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Abstract

The global distribution and variations of the monthly mesopause temperature are presented during 2002-2019 covering the

latitudes of 83°S-83°N based on Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) observations.

To investigate the long-term trend and solar response of the mesopause temperature, a three-component harmonic fit is first

applied to remove the seasonal variation from the monthly temperature data series. Then a multiple linear regression model is

performed to residual temperatures versus constant, time series, solar activity, and geomagnetic activity terms. In this study,

the mesopause temperature shows a cooling trend through all latitudes ranging from -0.002 to -0.113 K/year with a mean

of -0.069 ± 0.036 K/year. The cooling trends in the southern hemisphere are observed to be relatively stronger than those

in the northern hemisphere. For high latitudes (60°– 80°), significant negative trends can be detected during the non-summer

time, while no significant trends are found for summertime. The mesopause temperature shows apparent positive responses to

solar activity through all latitudes ranging from 2.74 to 4.76 K/100sfu with a mean of 3.94 ± 0.59 K/100sfu, which are more

significant and stable in the northern hemisphere. There is a pronounced drop in solar response near the equator, which could

be caused by tidal forcing at low latitudes. It is noteworthy that the length of the time interval for analysis is the main factor

influencing the quality of the results. Our results, using an eighteen years interval, are expected to be a robust reference for the

mesopause temperature variations.
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Key Points: 10 

 The mesopause temperature during 2002-2019 shows a cooling trend through 11 
all latitudes ranging from -0.002 to -0.113 K/year.  12 
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 A long enough length of the time interval for analysis is the main factor 15 
guarantying the quality of the results. 16 
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Abstract 18 

The global distribution and variations of the monthly mesopause temperature are 19 
presented during 2002-2019 covering the latitudes of 83°S-83°N based on Sounding 20 
of the Atmosphere using Broadband Emission Radiometry (SABER) observations. To 21 
investigate the long-term trend and solar response of the mesopause temperature, a 22 
three-component harmonic fit is first applied to remove the seasonal variation from 23 
the monthly temperature data series. Then a multiple linear regression model is 24 
performed to residual temperatures versus constant, time series, solar activity, and 25 
geomagnetic activity terms. In this study, the mesopause temperature shows a cooling 26 
trend through all latitudes ranging from -0.002 to -0.113 K/year with a mean of -0.069 27 
± 0.036 K/year. The cooling trends in the southern hemisphere are observed to be 28 
relatively stronger than those in the northern hemisphere. For high latitudes (60°– 29 
80°), significant negative trends can be detected during the non-summer time, while 30 
no significant trends are found for summertime. The mesopause temperature shows 31 
apparent positive responses to solar activity through all latitudes ranging from 2.74 to 32 
4.76 K/100sfu with a mean of 3.94 ± 0.59 K/100sfu, which are more significant and 33 
stable in the northern hemisphere. There is a pronounced drop in solar response near 34 
the equator, which could be caused by tidal forcing at low latitudes. It is noteworthy 35 
that the length of the time interval for analysis is the main factor influencing the 36 
quality of the results. Our results, using an eighteen years interval, are expected to be 37 
a robust reference for the mesopause temperature variations. 38 

1. Introduction 39 

The mesopause is the transition between the mesosphere and the thermosphere, which 40 
is located at “the altitude of the absolute minimum in the temperature” (She & Zahn, 41 
1998). The mesopause layer separates two distinct dynamical regions of the upper 42 
atmosphere: the mesosphere, where atmospheric processes are mainly dominated by 43 
internal variability caused by upward propagating waves; and the thermosphere, 44 
which is mainly influenced by external solar effects. The thermal structure of the 45 
mesopause controlled by a complex interaction of dynamics, radiative transfer, and 46 
photochemistry (Smith, 2004). In general, the energy budget in the vicinity of the 47 
mesopause is governed primarily by radiative processes. Adiabatic heating and 48 
cooling mechanisms by the general circulation, transport of heat by convective 49 
instability and energy deposition by gravity waves also play important roles in the 50 
energetics of the mesopause region (Brasseur & Solomon, 2005). Previous studies 51 
have suggested that human-induced emissions of carbon dioxide and methane could 52 
also lead to mesopause perturbations. It has been revealed by Roble and Dickinson 53 
(1989) that the increase of greenhouse gases leads to cooling in the middle 54 
atmosphere. Beig et al. (2003) summarized that if greenhouse gas (CO2) 55 
concentrations were doubled, the temperature in the mesopause region (80 – 100 km) 56 
would be decreased by 5 – 6 K on a globally averaged basis. 57 
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Determination of the mesopause temperature long-term trend and solar response is a 58 
necessary but rather challenging task, primarily because of the limited sampling and a 59 
limitation in length of data records. However, in recent decades, many observations 60 
have been conducted to estimate the long-term variation of the mesopause region (80 61 
– 100 km) temperature and its response to solar activity. According to rocket research, 62 
long-term cooling at heights of 25 – 90 km was showed by Semenov et al. (2002) 63 
suggesting systematic subsidence of the upper atmospheric layers. Berger and Lübken 64 
(2011) reported a cooling trend on the order of 2 – 4 K/decade in the mesosphere 65 
during 1961 – 2009 by using the Leibniz-Institute Middle Atmosphere (LIMA) model 66 
and, for the first time, confirmed the extraordinarily large trends from observations 67 
with the modeling of mesospheric temperature trends. Based on the analysis of the 68 
LIMA model results, Lübken et al. (2013) revealed that CO2 is the main driver of 69 
cooling trends in the mesosphere, whereas O3 contributes approximately one third. 70 
She et al.(2015) deduced the long-term midlatitude temperature trend from 1990 to 71 
2014 of Na lidar observations and exhibited a cooling trend of 0.64 0.99 K/decade at 72 
85 km, increasing to a maximum of 2.8 0.58 K/decade between 91 and 93 km, and 73 
then shifting to a warming trend above 103 km. As for the solar response, Forbes et al. 74 
(2014) conducted an analysis of the middle atmosphere temperatures, measured by 75 
SABER during 2002 – 2013, on both fixed altitude and fixed pressure levels and 76 
reported a detectable solar dependence of 3 – 5 K/100 solar flux units (sfu) at 80 – 90 77 
km occurring between  60° latitude. The satellite analysis of Tang et al. (2016) 78 
indicates that the global solar response of the mesopause temperature is 4.89 0.67 79 
K/100sfu based on the Sounding of the Atmosphere using Broadband Emission 80 
Radiometry (SABER) observations for the period of 2002 – 2015. Some researchers 81 
reported both two works at the same time. Offermann et al (2010) analyzed annual 82 
mean hydroxyl (OH) temperatures at Wuppertal (51°N, 7°E) and found a long-term 83 
trend of -0.23 K/year and a solar flux sensitivity of 0.035 K/sfu for the time interval of 84 
1988 – 2008. Kalicinsky et al. (2016) also reported a cooling trend of -0.089 0.055 85 
K/year and a significant positive sensitivity to the solar activity of 4.2 0.9 K/100sfu 86 
in the mesopause region at Wuppertal (51°N, 7°E) by analyzing the OH temperature 87 
data series from 1988 to 2015. The Na lidar observations at 41°N during 1990 – 2018 88 
of Yuan et al. (2019) indicated a cooling trend of 2.5 0.4 K/decade for the “high 89 
mesopause” (HM) and a similar 2.3 0.5 K/decade cooling trend for the “low 90 
mesopause” (LM), while that during 2000-2018 shows a statistically insignificant 91 
trend of -0.2 0.7 K/decade and -1 0.9 K/decade for the HM and the LM, 92 
respectively. And the lidar data also demonstrated a large response to solar flux 93 
variation of 0.03 0.1 K/sfu for the LM and 0.01 0.007 K/sfu for the HM. The 94 
reviews of temperature trend and its solar response in the mesosphere is summarized 95 
by Beig et al. (2003; 2006; 2008; 2011a; 2011b). It appears that the long-term 96 
temperature trends as well as its solar responses in the mesosphere are not uniform in 97 
magnitude but mostly agree in sign with the negative temperature trend and the 98 
positive solar response.  99 
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The reported long-term temperature trends and solar responses mostly focus on 100 
certain locations, and the researches covering a global scale with respect to the 101 
mesopause temperature variation are relatively rare. However, with a larger scope and 102 
longer records, SABER onboard the Thermosphere Ionosphere Mesosphere 103 
Energetics and Dynamics (TIMED) satellite provide a high-quality data source for the 104 
global mesopause temperature, thus producing an opportunity for quantitative 105 
assessment of mesopause temperature long-term trend and solar response. In this 106 
paper, using SABER data spanning from February 2002 to August 2019, we obtain 107 
the monthly mesopause temperatures from 83°N to 83°S with every 10° interval first, 108 
and then investigate their long-term trends and solar responses.  109 
Section 2 provides an overview of the data sets used and describes the analysis 110 
methods in detail, including a harmonic fit with annual, semiannual and terannual 111 
components and a multiple linear regression model. Section 3 presents the results and 112 
discussion. Section 4 provides some further discussion, and Section 5 provides the 113 
concluding remarks. 114 

