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Temperature and water vapor are two key variables affecting the polar mesospheric cloud (PMC). Solar radiation can increase the mesospheric temperature through UV heating. In this research, the composite solar index Y10 is used for the first time to study the influence of solar radiation on PMC variability. The ice water content (IWC) is selected to characterize the properties of PMCs. The observations of IWC are from the Solar Occultation For Ice Experiment (SOFIE) onboard the Aeronomy of Ice in the Mesosphere (AIM) satellite, and the temperature data used are measured by both the SOFIE instrument and Microwave Limb Sounder (MLS) onboard the Aura satellite. According to the superposed epoch analysis (SEA) method, it is shown that the solar 27-day modulation can affect PMCs by changing and modulating the mesospheric temperature. The results show that the IWC responds to the Y10 later than the mesospheric temperature does. Further investigation into the relationship between the mesospheric temperature and PMCs reveals that the average time lag is 0 days in the northern hemisphere (NH) and 1 day in the southern hemisphere (SH). The differences in temperature response to the 27-day solar rotational modulation with atmospheric pressure and latitude are also analyzed on the basis of the temperature observations made from 2004 to 2020 by the MLS. The temperature time lag of NH2008 and NH2012 are 1–5 days (depending on latitude), close to the time lag of direct solar heating with 4 days. The PMC seasons with temperature time lags greater than 5 days are indicated to be modulated by atmospheric dynamics with a 27-day cycle. The temperature time lag has two distinct patterns of variation in latitude, and thus two different atmospheric modulation mechanisms may exist. Twelve PMC seasons with 27-day periodicity are distinguished, nine of which have decreasing temperature time lags with increasing altitude because of the atmospheric dynamical effects.
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1 INTRODUCTION
The polar mesospheric cloud (PMC) is formed in the mesopause region (80–90 km) over the high latitude (>50°) during summer times (Hervig et al., 2012). PMCs are mainly composed of small water ice crystals (having a radius of about 30–100 nm), which can effectively scatter sunlight to make it visible from the ground after dusk and before dawn (Hervig et al., 2012; Dalin et al., 2018). The extremely low temperatures (T < 140 K) at the summer mesopause, accompanied by increased water vapor content, result in a supersaturated state for the formation of water ice aerosols (Hervig et al., 2001). In the northern hemisphere (NH), a typical PMC season lasts from late May to the end of August (Gadsden, 1981), while PMCs appear from late November to mid-February in the southern hemisphere (SH) (Ludlam, 1976; Thomas, 1985).
PMCs are very sensitive to changes in the mesopause environment and are influenced by many atmospheric parameters, such as temperature (Thomas et al., 2015), water vapor content (Thomas et al., 2015), gravity waves (Gerrard et al., 2004; Chandran et al., 2010), planetary waves (Merkel et al., 2003; von Savigny et al., 2007), and interhemispheric coupling (Karlsson et al., 2007; Karlsson et al., 2009). Therefore, PMCs are considered an important indicator of mesospheric state.
Solar activity and its variations can affect PMCs by affecting the temperature and water vapor in the summer mesopause (Hervig and Siskind, 2006). Due to the solar activities manifested from sunspots, plages, faculae, and eruptive flares, the solar radiation received by Earth is quasi-periodic, with the main period of 27 days (e.g., roughly the Carrington solar rotation period), or weaker periodic modulation of 13 days and 9 days (Lean and Repoff, 1987; Velasco Herrera et al., 2022). This 27-day periodic modulation with radiation and charged particle bursts affects the radiative photochemical and kinetic state of Earth’s mesosphere (Hood et al., 1991; Beig et al., 2008).
