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Abstract

:

The middle atmosphere plays an important role in the research of various dynamical and energy processes. Microwave Limb Sounder (MLS), reanalyses and model simulations with NCAR’s Whole Atmosphere Community Climate Model (WACCM) data in the range between 100 and 0.1 hPa from 2005 to 2020 have been analyzed with a focus on the temperature semi-annual oscillations (SAO). Significant SAO of temperature is prominent in the tropical region (20   °  S–20   °  N) around 1–3 hPa, which is consistent with previous studies. We also found significant SAO in the northern hemisphere (NH) high latitudes between 8 and 0.3 hPa and southern hemisphere (SH) high latitudes between 0.5 and 0.1 hPa, which has been of less concern in previous studies. The thermal budget based on MERRA2 and simulations is used to explain the mechanism of SAO in the middle atmosphere. In the tropics, the two temperature peaks are mainly determined by radiative processes. In the NH high latitudes of the stratosphere, the temperature peak in January is mainly related to dynamical processes, while the temperature peak in July is determined by a combination of dynamical and radiative processes. In the NH high latitudes of the lower mesosphere, the first peak in June is primarily associated with dynamical and radiative processes, while the second peak in December is primarily associated with the dynamical processes. In the SH high latitudes of the lower mesosphere, the first temperature peak in July is mainly due to dynamical processes while the second temperature peak in December is mainly due to radiative processes. Various features are present in the SH and NH high latitude SAO in the lower mesosphere. Furthermore, we performed model simulations with and without SAO in sea surface temperatures (SST-SAO) to study the connection between SST and temperature SAO. WACCM6 results indicate that the SAO in the middle atmosphere is partially affected by the existence of an SST-SAO. By removing SAO in SST, the PSD magnitude of the SAO decreases in the tropical region and increases in the polar region. The amplitudes of total heating rates are also modified. The WACCM experiment confirms the relationship between SST-SAO and temperature SAO in the middle atmosphere.
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1. Introduction


Various oscillations from diurnal to interannual time scales in temperature and wind have been extensively studied in the middle atmosphere [1,2,3]. Among them, the semi-annual oscillations (SAO) of the wind and temperature field is one of the most interesting components. The SAO in the middle atmosphere is notable mainly in two regions, with one near the stratopause (∼1 hPa) and the other around the mesopause (∼0.01 hPa). A dominated SAO in temperature and wind fields in the equatorial region was first documented in the middle atmosphere in the 1960s [4,5,6]. The SAO in the stratosphere is related to the twice-yearly passage of the Sun across the equator and the strong absorption of solar ultraviolet radiation by ozone. As previously found [7], the stratospheric SAO in equatorial latitudes might be additionally associated with the winter circulation in the troposphere. Later research showed that the tropical stratospheric SAO was driven by wave–mean flow interactions [8,9]. Some studies [7,10,11] also indicated that the stratospheric temperature SAO exists in polar regions, but with a smaller amplitude compared to the annual cycle. The stronger SAO at the North Pole relative to the South Pole is due to polar stratospheric warming [10].



The SAO in the mesosphere is out of phase with the stratospheric SAO [12,13]. Many studies [14,15,16] have suggested that gravity and Kelvin waves, which are selectively transmitted by stratospheric SAO, were responsible for the equatorial SAO in the mesosphere. However, the research concerning the SAO in the mesosphere is still inadequate, especially for high latitudes because there are limited observations and there are still large uncertainties in the explanation of the SAO in the mesosphere. Most of radiosonde stations have data up to 10 hPa in the middle stratosphere. Lidar and sounding rocket measurements have only limited spatial and temporal coverage. As a consequence, model simulations are commonly used to study the mechanism of the SAO in the mesosphere [17,18]. However, model simulations have difficulties in simulating a realistic SAO in the middle atmosphere by, e.g., a lack of eastward forcing by waves [19]. The launch of the Microwave Limb Sounder (MLS) in the year 2004 makes it possible to assess the SAO in the mesosphere especially in high latitudes. Recent studies [20,21,22] show that a new set of observations is helpful for updating the observed temperature variability in the middle atmosphere.