2. Data and Method 115 

2.1 Data Sets 116 

The kinetic temperature data used in this paper were measured by the SABER 117 
instrument onboard the TIMED satellite, which was launched in December 2001. The 118 
TIMED orbits at an altitude of about 625km with an orbital inclination of 74.1° and 119 
makes 15 orbits per day with a period of 1.6 h. Thus, it takes about 60 days to 120 
complete full 24-hour coverage of local time (Russell et al., 1999). SABER has 121 
become one of the longest (18 years since 2002) operating infrared sensors, providing 122 
about 1400 vertical profiles of kinetic temperature a day from the tropopause to the 123 
lower thermosphere region. The latitude coverage of the SABER limb scan is 83°N-124 
52°S or 52°N-83°S, with alternating coverage due to the spacecraft yaw cycle every 125 
60 days. More detailed descriptions of the SABER instrument and the data retrievals 126 
can be found in Remsberg et al. (2008) and Mertens et al. (2009). The SABER data 127 
were downloaded from http://saber.gats-inc.com/. 128 

In this paper, the TIMED/SABER version 2.0 temperature data were used for the 129 
period from February 2002 to August 2019 to obtain the mesopause temperatures. 130 
Every vertical profile of temperature was first linear interpolated at each 0.2 km in 131 
altitude from 40 km to 100 km and binned in a 10° latitudinal band from 83°S to 132 
83°N. Then, the monthly averaged temperature profiles were calculated; actually, the 133 
monthly averages are the 60-day means centered on the fifteenth of each month. This 134 
averaging can mostly eliminate the influence caused by the migrating tides since 135 
SABER takes 60 days to cover all 24-hour local time at one given location. And then, 136 
the cold point mesopause (the altitude of the absolute minimum in the temperature, 137 
(She & Zahn, 1998)) and the corresponding mesopause temperature of each monthly 138 
averaged zonally temperature profiles were determined. For each latitude bin, 139 
repeating this process for each month during 2002-2019, a time series of the monthly 140 
means of mesopause temperature was formed in every 10° zonal band between 83°S - 141 
83°N as shown in Figure 1. There are some missing measurements months at high 142 
latitudes (52°N-83°N or 52°S-83°S) due to the yaw cycle of SABER, which usually 143 
are April, August or December in the northern hemisphere; February, June or October 144 
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in the southern hemisphere. Additionally, the data series shows large gaps of several 145 
months due to technical problems in the years 2014 and 2015. These missing months 146 
have been excluded from the following analysis. Figure 1 clearly presents the 147 
presence of a pronounced annual variation with high temperatures during winter and 148 
low temperatures during summer at middle and high latitudes, which is consistent 149 
with other researchers reports (e.g., Lübken & von Zahn, 1991; She & von Zahn, 150 
1998; Berger & von Zahn, 1999; Xu et al., 2007; Venkat Ratnam et al., 2010; 151 
Kalicinsky et al., 2016). 152 

 153 
Figure 1. Monthly averaged mesopause temperatures derived from SABER measurements for 154 
different latitude bins as a function of the time of the month from February 2002 to August 2019. 155 
The blank gaps are due to data missing.  156 

The solar radio flux index F10.7 (daily) and Kp index (three hourly) from 2002 to 157 
2019 are used as proxies for solar extreme ultraviolet (EUV) radiation and 158 
geomagnetic activity, respectively. F10.7 flux index is commonly used as an indicator 159 
of solar activity in many middle and upper atmospheric temperature trend studies 160 
(Forbes et al., 2014; Yuan et al., 2019). The average F10.7 is calculated as 161 

 adj ctr81F10.7 F10.7 F10.7 2=( + ) /   (1) 162 

where adjF10.7  is 10.7 cm solar radio flux which has been adjusted to 1 AU and 163 

expressed in units of 22 210 W/m /Hz . ctr81F10.7  is an 81-day arithmetic average of 164 

daily adjusted F10.7 index, centered on the day of interest. This average F10.7 can be 165 
suitable for describing solar activity variation (Richards et al., 1994). F10.7 and Kp 166 
were downloaded from http://celestrak.com/SpaceData/. Monthly means of the F10.7 167 
index and Kp index are computed for each month, yielding 212 points. Taking 168 
temperature data in the 70°N, 40°N, and 10°N latitude bins from Figure 1 to represent 169 
the high-, mid- and low- latitude areas, respectively, we plot their monthly time series 170 
in Figure 2 together with the associated F10.7 and Kp indices. Similar to the height of 171 
the mesopause, mesopause temperatures at high latitudes also present low summer 172 
level as shown in Figure 2(a). The blue points in Figure 2 are yearly averages. The 173 
solar cycle in yearly mesopause temperature can be easily seen.  174 
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 175 
Figure 2. Long-term observational monthly mesopause temperatures derived from SABER in 176 
different latitude bins (a) 70°N, (b) 40°N and (c) 10°N, and the corresponding monthly means of 177 
(d) F10.7 and (e) 3-hourly Kp indices for the period February 2002 – August 2019. The blue 178 
points are yearly averages calculated from different months. 179 