Observations from satellites and ground-based instruments show that the frequency of occurrence (Robert et al., 2010; von Savigny et al., 2013b), albedo (von Savigny et al., 2013b), ice water content (Thurairajah et al., 2017), and brightness (Dalin et al., 2018) of PMCs are characterized by a 27-day periodicity. This period has been proposed to be physically connected with the solar [image: image] flux with a time lag of 0–1 day (Robert et al., 2010; von Savigny et al., 2013a; Thurairajah et al., 2017; Dalin et al., 2018). The solar [image: image], EUV, and UV irradiance can influence the ozone concentration through reactions of O2 → O + O and O2 + O → O3 (Arnold and Comes, 1979). The source of heat between 50 and 100 km atm is mainly from absorption of solar radiation and the exothermic heat from chemical reactions (Mlynczak, 1996). The process involving ozone can provide up to 80% of the heat budget (Mlynczak, 1996). In the range of ∼80–100 km, the response of ozone and temperature to solar changes at all latitudes is positive with consistent phases (Huang et al., 2016). Therefore, enhanced solar irradiance and ozone concentration will affect the mesospheric temperature through the radiative heating rate and chemical heating rate of ozone (Robert et al., 2010). Thus, the local and regional temperatures may remain above the freezing point with large-enough heating energy source from the Sun (Robert et al., 2010; von Savigny et al., 2013b). During the same time, the available solar radiation can also photolyze water vapor, preventing or weakening the formation of PMCs (Robert et al., 2010; von Savigny et al., 2013a). Simulation of the effects of 27-day solar ultraviolet forcing on the mesospheric temperature shows that the 27-day solar rotational modulation cycle is intermittent, and its influence may further depend on atmospheric dynamics (Gruzdev et al., 2009).
The superposed epoch analysis (SEA) can extract signals of PMCs in response to solar activity forcing beyond the background noise; e.g., the data can be properly averaged to amplify the useful signals by eliminating any background noise (e.g., Robert et al., 2010; Thomas et al., 2015). Using this method, the response of temperature and water vapor to solar irradiance variations (with a primary period of 27 days) measured by the SOFIE onboard the Aeronomy of Ice in the Mesosphere (AIM) is within 0–8 days and 0–3 days, respectively, both of which are shorter than the expected time for direct solar heating and photodissociation (Thomas et al., 2015). Based on the long-term data set from ground observations, the average lag time of PMC brightness to solar [image: image] flux is 0–3 days (Dalin et al., 2018). Since the theoretical photochemical lifetime of mesopause water vapor is about 5–10 days, direct solar heating and atmospheric dynamical processes play a dominant role in PMC brightness variation (Dalin et al., 2018).
In this research, the IWC and temperature measured by the SOFIE and additional mesospheric temperature observations from the Microwave Limb Sounder (MLS) onboard the Aura satellite are co-analyzed. The solar activity index, Y10, which includes both [image: image] and [image: image] (Tobiska, 2010) is adopted. Combined with Y10, the SEA is used to extract the time lag of IWC and temperature in response to solar activity forcing over the NH and SH, respectively. In addition, the cross-correlation curves between the average temperature and solar forcing for different atmospheric pressures and latitudes of the PMC seasons from 2004 to 2020 are also compared and analyzed. The data processing methods are presented in Section 2. Section 3 introduces the data used in this study. Section 4 gives the results and explanations. Finally, Section 5 summarizes the study.
2 DATA AND METHOD
2.1 Measurements and data pre-processing
The SOFIE is one of the three scientific instruments onboard AIM, which is dedicated to the study of PMCs and their formation environment for the first time (Gordley et al., 2009). A detailed description of the SOFIE instrument can be found in Gordley et al. (2009). It measures the reduction of solar intensity when light passes through an atmospheric tangent path at sunset or sunrise from orbit, based on the solar occultation method. The SOFIE provides 15 sunrise measurements from ∼60° to 85°S and 15 sunset measurements from ∼60° to 85°N per day, essentially after the day–night terminator. The SOFIE field-of-view (FOV) subtends ∼1.6 km vertically, and the detectors are oversampled at ∼0.2-km intervals. We use version 1.3 temperature and IWC data available from the SOFIE website (http://gats-inc.com).
