to T and
H,O variations, and the combination of these two determined the PMC’s seasonal
development. In the CIPS case, the high frequency of the occurrence nearly co-
occurred with a high H,O, but it lagged up to 30 days from the temperature drop.
The date of the seasonal high latitude mesospheric HO maxima seen from the MLS
was up to 30 days later than the date of the corresponding local T minima. The lagged
days between the PMC and T were reduced in the AHI-measured PMC ORs. In both
cases, the PMC OR peak occurred between the T minima and H,O maxima.

3. We showed the spatial patterns of the H,O hole, a region of exceptionally depleted
H,0O in the upper mesosphere at 0.002 hPa during the PMC season over the Arctic and
Antarctic beyond 70°N/S centered at the poles. We inferred that the H,O depletion in
this region was probably caused by the formation of PMCs. These clouds dehydrate
the surrounding atmosphere when they are formed. The H,O amount integrated
below these PMC regions generally increased during the last 17 years in the NH. It
showed consistent interannual variations similar to the CIPS- and AHI-measured
PMC occurrence variations in the NH.

4. Our analysis estimated that the 11-year solar cycle signals in the near-global annual
mean T and H,O were ~1 K and ~0.1 ppmv at mthe esopause level (0.001 hPa) with
TSI variations without a lag (y = 0.81 for T and y = 0.85 for H,O with 95% confidence
level), respectively. However, there was no significant anti-correlation between the
PMC occurrence and solar cycle.

5. Inthe NH, the increases in PMC during recent years were correlated with the positive
trend of the mesospheric H;O, as observed from MLS. Abundant HyO can signifi-
cantly enhance the PMC formation. In the NH, the PMC onset dates also became
5-10 days earlier during the last decade. The NH PMC OR increased ~0.75%/year
during 2007-2021. The significant increase in mesospheric H,O in the NH due to
anthropogenic forcing during the last decade may explain the diminished solar cycle
signals in PMC occurrences during recent years.

6.  While PMC occurrences consistently increased in the NH, the SH PMC ORs showed
a decrease (0.96%/year) during 2008-2022 with relatively low rates during recent
years i.e., 2020-2022. In the SH, the summer mesospheric high-latitude T and H,O
VMR time series showed a unique 4-5 years of quasi-quadrennial oscillations (QQOs).
Similarly, the PMC OR and onset time also showed these distinct oscillations. The
peak-to-peak amplitude of the QQO feature in PMC was 20-25%. The amplitude of
mesospheric T and HyO at 0.01 hPa were 4-5 K and 0.3-0.5 ppmv, respectively. The
cold years in the mesosphere coincided with the humid years with abundant H,O.

7. Solar cycle variations are expected to disturb PMC formation by modulating the
temperature and humidity in the middle atmosphere. Higher temperature and H,O
reduction by Ly-a flux-driven photolysis during solar maximum period should pro-
vide less favorable conditions for PMC formation. Despite an expectation of the high
sensitivity of the PMC to the solar irradiance, little solar cycle signatures were found
in the PMC occurrence during the analysis period of 2007-2021. The steady global
increase in the mesospheric H,O due to anthropogenic methane increase during the
last decade may have overwhelmed the H,O decrease driven by solar activity.
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