2.2 Data Processing 180 

2.2.1 Removing Seasonal Variation 181 

Multiday period signals are well eliminated by using monthly means. In order to study 182 
the long-term trend and solar response of the mesopause temperature, an important 183 
question is how to eliminate the seasonal variation from the monthly mean 184 
temperature series. Figure1 and Figure2 clearly reveal the presence of a pronounced 185 
annual variation at middle and high latitudes with low temperatures during summer 186 
and high temperatures during winter. Bittner et al. (2000) applied the maximum 187 
entropy method to find dominant frequency components to model the seasonal 188 
behavior of the temperatures in the upper mesosphere and reported that annual, 189 
semiannual and terannual cycles need to be taken into account when modeling the 190 
whole time series. The seasonal variation in temperature is commonly characterized 191 
by a sum of an annual, semiannual and terannual harmonics (Bittner et al., 2000; 192 
Offermann et al., 2003, 2004, 2010; Perminov et al., 2014; Ammosova et al., 2014; 193 
Kalicinsky et al., 2016). Following the method used before in those studies, we 194 
perform a three-component harmonic fit analysis on monthly mean temperatures for 195 
each latitude bands separately. Then, residual temperatures after removing seasonal 196 
variation can be obtained by subtracting the harmonic fit:  197 

(d)
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1

2
( ) ( ) sin( )res i i

i i

y t y t A t
 


    (2) 198 

with 12month /i i  , where ( )y t  is the measured monthly mean mesopause 199 

temperature series, t  is the time points in months from the February 2002, iA  and 200 

i  are the amplitudes and phases of the sinusoids. The calculated residual 201 

temperatures with seasonal variation removed for each latitude zone we will use 202 
further in the study to analyze the long-term trend and solar response.  203 

 204 
Figure 3. (a) Seasonal variation of a composite year for the 70°N, 40°N, and 10°N. Black solid dots 205 
are monthly mean mesopause temperature by averaging all January, February, etc. values from 2002 206 
to 2019. The red solid lines are harmonic fit with annual, semiannual and terannual terms. (b) 207 
Temperature residuals obtained by subtracting the seasonal variation from the monthly mean 208 
temperatures. 209 

The seasonal variation of a composite year for the 70°N, 40°N, and 10°N latitudes is 210 
shown in Figure 3(a) as a typical example, which is indicated by the black solid dots. 211 
The composite year of the mesopause temperature is formed by averaging all January, 212 
February, etc. monthly means during 2002-2019. Figure 3(a) reveals a clear annual 213 
variation at middle to high latitudes and a pronounced semiannual variation at low 214 
latitudes with low temperatures during summer and winter and high temperatures 215 
during spring and autumn. The red solid lines in Figure 3(a) show their corresponding 216 
three-component harmonic fits. Subtraction of the harmonic fit yields the residual 217 
temperatures with seasonal cycle removed plotted in Figure 3(b). 218 

2.2.2 Detecting Long-term Trends and Solar Responses 219 

The long-term trend and solar response can be determined for each latitude bin by 220 
using multiple linear regression (MLR) model to the seasonal variation removed 221 
temperature residuals with terms of constant, time, F10.7, Kp. This model takes the 222 
following terms: 223 

 2
res ( ) ( ) ( ) ( )y t a b t c s t d s t f k t           (3) 224 

where ( )resy t is the monthly residual mesopause temperature series with seasonal 225 

variation removed from the equation (2); t  is the monthly time series points since 226 
February 2002; ( )s t  is monthly means of the solar 10.7 cm flux derived from the 227 
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equation (1); ( )k t  is monthly means of the three-hourly Kp index. The constant a , 228 
long-term trend b  in K/month, F10.7 and Kp term coefficients c , d  and f  are 229 
obtained through least-squares fit for any given latitude bin. A clear saturation effect 230 
between the upper atmospheric temperature and F10.7 index at high values of F10.7 231 
has been well explored, which is addressed by adding a quadratic term in the F10.7 232 
dependence in the equation (3). And a similar treatment for F10.7 has been widely 233 
used (e.g., Holt & Zhang, 2008; Ogawa et al., 2014).  234 

 235 
Figure 4. The new secondary T residuals (black dots) generated by removing the other two 236 
parameters effects from the seasonally corrected temperature data for (a) long-term trend, (b) 237 
F10.7 and (c) Kp in the different latitude bins (top) 70°N, (middle) 40°N and (bottom) 10°N. See 238 
the text for more details. Red lines are the least square fit to the black dots. The corresponding 239 
fitting slope coefficients are given in the top left corner of each plot. Orange solid dots in Figure 240 
4a are yearly means calculated from different months in every year from 2002 to 2019.  241 

With the equation (3) and the time series of the residual temperatures after 242 
subtracting the seasonal components from the equation (2), new secondary monthly 243 
temperature residuals (black dots) and a linear fit (red lines) to them are shown in 244 
Figure 4. The secondary trend T residuals (black dots) in Figure 4a are calculated by 245 
removing regression values with all terms except for the trend one (i.e., with the 246 
constant, solar activity F10.7 and geomagnetic activity Kp terms being subtracted 247 
from the seasonally corrected temperatures) for different latitude bins. The yearly 248 
means averaging every months of the year from 2002 to 2019 are indicated by orange 249 
solid dots. The long-term trend can be easily obtained by using the least-squares linear 250 
fitting (red line) to these T residual points with time. The results in K/year are 251 
presented in the top left corner of each plot. As suggested by previous studies (e.g., 252 
Hood et al., 1991), the chemical composition and thermal structure of the middle 253 
atmosphere could be affected by the periodic changes during the solar cycle. Thus, the 254 
solar cycle influence on temperature should be filtered properly when one detects the 255 
long-term temperature trend (Beig, 2002). In this study, the obtained temperature 256 
long-term trend has filtered out the solar influence by subtracting F10.7 related terms 257 
from the residual temperatures. Clear cooling trends can be seen in Figure 4a and they 258 
change with latitude. 259 

The temperature residuals related to F10.7 (black dots) in Figure 4b are generated by 260 
subtracting all regression terms except for the F10.7 terms in the equation (3). A 261 
least-square fit to them is shown by the red line and the solar response in K/100sfu is 262 