The Microwave Limb Sounder (MLS), carried on the Aura satellite and launched on 15 July 2004, measures the thermal microwaves of atmospheric substances by five spectra from 115 GHz to 2.5 THz through limb observation (Waters et al., 2006). The MLS scans vertically with spatial coverage of a nearly global scale (with the latitude of −82° to +82°) (Waters et al., 2006). Each profile is 1.5° in latitude or 165 km along the orbit (e.g., approximately 15 orbits per day), with vertical coverage ranging from 0.0010 Pa to 100,000 Pa (Schwartz et al., 2008). The vertical scan rate varies with altitude and is faster in the upper atmosphere, resulting in poor vertical resolution in the mesosphere (Robert et al., 2010). Therefore, only the temperature data at 0.1 Pa, 0.22 Pa, and 0.46 Pa are utilized in this study. We have used version 5.0 temperature data from https://aura.gsfc.nasa.gov/science/data.html.
In order to analyze the correlation between the 27-day modulation of solar Y10 index and PMC variations, the time series of Y10, mesospheric temperature, and the IWC have to be properly prepared. The variation of solar radiation intensity causes fluctuations of temperature and IWC above and beyond the background values. According to previous studies, a 35-day window can be used for the smoothing filter, which removes stochastic variability and random noise (Hood et al., 1991; Robert et al., 2010; Thomas et al., 2015). Then, the time series of the anomalies caused by the variation of solar radiation can be obtained by subtracting the running mean of 35 days from the original time series (e.g., Hood et al., 1991; Robert et al., 2010; Thomas et al., 2015). After the smoothing step to remove background noises, we further use a 5-day running mean to smooth the anomalous time series. Since the smoothing process causes the same phase shift in all three data sets: temperature, IWC, and Y10, the effect of smoothing on the results of the following correlation analyses should be almost negligible.
An example of smoothing of Y10 during the 2008 PMC season of the NH is shown in Figure 1A. Figure 1B plots the average temperature in the latitude range of ∼60°–80° at 0.46 Pa (about 84 km altitude) atmospheric pressure from the MLS. Figure 1C shows the anomaly curves of Y10 and temperature relative to solstice days, and there is a delayed change in the temperature anomaly. Figure 1D shows the correlation coefficient of Y10 and temperature anomalies in different time lag days. The time lag days corresponding to the two peaks of the correlation curve are 23 days and 4 days, respectively, with the duration of the time interval equal to [image: image]. The periodic variations reveal that there are 27-day characteristics of the solar cycle in the mesospheric temperature data set, which is consistent with previous results (e.g., Robert et al., 2010).
[image: Figure 1]FIGURE 1 | (A) Solar radiation index Y10 (solid line) and its 35-day running mean (dotted line) during the NH PMC season in 2008. (B) Average temperature (solid line) and its 35-day running mean (dotted line) in the latitude range of ∼60°–80° at 0.46 Pa atmospheric pressure during the 2008 NH PMC season. (C) Y10 anomaly (black line) and temperature anomaly (blue line) to relative summer solstice days. (D) Correlation coefficient between Y10 anomaly and temperature anomaly at different time lags.
2.2 Cross-correlation analysis and significance test
The Spearman's rank correlation coefficient is stable and insensitive to noise. Any two variables [image: image] and [image: image] will be sorted according to their sizes, with the sample number [image: image]. The sorted serial numbers are denoted as [image: image] and [image: image], respectively. Then, the Pearson correlation coefficient between the new sequence is the Spearman rank correlation coefficient ([image: image]) (Spearman, 2010), given as
[image: image]
and simplified to
[image: image]
In one PMC season, the selected time series of mesospheric temperature anomalies is
[image: image]
When the delay-day parameter is set as lags, the corresponding time series of Y10 anomalies will be
[image: image]
Then, their rank correlation coefficient is [image: image] for the time lag correlation analysis.
The significance of the rank correlation coefficient can be tested using the Z statistic, which is calculated as
[image: image]
In this study, we cover the data from 20 days before the summer solstice to 40 days after the solstice, with a data length of n = 61 days. When the significant level is 0.05, then [image: image] from the Supplementary Table A1. When the data length [image: image], [image: image] is calculated. Therefore, when the calculated rank correlation coefficient is higher than 0.21, the significance level can be higher than 95%.