The SPARC Reanalysis Intercomparison Project (S-RIP) compares temperature and wind in the middle atmosphere of all reanalyses to better understand the differences among different products and their underlying causes, to provide guidance to users and to establish collaborative links between the SPARC community and the reanalysis centers [23]. According to SPARC S-RIP reports [23], tropical SAO showed large differences by detailed comparison among reanalyses (CFSR, MERRA, ERA-Interim, JRA-55 and MERRA2) and one of the future evaluations is SAO variability. However, the comparison is between the surface and 10 hPa. In our study, the global spatio-temporal variation of the temperature SAO in the middle atmosphere is investigated with the latest data sets, i.e., the MLS satellite measurements and the latest ERA5 and MERRA2 reanalysis data. With the development of models and data assimilation techniques, the new generation of reanalyses has improved their ability to better represent the SAO in the middle atmosphere. In particular, the differences between the newest ERA5 and MERRA2 in the representation of SAO in the upper stratosphere and lower mesosphere would be interesting to both the SPARC community and the reanalysis centers.



In an earlier study [24], we studied the SAO in the upper troposphere and lower stratosphere (UTLS) based on GNSS RO, ERA5, MERRA2 and WACCM6. The result shows that the SAO in the UTLS is related to moisture and dynamical heating and also partly affected by the SST-SAO. However, the results are limited in the UTLS region up to 10 hPa. The SAO in temperature and zonal wind not only exists in the UTLS and at the surface, but is also noticed in the middle atmosphere. For instance, the predictability of the lower atmosphere can be improved by the middle atmosphere [25,26,27]. The goal of this paper is to show some new features and to give a comprehensive survey of the SAO in the middle atmosphere and also to try to give some explanation of the SAO formation through the thermal budget analysis. We also try to establish the connection between the SST-SAO and the SAO in the middle atmosphere. Simulation is a powerful tool to realize these purposes. Therefore, we also include WACCM6 to study the temperature SAO in the middle atmosphere due to its significant new capabilities (e.g., better representation of the chemistry, an internally generated QBO and improved climatology of sudden stratospheric warming) in the middle and upper atmosphere. In our case, we use the WACCM6 and MERRA2 thermal energy budget to reveal the mechanism of the SAO in the middle atmosphere. In addition, WACCM6 can be run coupled to an ocean [28]. With the help of WACCM6, we could explore the link between SST-SAO and the SAO in the middle atmosphere. We document the responses of temperature SAO throughout the upper stratosphere and lower mesosphere in a comprehensive whole atmosphere global model with different prescribed SST. Such a model setup can capture well the temperature variations in the middle atmosphere in responding to removed SAO in SSTs. It is of interest to quantify the magnitude temperature under different prescribed SST. Our study explores the feature of SAO in the middle atmosphere with the thermal energy budget and its possible connection with SST-SAO.



The organization of the paper is as follows: The used data sets and analysis methods are introduced in Section 2. Section 3 gives the results and discussion. In Section 3.1 and Section 3.2, a spatial and temporal variation of the SAO in the middle atmosphere is described in detail based on the spectrum analysis. In Section 3.3, we further analyze the thermal energy budget of the simulation and MERRA2 for the mechanism to drive the SAO. In Section 3.4, the relationship between the SAO in the middle atmosphere and SST-SAO is checked based on the model simulations and wavelet analysis. Section 4 summarizes and concludes the paper.