70°N

40°N

10°N
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given in the top left corner of each plot. The positive relation between the mesopause 263 
temperature and the solar cycle is a signature feature. Similarly, the Kp temperature 264 
residuals (black dots) in Figure 4c are calculated by subtracting all regression terms 265 
except for the Kp one. A linear fit to them is shown in red line with its fitting slope 266 
coefficients in K/Kp shown in the top left corner of the plot by the black text.  267 

In this way, the obtained long-term trend of the mesopause temperatures has been 268 
eliminated the seasonal, solar and geomagnetic effects. Similarly, the solar response 269 
also has been removed the seasonal, long-term trend and geomagnetic components. 270 
We will discuss the latitudinal variation of the long-term trend and solar response in 271 
the following sections and provide some brief discussion on the results. 272 

3. Results and Discussion 273 

3.1 SABER Measured Mesopause Temperatures 274 

The Monthly averaged mesopause temperatures derived from SABER measurements 275 
for different latitude bins from February 2002 to August 2019 are shown in Figure 1. 276 
The mesopause temperature is the coldest point of the monthly averaged SABER 277 
temperature profiles between 80 km and 110 km. The monthly variability of 278 
mesopause temperatures is similar from year to year. Note that, at high latitudes, there 279 
is a clear colder summer level in both hemispheres as indicated in Figure 1. For 280 
example, in the northern hemisphere, the mesopause temperature at high latitudes 281 
(60°N—80°N) drops in summer months from May to August with mean of 151 K and 282 
picks up in the other non-summer months with a mean of 183 K, which is consistent 283 
with the two-level structure of mesopause locations. This structure is in general 284 
agreement with lidar observations of the mesopause presented by She and von Zahn 285 
(1998) as well as in suit falling spheres and Na lidar measurements performed by 286 
Lübken and von Zahn (1991). They explained the extremely low temperatures at the 287 
pole mesopause in summer are caused by adiabatic upward motion connected with a 288 
global scale meridional circulation which is set up by the interaction of breaking 289 
gravity waves with the zonal mean flow (Lübken & von Zahn, 1991). Based on Figure 290 
1, we group the mesopause temperatures data into two sets according to month. The 291 
mesopause during the summer months (May, June, July, and August for the northern 292 
hemisphere; November, December, January, and February for the southern 293 
hemisphere) is categorized as “cold mesopause”, mostly dominated by the adiabatic 294 
cooling, and the other during the non-summer months as “warm mesopause”, mainly 295 
controlled by the radiative cooling process (Yuan et al., 2019). In the following 296 
subsections, we will describe the long-term trend and solar response variability with 297 
respect to these two kinds of mesopause temperatures. 298 

3.2 Mesopause Temperature Long-term Trends 299 

3.2.1 Latitudinal Variations 300 
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 301 
Figure 5. (a) The mesopause temperature trends as a function of the latitude for the time interval 302 
of 2002 – 2019. The trends for each latitude are given in black text on the left side of the curve. 303 
(b) Latitudinal variation of the mesopause temperature trends for summertime and non-summer 304 
time. The orange line indicates the summertime trends in K/year and the blue line the non-summer 305 
trends. The straight dashed line shows the zero line. 306 

In Figure 5, we present results for the long-term trend variability with latitude after 307 
removing seasonal, solar cycle and geomagnetic activity influences as described in the 308 
previous section. The mesopause temperature trends shown in Figure 5a are derived 309 
from all available monthly data spanning over 18 years from February 2002 to August 310 
2019 at each latitude. The results in K/year are presented on the left side of the curve 311 
with black text. Very clear cooling trends can be seen throughout the entire latitude 312 
range except for 40°N and 60°N where the values are only slightly below 0 K/year. 313 
The trends change with latitude and are stronger (toward negative) at the equator and 314 
high latitudes. The cooling trend in the southern hemisphere is observed to be stronger 315 
as compared to that in the northern hemisphere. The pronounced cooling trend in the 316 
southern hemisphere may be related with a strengthening eastward flow in the 317 
southern high latitude polar vortex as a result of ozone photochemical depletion, 318 
which reduces the penetration of upward planetary waves into southern winter 319 
mesosphere (French & Burns, 2004; Andrew et al., 2012). The derived cooling trend 320 
is in the range of -0.002 to -0.113 K/year with a mean of -0.069 ± 0.036 K/year in 321 
Figure 5a, implying the global mesopause temperature reduction over the past 322 
eighteen years from 2002 to the present time is in the range of 0.036 – 2.03 K. This is 323 
consistent with the conclusion suggested by Laštovička et al. (2006) that the upper 324 
atmosphere is generally cooling and contracting. And they also indicated that the 325 
dominant driver of these cooling trends in the upper atmosphere is increasing 326 
greenhouse forcing. In the mesopause region (80 – 100 km), doubling of CO2 leads to 327 
5 – 6 K cooling on a globally averaged basis (Beig et al., 2003). Additionally, based 328 
on model calculation, Bremer and Berger (2002) pointed out that mesospheric 329 
temperature trends are influenced not only by the increase of greenhouse gases (CO2) 330 
but also by a decrease of the atmospheric ozone (O3). Additionally, the known 331 
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potential drivers to some extent also include anthropogenic changes of water vapor 332 
and natural long-term variation of geomagnetic activity (Laštovička et al., 2008). 333 

The temperature cooling trend in the mesopause region has been indicated by several 334 
past studies (e.g., She et al., 2015; Yuan et al., 2019). However, the temperature 335 
cooling trends near the mesopause observed by SABER after subtracting seasonal, 336 
solar and geomagnetic components are generally smaller than the temperature trends 337 
at heights of 50 to 80 km. The lack of strong cooling trend near the mesopause is 338 
consistent with model simulation (Garcia et al., 2007) and agrees reasonably with a 339 
variety of observation results (rocketsonde, lidar, satellite, etc.) in the comprehensive 340 
review summarized by Beig et al. (2003, 2006, 2011b). It thus appears that the 341 
temperature trends near the mesopause are not statistically significant with the order 342 
of a few K per year. But they almost agree in sign. As pointed out by Beig (2011b), 343 
various trend analysis results reported by different workers are a snapshot of the time 344 
period covered. The period of measurements is not identical in these results, hence, 345 
which could lead to different trends in magnitude obtained by different investigators.  346 