2.1 Superposed epoch analysis
The superposed epoch analysis (SEA) can extract the response signal under certain forcing that is different from the random noise (Chree, 1913), and this method is widely used to study the response of PMCs to the 27-day solar forcing (e.g., Robert et al., 2010; Thomas et al., 2015). A distinct 27-day signal is selected from the Y10 anomaly time series. The maximum/peak of this signal is then identified as a key date or day 0 and the 35-day time series starting from day 0 is used for the study from the PMCs season. The Y10 anomalies of different seasons are arranged together by rows and then averaged by columns to obtain a single 35-day Y10 anomaly time series (e.g., super-forcing function). Similarly, executing the same process for the temperature and IWC on the corresponding dates will yield two super-response functions. By averaging, the noise in the data will be much reduced because random noise tends to cancel each other out. Table 1 shows the PMC seasons and the key dates of the selected PMC seasons used for the SEA in this study. Some seasons have no obvious 27-day period of Y10 anomalies, so those seasons are excluded for the SEA (marked with asterisks in Table 1).
TABLE 1 | Key dates of the selected PMC seasons used for the SEA.
[image: Table 1]3 DATA PROCESSING
3.1 Solar activity index and PMCs indicator
The Y10, which includes both [image: image] and [image: image], is selected as the index of solar activity (Tobiska, 2010). The [image: image] covers the wavelength ranges between 0.1 and 0.8 nm and comes from the cold and hot parts of the solar corona, usually combined with the very bright and slowly changing solar activity region (with a time scale of days to months) and rapidly varying flares (minutes to hours) (Tobiska et al., 2008). Its photons reaching Earth are absorbed by molecular oxygen ([image: image]) and molecular nitrogen ([image: image]) at the upper mesosphere and lower thermosphere (MLT, e.g., 70–90 km) (Nicolet and Aikin, 1960). They can ionize the neutral components and create the D region of the ionosphere (Thomson et al., 2004). The [image: image] is produced in the upper chromosphere and transition region of the Sun (Woods and Rottman, 1997). It is mainly formed in the solar active area and flocculus (Woods and Rottman, 1997). It is also absorbed in the MLT region, decomposing [image: image] (Woods and Rottman, 1997) and participating in the chemical reaction of [image: image] (Frederick, 1977). The Y10 is obtained by weighting the [image: image] and [image: image] without the flare component (Tobiska, 2010). During high solar activity, the main energy source of the MLT is the [image: image] radiation, while during moderate and low solar activities, it is the [image: image] radiation (Tobiska, 2010). For the intermediate phase between the maximum and minimum of the 11-year-like sunspot and solar activity cycles, the [image: image] and [image: image] are competitive in the MLT region.
We investigate the influence of solar radiation on PMCs in two steps. The first step is to study the response of mesopause temperature and IWC to the 27-day periodic variation of Y10. The second step studies the response of IWC to temperature variation, linking the effect of solar radiation on PMCs through temperature to IWC. As mentioned above, PMCs are affected by different atmospheric physical processes, many of which are not directly related to solar radiation. Therefore, appropriate parameters must be filtered out as indicators of PMC properties. Since PMCs are mostly composed of small ice crystals, the IWC data collected by the SOFIE in the nine NH PMC seasons (from 2007 to 2015) and eight SH PMC seasons (from SH 2007/2008 to 2014/2015) are processed as the index. The variations of the IWC can directly reflect the nature of the PMCs. The data from 30 days before and after the summer solstice are selected for each PMC season when supersaturation occurs and the water vapor can condense into ice particles to form PMCs.
3.2 Temperature data over the mesopause
The temperature is considered to be the main driving factor of the 27-day periodic variation of PMCs (Robert et al., 2010; von Savigny et al., 2013b). Microphysical model results reveal that the mass density of the PMCs is weakly dependent on the abundance of condensation nuclei (Megner, 2011). According to the previous study, ice particles will condense and grow when the saturation vapor pressure [image: image] is greater than 1 (Thomas, 1996). The calculation of [image: image] is given as follows:
[image: image]
where [image: image] is the total gas pressure in [image: image], and [image: image] is the water vapor mixing ratio (Thomas, 1996). The denominator in Eq. 6 is the saturation vapor pressure according to Marti and Mauersberger (1993).