2. Data and Methods


2.1. MLS Data


The Aura MLS observations, which include atmospheric observations (e.g., temperature and ozone) from the upper troposphere to the mesosphere, started in July 2004 [29,30]. Aura orbit enables MLS measurements with a latitude coverage of 82   °  S to 82   °  N [31]. The MLS temperature data have been validated with many different instruments and analyses, and show good quality [32,33]. The MLS data used here are the monthly binned product version 5.1 for temperature derived from radiances measured by the 188 and 240 GHz radiometers at fixed pressure levels. They have a horizontal resolution of 4   °   × 5   °   (latitude × longitude) and can be downloaded from https://search.earthdata.nasa.gov/search?q=ML3MBT_005.thml, accessed on 27 August 2022. The vertical range from 261 to 0.001 hPa is recommended for use and 31 pressure levels from 100 to 0.1 hPa with a vertical resolution between 3 and 6 km are used in this study. In addition, the MLS ozone retrievals v5.1 (https://disc.gsfc.nasa.gov/datacollection/ML3MBO3_005.html, accessed on 27 August 2022) in the same region are used as assistant data for the analysis. More information about MLS products can be found in the study [34].




2.2. Reanalysis Data


We also analyzed the monthly zonal mean temperature from 2005 to 2020 in the range of 100 to 0.1 hPa in two sets of global reanalyses, i.e., ERA5 [35] and MERRA2 [36]. ERA5, which are released by the European Centre for Medium Range Weather Forecasts (ECWMF) in 2018, is used in this study. ERA5 with the model levels and a horizontal resolution of 1   °   are downloaded from Climate Data Store (CDS) [37]. In addition to the temperature product, MERRA2 also includes energy budget parameters. We used monthly mean heating rates and temperature products of MERRA2 [38,39]. Compared with ERA5, MERRA2 assimilates temperature data from Aura MLS above 5 hPa [40], which constrains the MERRA2 temperature even in the mesosphere. The MERRA2 with spatial resolution 1.25   °   are downloaded by the Global Modeling and Assimilation Office (GMAO). In total, 18 pressure levels from 100 to 0.1 hPa are extracted from MERRA2 data. Compared to MERRA2, ERA5 has a higher vertical resolution (56 selected pressure levels in the range of 100 to 0.1 hPa).




2.3. WACCM


WACCM6 is a general circulation model of the whole atmosphere from the surface to 140 km in the Community Earth System Model (CESM), which is provided by the National Center for Atmospheric Research (NCAR) [27]. CESM2 is used in the configuration. WACCM6 improves the atmospheric chemistry, stratospheric variability (a self-generated quasi-biennial oscillation and improved climatology of sudden stratospheric warming) and volcanic aerosols. It allows studying the propagation of signals of various phenomena and possible processes that connect two far distant regions. We use the atmosphere-only mode with prescribed SSTs at 70 standard vertical levels. We chose 29 levels from 100 to 0.1 hPa with a horizontal resolution 1.9   °   latitude by 2.5   °   longitude to show in this study. We first employ a hindcast simulation (hereafter termed the control run), with prescribed Hadley Centre SSTs [41] and forcing by historically observed values (e.g., greenhouse gases, ozone-depleting substances) over the period from 1995 to 2020 [28]. The first 10 years (1995–2004) are not analyzed to provide a spin-up. The solar and geomagnetic forcing used in the model is described in the study [42]. WACCM6 runs with the interactive ocean are helpful to check the relationship between the temperature SAO in the middle atmosphere and SST-SAO. We employ two additional simulations (rmSAO and rmSAO-TP) with the same climate forcing but different prescribed SSTs [24]. The SSTs are adjusted to remove the SAO (signals between 5 and 7 months) globally (rmSAO run) and in the tropics (rmSAO-TP run) by a band-pass filter based on the Butterworth method [43], respectively.