The mesopause temperature exhibits a distinct summer/non-summer difference at 347 
high latitudes in both hemispheres. As mentioned in section 3.1, we here define the 348 
summertime as May-August for the northern hemisphere and November-February for 349 
the southern hemisphere corresponding to the “cold mesopause”; the non-summer 350 
time as the rest months corresponding to the “warm mesopause”. Figure 5b shows the 351 
trend derived from a least-square linear fitting using summertime and non-summer 352 
time temperature residuals respectively. In general, the non-summer trend first 353 
decreases gradually from the equator to low and middle latitudes for both hemispheres 354 
and then show a sharply increasing cooling with latitude extending to poleward. 355 
These cooling trends at high latitudes are statistically significant. At 80°N and 80°S 356 
latitude, the non-summer cooling trend reaches the local maximum with the trend of -357 
0.53 K/year and -0.41 K/year, respectively. The temperature trends for summer 358 
months show apparent cooling trend at low and middle latitudes of 50°N – 50°S and 359 
are stronger than those for non-summer months at almost latitudes except for 30°S. 360 
Summer trends for the latitudes from 60° to 80° in both hemispheres are not presented 361 
here, as the results are statistically insignificant. With falling sphere measurements 362 
(69°N) and rocket grenade (~70°N) data for the altitude range 50 – 85 km, Lübken 363 
(2000, 2001) also reported negligible temperature trends during summer for high 364 
latitudes. Similarly, using the ground-based hydroxyl (OH) temperatures observed at 365 
Stockholm (59.5°N, 18.2°E) from 1991 to 1998, Espy and Stegman (2002) examined 366 
the trends on a month to month basis and revealed no significant trend during the 367 
high-latitude polar summer.  368 

3.2.2 Monthly Variations 369 
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 370 
Figure 6. (a) Latitude versus month variations of the mesopause temperature long-term trend. 371 
Contours are marked with trend values at a 0.5 K/year unit interval between -4 K/year and 2 372 
K/year. (b) The corresponding means of long-term temperature trends (K/year) for each month 373 
during the course of the year. The vertical bars indicate the fluctuation range of trends at different 374 
latitudes from 50°N to 50°S. The annual mean of the monthly trend points is shown by the dashed 375 
line and the mean value is shown by black text in the lower right corner of the plot. 376 

Monthly trends can be obtained by sorting data with different years in the time 377 
interval 2002 – 2019 according to the month. Figure 6a gives a monthly variation of 378 
the mesopause temperature long-term trends at different latitudes ranging from 50°N 379 
to 50°S with every 10° interval and their means from every latitude bins of each 380 
month are plotted in Figure6b. For poor data completeness caused by the instrument 381 
yaw cycle and failure, the monthly results obtained at high latitudes 60° – 80° in both 382 
hemispheres are not included here. The trends are more variable from one month to 383 
another, especially in the northern hemisphere than in the southern hemisphere. At 384 
50°N latitude, for example, the trend exhibits a characteristic semiannual variation 385 
with stronger cooling in February and September, and slightly weaker cooling or even 386 
warming in other months. This variation is similar to the monthly long-term 387 
temperature trends result (Figure 9) published by Offermann et al. (2010) who used 388 
upper mesosphere (87 km) hydroxyl (OH) temperatures at Wuppertal (51°N, 7°E) in 389 
1987-2008. Note that, however, the amplitude of monthly trends centered at 50°N in 390 
Figure 6 is larger than Offermann’s (Offermann et al., 2010, their Figure 9). In 391 
addition to different data sources, different data coverage could also lead to this 392 
difference, which will be discussed in the following section. At 30°N – 50°N latitude, 393 
there is a remarkable cooling trend observed in February and a prominent warming 394 
trend in October. They are symmetrical about June. It is interesting to note that there 395 
are another two similar distributions that are symmetrical about summertime. One pair 396 
is the apparent warming that emerges in April centered at 30°N with a corresponding 397 
cooling in October at 20°N. The other pair is located in the southern hemisphere with 398 
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a prominent cooling in April at 10°S and moderate warming in October at 20°S. The 399 
result shown in Figure 6a indicates that the behavior of mesopause temperature long-400 
term trends is generally hemispherically symmetric at low and middle latitudes. The 401 
monthly trend curve presented in Figure 6b shows large trend differences between a 402 
moderate cooling of -0.72 K/year in October to a deep cooling of -1.95 K/year in 403 
February. The annual mean of the shown points is -1.34 ± 0.38 K/year. They are all 404 
below 0 K/year, exhibiting cooling trends during the course of the year. The trend 405 
fluctuations shown by the vertical bars are larger during the spring and autumnal 406 
equinox periods as compared with those during summer and winter seasons, which 407 
could be caused by strong dynamic forcing in the mesopause region during equinox 408 
months over the global. The gravity waves and the planetary waves propagate upward 409 
and equatorward more effectively at equinox, breaking and depositing their energy in 410 
the uppermost mesosphere (Remsberg et al., 2008), and contribute to enhanced 411 
vertical mixing.  412 

3.2.3 Solar Activity Dependency 413 

 414 
Figure 7. Latitudinal distribution of the long-term temperature trends for low solar activity and high 415 
solar activity divided by F10.7 at (a) 105, (b) 110, (c)115, (d)120, (e)125 respectively. Black text is 416 
the number of the corresponding data points. 417 

Figure 7 provides the latitudinal variation of temperature trends derived from the 418 
trend residuals with F10.7 indices divided into two levels at 105, 110, 115, 120, 125 419 
respectively. The corresponding number of data points are shown by the black text in 420 
each plot. These numbers include a little missing data at each latitude as indicated in 421 
Figure 1. Compared with high solar activity indicated by the orange line in Figure 7, 422 
the variation of the trends as a function of F10.7 shows little variability for low solar 423 
activity. And a relatively stable cooling exists throughout the almost entire latitude 424 
ranging from 80°N to 80°S for low solar activity where the trends are below or 425 
slightly above (only 60°N) 0 K/year. However, the variation of the trends for high 426 
solar activity shows varied and large variability with latitude. And these variations are 427 
observed being stronger with F10.7 increasing. At 60°N – 80°N latitude, the trends 428 
shift to warming from cooling trend when F10.7 indices are larger than 115 sfu. And 429 
the apparent increasing warming occurs at 30°N – 50°N latitude with the highest 430 
warming 0.64 K/year appearing at 40°N for F10.7 beyond 125 sfu. Interestingly, for 431 
the variation of the trends as a function of F10.7, a reverse transition from slightly 432 
warming to cooling appears at 20°N latitude. And strong increasing cooling exists 433 
throughout the latitude range from 10°N to 50°S with the deepest cooling -0.94 434 
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K/year at 20°S latitude for F10.7 reaching beyond 125. The trends, however, between 435 
60°S – 80°S behave differently again with apparent warming. And this warming trend 436 
increases rapidly with increasing F10.7 especially at 70°S latitude reaching 1.01 437 
K/year. The different behavior of trends at different latitudes between low F10.7 index 438 
and high F10.7 index indicates that the enhanced solar activity can cause the trend to 439 
be strengthened no matter cooling or warming, implying the trend dependence on 440 
solar activity is more significant at high solar activity than low solar activity. 441 