From Eq. 6, we can see that [image: image] is exponentially related to temperature but linearly related to water vapor. The summer mesopause temperature is often lower than 140 K (Hervig et al., 2001) according to the observed data. Therefore, in order to simplify the relationship between PMCs and solar activity, the effect of water vapor can be ignored, and only the temperature is chosen as the intermediate variable. Based on the observed data from MLS during 2004–2020, the response of the mesospheric temperature to the solar radiation at 0.46 Pa pressure height (e.g., about 84 km) is analyzed for both the NH and SH PMC seasons. The variation of response over different altitudes at 0.1 Pa, 0.22 Pa, and 0.46 Pa (80–90 km) is also studied.
4 RESULTS AND DISCUSSIONS
4.1 Analysis of SEA results
It is assumed that the response follows the peak forcing and the time lag is always positive (Thomas et al., 2015). According to previous results, solar forcing is positively correlated with temperature (Thomas et al., 2015; Köhnke et al., 2018) and negatively correlated with IWC (Thurairajah et al., 2017). The cross-correlation between Y10 and temperature anomalies can act as a function of time lag. The time lags corresponding to the peaks of the correlation curves are the time required for the temperature to respond to the solar forcing. For the IWC, the time lags corresponding to the troughs of the correlation curves are the time required for the IWC to respond to the solar forcing.
Figure 2 shows the average response of temperature anomalies from the SOFIE and MLS to solar forcing for both hemispheres. The results reveal that the time lags with statistical significance >95% of the NH temperature response to Y10 are 2 days (based on the data from the SOFIE) and 1 day (for the MLS data set). While in the SH, the time lag days are 12 days (for SOFIE and MLS). With significant differences, the time lags in the SH are much longer than those in the NH.
[image: Figure 2]FIGURE 2 | (A) Correlation curve of temperature anomaly from SOFIE and Y10 anomaly in the NH calculated through SEA. (B) Correlation curve of SOFIE temperature anomaly and Y10 anomaly in the SH. (C) Correlation curve of temperature anomaly from MLS and Y10 anomaly in the NH. (D) Correlation curve of MLS temperature anomaly and Y10 anomaly in the SH. Red lines correspond to the correlation coefficients with statistical significance equal to 95%.
Figure 3 exhibits the average response of the IWC to solar forcing for the NH (left) and SH (right). The time lags in the NH are 2 days (with a statistical significance of >95% of all days), and the time lags in the SH are 14 days. The trough in the NH is lower than that in the SH, indicating that the statistical significance is higher in the NH. Previous results have shown that the IWC anomalies are negatively correlated with 0–5 days in the NH and 3–8 days in the SH (Thurairajah et al., 2017). By contrast, our results are closer to those in the NH but larger than those in the SH. The SEA reveals that the relationship between IWC and Y10 shows a delayed response between the PMCs and solar activity, with longer time lags in the SH than in the NH. In the region of 70–90 km during the PMC seasons, the temperature time lag caused by [image: image] heating is theoretically calculated to be about 4 days, independent with altitude (Thomas et al., 2015). It follows that the time lag (2 days) of the temperature response to solar forcing in the NH is likely to be caused by direct solar heating, while the time lag of 12 days in the SH is still uncertain. Since the 27-day period of solar variability and its harmonics is close to the typical period of wave-like disturbances occurring in the middle atmosphere (Gruzdev et al., 2009), the atmospheric dynamical effects, such as the 27-day vertical wind oscillations, could possibly overlap the effects of solar forcing on temperature (Ebel et al., 1986). Thus, the abnormal temperature response time for the SH occurs.
[image: Figure 3]FIGURE 3 | (A) Correlation curve between IWC anomaly and Y10 anomaly in the NH calculated by SEA. (B) Correlation curve in the SH. Red lines correspond to the correlation coefficients with statistical significance equal to 95%.