2.4. Thermal Energy Budget


The thermal budget of the MERRA2 and model simulations are used to analyze the temperature SAO. WACCM6 could provide an atmosphere energy budget and cloud radiative effects up to their top. The temperature tendencies related to dynamics, radiation, moisture and gravity wave drag processes are provided in the WACCM6 [27]. The radiation term is the sum of long-wave and short-wave terms in the simulation. Here we use the dynamics, radiation and gravity wave drag terms in this study. The formulation for the thermodynamic balance is [44,45]:


          T t  ¯  = −   v ¯  *    T y  ¯  −   w ¯  *  S −  e  z H     [  e   − z  H    (    v ′   t ′   ¯     T y  ¯  S  +    w ′   T ′   ¯  )  ]  z  +  Q ¯      



(1)






          v ¯  *  =  v ¯  −  ρ 0  − 1     [  ρ 0     v ′   Θ ′   ¯  /   Θ ¯  z  ]  z      



(2)






          w ¯  *  =  w ¯  +   ( a c o s ϕ )   − 1     [ c o s ϕ    v ′   Θ ′   ¯  /   Θ ¯  z  ]  ϕ      



(3)




where   ρ 0   is the atmosphere density,  Θ  is potential temperature and  ϕ  is latitude.   S = H   N 2  R    with R = 287    m 2   s  − 2    K  − 1    , H = 7 km.   N 2   is the Brunt-V  a ¨  is  a ¨  l  a ¨   frequency. The overbars of the equation denote zonal averages, the prime numbers denote deviations from it and the indices denote partial derivatives. The components of the residual circulation    v ¯  *   and    w ¯  *   are calculated via Equations (2) and (3).   w ¯   (converted from the vertical pressure velocity) is the zonal mean vertical velocity. The dynamical heating includes the first three terms on the right side of Equation (1), which denote heating by the meridional component of the residual circulation, the heating/cooling by downwelling/upwelling and heating related to eddys, respectively. Q is the radiative heating.



MERRA2 also provides detailed temperature tendencies related to dynamics (DTDTDYN), radiation (DTDTRAD), moisture (DTDTMST), friction (DTDTFRI), gravity wave drag (DTDTGWD), near-surface turbulence (DTDTTRB) and analysis tendencies (DTDTANA), which is a residual to keep a balance of the thermal budget during the data assimilation. The DTDTANA can be considered as the negative of model physical process errors and the DTDTDYN includes advection of resolved-scale gradients by resolved-scale flows, pressure gradient and Coriolis [46]. More details for the thermal energy budget can be found in previous studies [24,46].




2.5. Time Series Analysis


Spectrum analysis and wavelet analysis were performed to study the spatio-temporal variation of the SAO. A periodogram is used to detect periodic signatures in the temperature data. The periodogram, which is the Fourier transform of the biased estimate of the autocorrelation sequence, is used to estimate the power spectral density (PSD) [47,48]. A Fisher’s g-statistic is used to calculate the statistical significance for a false discovery rate (FDR) level of 0.05, which distinguishes periodical processes from purely random processes. Fisher’s g-statistic uses the ratio of the largest periodogram value to the sum of all periodogram values over half of the frequency interval [49]. To study the statistical relationship between temperature SAO and SST-SAO, the 1D wavelet Morlet transform is firstly used to extract SAO signals (5–7 months) [50,51]. For the correlation analysis, we use the Pearson correlation coefficient and the statistical significance with a Student’s t-test.





3. Results and Discussion


3.1. Spatial Analysis of the SAO


According to the periodogram PSD values of the zonal mean temperature SAO from 2005 to 2020 (Figure 1a–d), the semi-annual cycle is significant in tropical regions (20   °  S–20   °  N) from 30 to 0.1 hPa and also in mid and high latitudes from 0.5 to 0.1 hPa in MLS, ERA5, MERRA2 and simulation data. The model simulation and reanalyses show good agreement with MLS for the general pattern of the SAO PSD in Figure 1. Most data sets show a peak of the PSD magnitude around 1–3 hPa near the equator, around 0.3–0.1 hPa in high latitudes and the North Pole between 8 and 1 hPa. The observed maximum SAO over the equator in the stratosphere is consistent with previous studies [20,52]. Large SAO PSD in SH high latitudes is also observed but not significant with respect to NH high latitudes in the upper stratosphere. In the mesosphere, the ERA5 represented tropical SAO is weaker than other data sets. Ref. [52] indicated that it might be related to the sponge layers with strong numerical damping of wave components above 1 hPa in ERA5. The model simulation also shows a good representation of the SAO except that the SAO in the North Pole above 0.3 hPa is not significant (Figure 1). Figure 2 shows the ratio between SAO PSD and maximum PSD of temperature time series in the corresponding latitude bins from 100 to 0.1 hPa. The significant SAO region (Dots in Figure 2) is consistent with the SAO dominant region (yellow in Figure 2) with the exception of the North Polar in the stratosphere. Previous studies focused mainly on the SAO in the mesosphere at low latitudes. Our results give a survey of the SAO in global latitudes and find that significant SAO also persists in most latitudes (also high latitudes) in the range of 0.5–0.1 hPa.