3.3 Mesopause Temperature Solar Responses 442 

3.3.1 Latitudinal Variations 443 

 444 
Figure 8. (a) Solar responses at different latitudes ranging from 80°N to 80°S with every 10° 445 
interval. The solar response for each latitude is provided by black text on the right side of the 446 
curve. (b) Solar responses at different latitudes for summertime and non-summer time. The orange 447 
line indicates the summertime solar responses in K/100sfu and the blue line of the non-summer 448 
solar responses. 449 

According to the method mentioned in Section 2.2, we obtain the solar responses at 450 
each latitude from 80°N to 80°S, which are derived from temperature residuals as 451 
shown in Figure 4b with the seasonal cycle, constant term, long-term trend and 452 
geomagnetic activity removed. The results are shown in Figure 8a and solar responses 453 
for each latitude in K/100sfu are given by the black text on the right side of the curve. 454 
And Figure 8b shows the corresponding summer and non-summer solar response for 455 
each latitude. Months of May-August in the northern hemisphere and November-456 
February in the southern hemisphere are considered for summer. As shown in Figure 457 
8a, the curve shows positive solar responses throughout the entire latitudes with a 458 
maximum of 4.76 K/100sfu at 80°N and a minimum of 2.74 K/100sfu at 10°S, 459 
implying a positive correlation between temperature and solar activity. The mean 460 
value of the shown solar response points is 3.94 ± 0.59 K/100sfu. The lower 461 
responses of the temperature to solar radio flux F10.7 with the order of 2 – 3 K/100sfu 462 
generally are observed at equatorial to middle latitudes in the southern hemisphere, 463 
while the larger values are found throughout the northern hemisphere with ~4 464 
K/100sfu. Figure 8a indicates stronger mesopause solar responses in the northern 465 
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hemisphere than the southern hemisphere. This latitudinal distribution is consistent 466 
with the previous mesopause region (80 – 100 km) solar response results summarized 467 
in the review by Beig (2011a). The expected significant positive results obtained here 468 
are consistent with other solar response studies. Beig and Fadnavis (2009) has 469 
reported the temperature analysis of rocketsonde from Thumba (8°N, 77°E), India 470 
during the period 1971 – 1993 and found solar response being negative in the 471 
stratosphere and positive in the mesosphere with a distinct boundary around 52 – 54 472 
km. A significant positive solar response of 3.5 0.2 K/100sfu over Wuppertal (51°N, 473 
7°E) is reported by Offermann et al. (2010) who used OH airglow measurements 474 
during the period 1987 – 2008 to derive the temperature near the mesopause region. 475 
Similarly, positive solar responses are also found in lidar datasets over Fort Collins 476 
(41°N, 105°W) during 1990 – 2007 in the mesopause region (She et al., 2009) and in 477 
the satellite-based temperature measurements as well as model results between  83° 478 
(Forbes et al., 2014). However, the magnitude of solar response in recent literature is 479 
reported to be different, which may be caused by the different seasonal distribution of 480 
observation as solar response at the mesopause is highly seasonally dependent 481 
(Offermann et al., 2004; Golitsyn et al., 2006). In addition, the differences in 482 
temperature response to solar activity are mainly caused by changes in the vertical 483 
distribution of chemically active gases and by changes in UV irradiation as well as the 484 
intervention of dynamics (Beig et al., 2008). 485 

The mesopause temperature response to solar activity is more variable in the southern 486 
hemisphere than in the northern hemisphere. This behavior, to some degree, can be 487 
explained by Figure 8b which shows that the difference of the solar response between 488 
summer and non-summer time is greater in the southern hemisphere as compared to 489 
that in the northern hemisphere, leading to a variable variation in the overall solar 490 
responses in the southern hemisphere as shown in Figure8a. In general, solar 491 
responses in the northern hemisphere are more significant in magnitude than those in 492 
the southern hemisphere. And the mesopause temperature responses on solar activity 493 
near the equator region are relatively weaker than the mid-high latitudes as shown in 494 
Figure 8a. In the review of the mesospheric and lower thermospheric temperature 495 
response to solar activity, Beig et al. (2002, 2008, 2011a) also reported that 496 
temperature solar response in the mesopause region appears to be relatively weaker 497 
for the tropical region. The lower solar activity sensitivity in this region may be 498 
associated with the relatively weaker correlation between the mesopause temperature 499 
and the F10.7 index near the equator shown in Figure 9c. This suggests that besides 500 
solar activity influence, there appears strong dynamical forcing from tides at low 501 
latitudes (at tropics), where tidal amplitudes are large (Beig et al., 2003; Remsberg et 502 
al., 2008). 503 

3.3.2 Monthly Variations 504 
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 505 
Figure 9. (a) Monthly variation of mesopause temperature solar responses at different latitudes 506 
ranging from 50°N to 50°S. The contour interval is 1 K/100sfu. (b) The corresponding means of 507 
solar responses for each month during the course of the year. The vertical bars indicate the 508 
fluctuation range of solar responses at different latitudes from 50°N to 50°S. The annual mean of 509 
the monthly solar response points is shown by the dashed line and the mean value is shown by 510 
black text in the lower-left corner of the plot. (c) Latitudinal distribution of correlation coefficients 511 
between the monthly mesopause temperature and the monthly F10.7 index. The black text shows 512 
the correlation coefficients at better than 99% significance at different latitudes. Gray dashed line 513 
indicates the mean correlation coefficient. 514 

Figure 9a further provides the monthly variations of solar responses at different 515 
latitudes ranging from 50°N to 50°S during the course of the year. The monthly solar 516 
response is calculated by sorting monthly data series, temperature residuals and the 517 
corresponding F10.7 indices, from different years during the period of 2002 – 2019 518 
according to the calendar month. Results for high latitudes (60° – 80°) are not 519 
included here for poor statistical robustness due to small numbers of sampling points 520 
in several months. From Figure 9a, we can see that solar responses have apparently 521 
different behavior between the two hemispheres. In general, significant and stable 522 
positive temperature responses are observed during all seasons throughout the 523 
northern hemisphere. And they vary slightly from month to month with a smaller 524 
swing of 0.33 K/100sfu at a mean level of 4.46 K/100sfu. In the southern hemisphere, 525 
however, solar response changes considerably with season (even in sign). The 526 
negative temperature response to solar activity is observed during August in 20°S – 527 
30°S latitude bins and during December in 40°S – 50°S latitude bins. The mean solar 528 
response throughout the southern hemisphere is relatively small: 3.32 K/100sfu with a 529 
larger fluctuation of 0.81 K/100sfu as compared to those in the northern hemisphere. 530 
The sign of the solar response changes depending not only on latitude but also on the 531 
season. 532 