The average response of IWC to temperature in the NH versus SH is shown in Figure 4. The delay days corresponding to the trough are the time lags of the response of IWC to temperature anomalies. The trough below the red line indicates that the statistical significance is >95%. The time lag in the NH is always 0 days, as shown in Figures 4A, C. In the SH, the time lag is 1 day (shown in Figure 4D, based on data from the MLS, with a statistical significance of >95%) and −1 day (shown in Figure 4B, based on data from the SOFIE with statistical insignificance). The result indicates that when the temperature changes in the NH, the IWC can respond rapidly, and the average time lag is 0 days. Due to the limitation of the temporal resolution of the observed data, we can only study the response of IWC and mesosphere temperature to Y10 in days. If the time lag day for the response of IWC to the mesosphere temperature is 0 day. Therefore, the temperature anomaly in the NH can directly reflect the PMC activity. Temperature connects solar forcing with PMCs through the impacts of temperature variations on the properties of the PMCs synchronously. By contrast, the IWC in the SH is less sensitive to the temperature anomaly, with a time lag of 1 day.
[image: Figure 4]FIGURE 4 | (A) Correlation curve of SOFIE temperature anomaly and IWC anomaly in the NH calculated by SEA. (B) Correlation curve of SOFIE temperature anomaly and IWC anomaly in the SH. (C) Correlation curve between MLS temperature anomaly and IWC anomaly in the NH. (D) Correlation curve between MLS temperature anomaly and IWC anomaly in the SH. Red lines correspond to the correlation coefficients with statistical significance equal to 95%.
4.2 Further study on effect of Y10 on mesospheric temperature
4.2.1 Comparison of time lag at different latitudes
Figures 5, 6 show the correlation between Y10 and temperature anomalies at different latitudes in the NH and SH during the PMC seasons from 2004 to 2020 at 0.46 Pa pressure height. The Y10 anomalous signals or temperature anomalies with no 27-day periodicity shows irregularity in the results of the correlation analysis (e.g., for the PMC season of NH 2010 in Figure 5). From Figures 5, 6, it can be found that only two PMC seasons (e.g., NH 2008 and NH 2012) have a time lag of 0–5 days (depending on the latitude), which is close to the time lag of direct heating by solar radiation with 4 days. Therefore, the temperature changes in these two PMC seasons are likely to be caused by solar forcing. At the same time, the time lag of temperature in these two PMC seasons shows an increasing trend from the low latitudes to the pole. Therefore, we can find that the low latitudes are more sensitive to solar activity with a faster response time, while the high latitude area has weak sensitivity to solar activity with a longer response time. Our result is consistent with previous studies; e.g., Gruzdev et al. (2009) have found that the sensitivity of mesospheric temperature to solar activity usually decreases with the latitude when using a three-dimensional chemical climate model.
[image: Figure 5]FIGURE 5 | Correlation between the temperature and Y10 anomalies at 0.46 Pa over different latitudes, for the NH PMCs seasons during 2005–2020. The temperature data from MLS is averaged in the corresponding latitude. The red area surrounded by black dashed lines indicates that the significance level of the positive correlation between temperature and Y10 is greater than 95%. The blue area surrounded by the red dotted line indicates that the significance level of the negative correlation between temperature and Y10 is greater than 95%.
[image: Figure 6]FIGURE 6 | Correlation between the temperature and Y10 anomalies at 0.46 Pa over different latitudes, for the SH PMCs seasons during 2005–2020. The temperature data from MLS is averaged in the corresponding latitude. The red area surrounded by black dashed lines indicates that the significance level of the positive correlation between temperature and Y10 is greater than 95%. The blue area surrounded by the red dotted line indicates that the significance level of the negative correlation between temperature and Y10 is greater than 95%.
For the PMC seasons with a long temperature delay (time lag >5 days) but obvious 27-day period of temperature anomaly, the mesopause temperature could probably be modulated by the dynamic effect of the 27-day period. According to Figures 5, 6, we can classify two types of PMC seasons with distinct characteristics: one is NH 2016 and SH 2015/2016, whose temperature time lag increases with increasing latitude; the other is SH 2008/2009, SH 2014/2015, and SH 2017/2018, whose temperature delay is almost equal at different latitudes. Therefore, it indicates there are two different 27-day atmospheric dynamical modulation mechanisms at the mesopause.