3.2. Time Analysis of the SAO


To analyze the temporal evolution of the SAO signals, four representative regions in the upper stratosphere and lower mesosphere around the peak of the SAO PSD are selected for further studies. To further analyze the variability of temperature data at different pressure levels, the linear trend of the temperature time series is removed. Figure 3 shows the monthly annual mean linearly detrended temperature variations from 100 to 0.1 hPa in the tropics (10   °  S–10   °  N). In the tropics, the SAO becomes dominated in the range 30–0.1 hPa and strongest around 3–1 hPa in all data sets (Figure 3). For 3–1 hPa, two warm spots in March–April and October and two cold spots in January and July are obvious in the tropical region. For 0.5–0.1 hPa, two cold spots occur in May and October–November in the tropics. A weaker magnitude of temperature SAO compared to annual magnitude is found in NH high latitudes in the upper stratosphere (Figure 2). In the NH and SH high latitudes, temperatures are becoming more and more dominated by the SAO in the range of 0.5–0.1 hPa (Figure 2).



The maximum tropical SAO is centered around 2 hPa and the SAO is observed in almost all latitude bands at 0.3 hPa in all data sets. Furthermore, they are not too close to the top level of reanalysis and are suitable for analyzing the possible effects. For these reasons, time series at 2 hPa and 0.3 hPa were chosen for further studies. Figure 4 shows the yearly climatological cycle of temperature in the tropics and NH high latitudes at 2 hPa and in the SH/NH high latitudes at 0.3 hPa. At 2 hPa, two temperature peaks are obvious in March and October in the tropical region. In contrast, the peak of the temperature in June–July is dominant at 2 hPa in the NH high latitudes (Figure 4b). The MERRA2 and MLS temperature time series are the most consistent across all data sets. The possible reason is that MERRA2 assimilates the MLS temperature above 5 hPa and the monthly binned MLS products use MERRA2 temperature fields for the interpolation. As described in the MLS document [34], the MLS profiles on pressure levels are first interpolated to fixed potential temperature surfaces before being binned. The annual climatological temperature cycle shown by the model simulation is in agreement with MLS and reanalysis data in this region.



In the lower mesosphere, two peaks are observed in July and December in the SH high latitudes (Figure 4c), which is nearly anti-correlated with the tropical SAO in the upper stratosphere (Figure 4a). In the SH high latitudes at 0.3 hPa, the model simulation shows two peaks in June and January, which is a month earlier than other data sets (Figure 4c). The difference between the simulation and other data sets should be due to the large uncertainty of simulations in the mesosphere. The NH high latitude temperature shows two peaks in June and December in the NH high latitudes at 0.3 hPa (Figure 4d). As shown in Figure 4d, the MLS and MERRA2 temperatures again have the best match in the NH high latitudes with two temperature peaks in June and December. However, there are substantial differences between ERA5 and MLS at 0.3 hPa in the NH high latitudes. In ERA5, two peaks are located in May and December and the first peak is much lower than the one of MERRA2/MLS in June. The possible reason for the difference is the observation-free mesosphere of ERA5 compared with MERRA2, which indicates an important role of satellite data assimilation for the representation of the SAO in the middle atmosphere. The largest differences are found between the simulation and other data sets in Figure 4d. Three local maximums and minimums in the yearly climatological cycle of temperature are observed in the simulation in the NH high latitudes at 0.3 hPa. Temperature differences between different data sets are more pronounced at 0.3 hPa than at 2 hPa. Particularly in the northern polar region, there are discrete mesospheric cooling events captured by MLS and reanalysis temperature time series, which are not found in most respects in simulations. The model simulation cannot simulate these strong cooling events, which could be the reason for different climatology with other data sets. In contrast, no such strong cooling events are observed in the temperature time series in the SH high latitudes; as a result, the temperature differences between the simulation and other data sets are smaller than those in NH high latitudes (Figure 4c,d).