We then calculate solar response means of every month from different latitudes and 533 
the results are shown in Figure 9b. The monthly sensitivity of mesopause temperature 534 
to solar radio flux shows apparent variation during the course of the year varying from 535 
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the smallest 2.05 K/100sfu in August to the largest 5.05 K/100sfu in January. The 536 
annual mean solar response as indicated by the gray dashed line is 3.84 0.78 537 
K/100sfu, suggesting a mesopause temperature swing of 4.3 1.19 K from solar radio 538 
flux minimum to maximum in a cycle of 153 sfu (65 to 218 sfu). Offermann et al. 539 
(2004) also reported different solar influences during different months of the year 540 
from OH temperatures measured at Wuppertal (51°N, 7°E) and the mean sensitivity is 541 
3.0 1.6 K/100sfu, which is similar with our result. The observed seasonal distinction 542 
of the mesopause temperature to solar activity is conceivably linked with the vertical 543 
distribution of some chemically active gas components and the changes of the solar 544 
UV radiation (Golitsyn et al., 2006). 545 

By using correlation analysis, we further obtain the correlation coefficients of the 546 
monthly series between raw mesopause temperature and the corresponding F10.7 547 
index for every latitude bin ranging from 50°N to 50°S with every 10° interval, as 548 
shown in Figure 9c. The latitudinal distribution of the correlation coefficient is 549 
symmetrical about 10°S. The correlation coefficients gradually increase first from the 550 
equator to the mid-low latitudes and then sharply decrease from the middle latitudes 551 
to the poles in both hemispheres, presenting an M shape. This M feature is consistent 552 
with the finding of Tang et. al (2016) who calculated global correlation coefficients 553 
between the annual mean mesopause temperature and F10.7 and stated that the 554 
correlation coefficients at middle latitude are higher than those of the equator and 555 
high-latitude regions. Thus, the monthly mesopause temperature is significantly 556 
correlated to F10.7 at low and middle latitudes, implying that when solar activity has 557 
an increasing or decreasing tendency, the mesopause temperature over that latitudes 558 
regions is generally increasing or decreasing too.  559 

4. Some Further Discussion 560 
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 561 

Figure 10. (a) The long-term trends of the mesopause temperature at different latitudes ranging 562 
from 80°N to 80°S with every 10° interval in time windows of lengths increasing from 8 to 18 563 
years. Abscissa gives the ending year of the window and runs from 2009 to 2019. The contour 564 
interval is 0.1 K/year. (b) Horizontal cut through the upper panel at 70°N, 50°N, 30°N and 0° 565 
indicated by the blue, red, green and orange curve respectively. Black vertical line located in 2012 566 
marks the 11-year time interval. Gray dashed line indicates the zero line. (c) As (a) but for solar 567 
responses. The contour interval is 0.5 K/100sfu. (d) As (b) but for solar responses. Gray dashed 568 
line indicates the mean solar response from the four curves. 569 
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In our analysis method of the mesopause temperature long-term trend and solar 570 
response, the seasonal effect in the raw monthly temperature data has been removed 571 
by subtracting a three-component harmonic fit, yielding the corresponding monthly 572 
residual temperatures. The temperature long-term trend derived from the multiple 573 
linear regression as given in the equation (3) has subtracted the influence of solar 574 
activity and geomagnetic activity. Similarly, the temperature solar response obtained 575 
in our results has detrended the influence from the long-term trend and geomagnetic 576 
activity. Also, the length of the time interval can be a noteworthy problem when 577 
estimating the true long-term trend and solar response in such an analysis. To 578 
demonstrate this, we artificially change the length of the time series, using a shorten 579 
data window from eight years to eighteen years. The variation of long-term trends and 580 
solar response at different latitude bins on an increased length of the data window is 581 
shown in Figure 10. The values of the first column are for the window 2002 – 2009 (8 582 
years). The next column values are for the window 2002 – 2010 (9 years). Each 583 
forward column includes one more year, and the last one is for the entire data series 584 
2002 – 2019 (18 years). The abscissa indicates the ending year of each data window. 585 
Figure 10a shows that an increasing data window gradually improves the stability of 586 
the results. The change of the long-term trend is no longer significant with the 587 
increasing of the length of the data window throughout all the latitude bins and 588 
exhibits a clear symmetrical distribution between the two hemispheres. However, the 589 
length of the data window for appearing fairly stable long-term trend differs slightly 590 
at different latitudes. To further clearly demonstrate this, horizontal cuts through 591 
Figure 10a at 70°N, 50°N, 30°N, and 0° are plotted in Figure 10b, representing the 592 
high, middle, low latitude and the equator, respectively. Except for 70°N, a 593 
remarkable decrease in the fluctuation of the long-term trends can be observed since 594 
2012 with an 11-year time interval, as indicated by the black vertical line in Figure 595 
10b. This decrease for 70°N is not observed until 2016 with a longer time interval of 596 
fifteen years. Then, they all are gradually close to below 0 K/year, presenting slight 597 
cooling trends, with the increasing of the length of the time interval. A similar feature 598 
is also observed in the variation of the solar response with the increasing length of the 599 
time interval at different latitudes as shown in Figure 10c. The mesopause temperature 600 
responses to solar activity at high latitudes are more sensitive and significant to the 601 
length of the time interval and take a longer time interval to decrease to a stable level 602 
as compared with those at middle and low latitudes. As presented in Figure 10d, the 603 
stabilization of the variation of the solar response at 70°N latitude only occurs after 604 
2016 when the time interval is longer than fifteen years, while the other three curves 605 
can start in the earlier four years since 2012 with an 11-year window marked by the 606 
black vertical line. Different lengths of the analysis time interval can lead to different 607 
results of the derived long-term trend and solar response. Based on the features at 608 
different latitudes presented in Figure 10, we could conclude that a relatively stable 609 
long-term trends and solar responses can be obtained with an analysis window only 610 
longer than one solar cycle (eleven years) for low and middle latitudes (50°N – 50°S), 611 
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and it takes more two to four years with a time interval of 13 – 15 years for high 612 
latitudes (60° – 80°). Thus, the analysis window in such analysis needs to be at least 613 
longer than one solar cycle, which is also discussed by Offermann et. al (2010) and 614 
Kalicinsky et al. (2016).  615 