Meanwhile, it is found from both Figures 5, 6 that there is an anticorrelation between temperature and Y10 at a time lag of 10 days in NH 2005 and NH 2016, which are PMC seasons that are 11 years apart. Similarly, in SH 2004/2005 and SH 2014/2015 in the 50°–70° latitude range, there is a positive correlation between temperature and Y10 near the time lag of 10 days and a negative correlation near the time lag of −5 days and 20 days. These two PMC seasons are also 11 years apart. It is therefore indicated that these characteristics in the PMC seasons may be related to possible modulation by the 11year solar cycle.
4.2.2 Comparison of time lag days at different atmospheric pressure levels
We selected 12 PMC seasons with obvious 27-day periodicity and compared the average time lag of the average temperature in the latitude range of 53°–81° from the MLS at three different atmospheric pressures (e.g., 0.10 Pa, 0.22 Pa, and 0.46 Pa); the statistical results are summarized in Table 2. Among them, 9/12 cases have a distinct pattern of increasing time lags with increasing atmospheric pressure (decreasing altitude); that is, the lower the altitude, the longer the time lags. These cases are marked in bold in Table 2, which are PMC seasons of NH 2009, NH 2016, NH 2019, SH 2005/2006, SH 2008/2009, SH 2013/2014, SH 2014/2015, SH 2015/2016, and SH 2017/2018. From the temperature time lag (>5 days), we can infer that this pattern is caused by the dynamic forcing of the atmosphere. This dynamic disturbance mechanism will probably first cause the temperature change in high altitudes. It is assumed that the dynamic forcing is caused by a 27-day period of vertical wind oscillation (Ebel et al., 1986). When the wind direction propagates down, the adiabatic warming (Jenssen and Radok, 1964) first causes temperature disturbances at high altitudes. This modulation mechanism is consistent with our results.
TABLE 2 | Average time lag (in days) of temperature response to the 27-day solar rotational modulation in the latitude range 53°–81° at different atmospheric pressure values.
[image: Table 2]5 CONCLUSION
In this research, we study the impact of activity and variability of solar radiation on the polar mesospheric clouds (PMCs) based on the correlations between the composite solar index Y10, the mesospheric temperature, and the ice water content (IWC). Surprisingly, this is the first time that Y10 has been used as an index of solar activity to study PMCs. We analyze the response of IWC to the mesospheric temperature and Y10 anomalies, respectively, through the superposed epoch analysis (SEA) method. It is found that when the temperature anomaly changes in response to the 27-day solar modulation, the IWC can respond rapidly, with an average response time lag of 0 days in the northern hemisphere (NH) and of 1 day in the southern hemisphere (SH). Further analysis shows the statistical significance is lower/weaker in the SH than in the NH.
The differences of temperature responses to Y10 between 16 SH and 16 NH PMC seasons are examined in detail, based on the data measured by the MLS at 0.46 Pa (about 84 km altitude). Among the PMC seasons with an obvious 27-day period, we find only two seasons in which the mesopause temperature is mainly modulated by solar forcing. According to the latitude-dependent temperature time lag, the PMC seasons modulated by atmospheric dynamics can be divided into two categories: 1) the time lag increases with increasing latitude and 2) the time lag hardly changes with latitude. Therefore, we infer that there exist two different dynamic modulation mechanisms at the mesopause. Meanwhile, it is also found that the temperature responses exhibit similar characteristics every 11 years, such as NH 2005 vs. NH 2016, and SH 2004/2005 vs. SH 2014/2015. This may be related to the 11-year activity cycle of the Sun. In addition, comparing the average response to 27-day solar forcing over latitudes of 53°–81° at 0.10 Pa, 0.22 Pa, and 0.46 Pa in different PMC seasons, it is found that in nine cases, the time lag increases with decreasing atmospheric pressure (e.g., decreases with increasing altitude) and all are modulated by atmospheric dynamics.
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