3.3. Mechanism of the SAO


The heating rates (temperature tendency) indicate how the temperature is changed and therefore are helpful for understanding the processes determining the temperature changes. To better understand the mechanism of the SAO in the middle atmosphere, the monthly heating rates of MERRA2 and model simulations in the corresponding region are analyzed. To clearly show the relative contribution of different terms to the total heating rate, the variation of each term at highs and lows of total heating rates is selected and is shown in Figure 5 and Figure 6. The annual cycle of the MERRA2 temperature is also shown together with heating rates to study the mechanism of the SAO.



As one of the most important radiative gases, ozone is very important to the temperature variations in the middle atmosphere. In addition, ozone in the middle atmosphere exhibits an SAO associated with SAO in the tropical zonal wind and temperature [53]. Therefore, we show the corresponding MLS annual cycle of ozone and temperature in the same region to study the relative effects of dynamics and chemistry (Figure 7).



In the tropics, there are two peaks in total heating rates around February and August and two nadirs around December and June (Figure 5a). As shown in Figure 5a, the total heating rates are positive from mid-December to mid-March and from July to October, which leads to a rise in temperature over the same period. From mid-March and July, the total heating rates are negative and the temperature decreases simultaneously. As a consequence, two peaks of the temperature in March and October and two nadirs in January and July are found at 2 hPa in the tropics. A similar pattern is also found in the simulation (not shown here). In the tropics, the stratosphere is heated mainly by the absorption of solar ultraviolet radiation by ozone. Ozone in the tropics at 2 hPa shows two peaks in January and July (Figure 7a). This makes the radiative heating rates also peak in January and July (Figure 5a). However, due to the strong dynamical cooling effects, the total heating rates show two peaks in February and August. The temperature increases while the total heating rates are positive, which makes the temperature peaks delay to the total heating rates. The temperature time series shows mainly anti-correlated (−0.97) with MLS ozone in the tropics. The reason for the negative correlation between ozone and temperature is that the photochemical reactions of ozone depend inversely on the temperature [54,55]. According to SPARC Data Initiative [53], a tropical SAO with asymmetric amplitudes is found at 10 hPa by the ozone observations. The amplitude of SAO at 2 hPa is also stronger in the first half of the calendar year (Figure 7). The two peaks in temperature are asymmetrical due to the different ozone concentrations. In Figure 5a, the temperature in January is colder than in July. Our study shows that the dynamical processes contribute the most prominent negative heating rates through all terms, which is mostly offset by radiative warming. The dynamical cooling is found to be strongest in January, which could be the reason for the lowest temperature in January. The temperature peaks in March and October are mainly related to radiative heating since the dynamical terms are negative.