 616 

Figure 11. (a) The temperature long-term trends at different latitudes with 11-year time windows 617 
for 50°N – 50°S and 15-year for 60° – 80°. Abscissa gives the beginning year of the window 618 
shifted through the data interval 2002 – 2019 in steps of one year. The contour interval is 0.05 619 
K/year. (b) Horizontal cut through the upper panel at 70°N, 50°N, 30°N and 0° indicated by the 620 
blue, red, green and orange curve respectively. Gray dashed line indicates the zero line. (c) As (a) 621 
but for solar responses. The contour interval is 0.5 K/100sfu. (d) As (b) but for solar responses. 622 
Gray dashed line indicates the mean solar response from the four curves. 623 
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Also, there is another noteworthy matter that whether or not the beginning and ending 624 
time of the analysis window, the phases of the solar cycle, influences the derived 625 
long-term trend or solar response, after using a long enough time window. To 626 
demonstrate this question, based on the results in Figure 10, we first chose a fixed 627 
analysis time window of eleven years for 50°N – 50°S and fifteen years for 60° – 80° 628 
latitude to calculate the long-term trend and solar response. Then, the time window is 629 
moved forward in steps of one year during the past 18 years. We start with the 630 
window of 2002 – 2012 for 50°N – 50°S and 2002 – 2016 for 60° – 80° and end with 631 
the window of 2009 – 2019 for 50°N – 50°S and 2005 – 2019 for 60° – 80° in both 632 
hemispheres. The results are shown in Figure 11. The results derived from a long 633 
enough fixed time window show some variation, but the variation is non-significant 634 
with the change of the beginning and end of the window. The standard deviation of 635 
long-term trends in Figure 11a is 0.075 K/year which is much smaller than the 636 
fluctuation of the long-term trends in Figure 10a with a standard deviation of 0.159 637 
K/year. As for the solar response, the standard deviation of the results in Figure 11c is 638 
0.69 K/100sfu which is also much decreased as compared to solar response 639 
fluctuation in Figure 10c with a value of 1.05 K/100sfu. The apparent stable variation 640 
of the long-term trend and solar response can also be observed in Figure 11b and 641 
Figure 11d as compared to the variation of the curves in Figure 10b and Figure 10d, 642 
respectively. It suggests that compared with the length of the time window, the 643 
variation amplitude of the long-term trends and solar responses caused by changing 644 
the beginning or ending time of the window is not significant, and this influence can 645 
be ignored though there are still some small variations. Thus, in such analysis, using a 646 
long enough time window, an increasing number of sampling points, will guarantee a 647 
robust result of the long-term trend or solar response. 648 

The length of the time interval in our analysis is eighteen years that is longer than one 649 
solar cycle, to some extent, leading to relatively reliable long-term trends and the 650 
solar response of the mesopause temperature for different latitudes. However, the 651 
available data sets covering two more solar cycles over the global scale are desired in 652 
the future study. 653 

5. Conclusions 654 

The SABER temperature observations between 2002 and 2019 provide eighteen years 655 
of continuous temperature data in the mesosphere and lower thermosphere. Using this 656 
data, we presented the monthly mean mesopause temperature variations from 657 
February 2002 to August 2019 between 83°N and 83°S latitude with every 10° 658 
interval. The SABER results demonstrated a two-level structure for the mesopause 659 
temperature at high latitudes with a colder temperature during summer, corresponding 660 
to the summer lower mesopause height. To investigate the long-term trend and solar 661 
response of the mesopause temperature, a three-component harmonic fit (a sum of an 662 
annual, semiannual and terannual cycles) was applied first to remove the seasonal 663 
variation from the monthly time series temperature data. And then a multiple linear 664 
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regression and the least-squares method were performed to detect the temperature 665 
long-term trends and solar responses.  666 

The long-term trends of the mesopause temperatures, after removal of seasonal, solar 667 
activity and geomagnetic activity influences, show a cooling trend through all 668 
latitudes ranging from -0.002 to -0.113 K/year with a mean of -0.069 ± 0.036 K/year. 669 
The general cooling upper atmosphere is believed to be mainly caused by increasing 670 
greenhouse gases and the decreasing atmospheric ozone. The trends at the equator and 671 
high latitudes are relatively stronger (toward negative) than those at middle and low 672 
latitudes. And the cooling trend in the southern hemisphere is observed to be more 673 
apparent as compared to that in the northern hemisphere. This stronger cooling trend 674 
in the southern hemisphere is reported to be related to the reduction of penetration of 675 
upward planetary waves into the southern winter mesosphere as a result of ozone 676 
photochemical depletion in the southern polar (French & Burns, 2004; Andrew et al., 677 
2012). Based on SABER observations, stronger negative trends are detected at high 678 
latitudes (60°– 80°) in both hemispheres during the non-summer time, and magnitude 679 
can be up to -0.53 K per year, while no significant trends are found for summertime at 680 
high latitudes. The lack of significant trends during the high-latitude polar summer is 681 
consistent with other ground-based observations (Lübken 2000, 2002; Espy & 682 
Stegman, 2002). The monthly temperature trends for the latitude of 0°– 50° in two 683 
hemispheres show large variability during the course of the year and even appear a 684 
slight warming trend in some months. An analysis of the sensitivity of the long-term 685 
trend to solar activity suggests that there is no significant influence of solar activity on 686 
temperature trends during low solar activity, while high solar activity will strengthen 687 
the corresponding temperature trend. 688 

The temperature solar responses near the mesopause, with the seasonal cycle, long-689 
term trend and geomagnetic activity influences removed, show an apparent positive 690 
response to solar activity through all latitudes ranging from 2.74 (10°S) to 4.76 691 
K/100sfu (80°N) with mean of 3.94 ± 0.59 K/100sfu. The positive solar response also 692 
implies a positive correlation between temperature and solar activity. The solar 693 
response in the northern hemisphere is observed to be more significant and stable in 694 
contrast to the relatively weak and variable southern solar response discussion. There 695 
is an apparent drop in solar response near the equatorial region, which could be 696 
caused by strong dynamical forcing from tides at low latitudes, where tidal amplitudes 697 
are relatively large (Beig et al., 2003; Remsberg et al., 2008). The monthly solar 698 
response shows considerable variation during the course of the year at different 699 
latitudes, and their means vary from the minimum 2.05 K/100sfu in August to the 700 
maximum 5.05 K/100sfu in January. The distinct variation from month to month is 701 
linked with the vertical distribution of some chemically active gas components and 702 
the changes of the solar UV radiation at different seasons (Golitsyn et al., 2006).  703 

It is noteworthy that, in such an analysis of temperature long-term trend and solar 704 
response, the length of the time window and the phase of the solar cycle should be 705 
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treated with caution, as they will lead to different results even for the same data 706 
source. A robust and stable result of long-term trend or solar response could be 707 
obtained only when the length of the analysis time window is longer than 11 years 708 
(one solar cycle) for low and middle latitudes (50°N – 50°S) and 13 – 15 years for 709 
high latitudes (60° – 80°). The phase of the solar cycle also has an influence on long-710 
term trends or solar responses, but it is not as remarkable as the effect of the time 711 
interval used. Thus, we conclude that the length of the time interval chosen for 712 
analysis is the main factor guaranteeing the quality of the results. In this study, our 713 
results are for an eighteen years interval of 2002 – 2019, which are expected to be a 714 
reference to the temperature variation near the mesopause. However, the available 715 
data sets covering multiple solar cycles are desired in the future to reveal and verify 716 
the possible physical mechanism and any underlying process of the temperature trend 717 
in the upper mesosphere. 718 
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