In the NH high latitudes at 2 hPa, both the radiative cooling and dynamical warming are strongest around January (Figure 5b). The strongest radiative warming occurs in May and the strongest dynamical cooling occurs in June. The radiative and dynamical terms show an opposite sign in this region. The total heating rates are positive from mid-February to mid-June and from November to mid-January, as shown in Figure 5b. When the total heating rate is positive, the temperature increases meanwhile. The temperature peak in July is mainly determined by a combination of dynamical and radiative warming and the temperature peak in January is mainly related to dynamical terms. The polar stratospheric warming and the Brewer–Dobson circulation (BDC) might affect the SAO in the northern polar region [10,11]. An out-of-phase relationship between tropical and NH high-latitude SAO is found in the upper stratosphere (Figure 5a,b). Ref. [11] found this relationship in the upper stratosphere could be related to the variability in the strength of BDC. According to the SPARC report [53], the Canadian Middle Atmosphere Model (CMAM30) also captures distinct methane SAO at 10 and 2 hPa in the tropical and polar regions. However, the SAO in the polar region at 10 hPa is related to BDC while the SAO at 2 hPa is a result of photochemistry [56,57]. In the NH high latitudes, the MLS ozone time series also exhibits a semi-annual variation (Figure 7b), which shows a strong negative correlation (−0.76) with temperature. According to [54], the ozone depletion rate increases due to the warm summer temperature, which causes the ozone concentration to decrease after March. The temperature starts to decrease after July and the ozone starts to increase due to the decrease in ozone destruction processes. The radiative heating rates are also changed along with the ozone concentration. Therefore, the temperature SAO in this region also has a connection with ozone SAO [54]. For the simulation (not shown here), the total heating rates are positive from January to mid-June and from mid-October to mid-November and are negative from mid-June to mid-October and from mid-November to January, which is similar to the MERRA2.



In the SH high latitudes at 0.3 hPa (Figure 6a), the total heating rates are positive from mid-March to mid-June and from mid-September to December, which leads to the first peak of temperature in July and the second peak in December. The first temperature peak in July is mainly due to strong dynamical warming while the second temperature peak in December is mainly due to strong radiative warming. Unlike the NH high latitudes and the tropics in the stratosphere, the correlation of time series between ozone and temperature in this region is weaker (−0.54) (Figure 7c). However, large positive dynamical terms are found in Figure 6a and the reason for this is not clear. In the simulation (not shown here), the positive heating rates are from mid-February to mid-May and from mid-October to mid-December, which is a month earlier end than those of MERRA2. Therefore, the temperature peaks and nadirs shown in the simulation are also a month earlier compared with MERRA2.



In the NH high latitudes at 0.3 hPa (Figure 6b), the total heating rates are positive from mid-January to June and from mid-September to mid-November with temperature peaks in June and December. Negative heating rates are observed from June to mid-September and from mid-November to mid-January with two nadirs in October and February. The first temperature peak in June is much higher than that in December. The first peak in June is mainly related to the combination warming of radiative and dynamical terms, while the second peak in December is mainly related to the strong dynamical warming. The climatological cycle of ozone is highest in February and November and lowest in June and December (Figure 7d). The MLS ozone is also strongly anti-correlated (−0.89) with the temperature in this region. The strong correlation between temperature and ozone variations is similar to the case at 2 hPa, which confirms the importance of chemistry and dynamics to the SAO in the NH high latitudes. This also indicates that the correlation between temperature and ozone varies in the SH and NH high latitudes in the lower mesosphere. For the simulation, the variation in heating rates does not agree with the annual cycle of the simulation temperature (not shown here), which could be caused by larger uncertainties in the simulation in the mesosphere due to larger dynamical variability in particular in the NH high latitudes [53].




3.4. Relationship between the SAO and SSTs


The pronounced SAO signal is observed at the surface and is coupled with atmosphere [58]. Therefore, it is useful to examine the relationship between the SAO in the middle atmosphere and the surface SAO. Since the SST may modify the atmospheric circulation and affect the temperature in the middle atmosphere subsequently. We first check the correlation between the temperature SAO in the middle atmosphere and SST-SAO to show the possibility of the connection between them and use the model simulations to further check the possible responses of temperature SAO in the middle atmosphere to SST-SAO. MLS temperature SAO signals (5–7 months) and SST-SAO (5–7 months) were extracted using the 1D wavelet Morlet transform.



Many studies [24,59,60] have found that SST-SAO signals are significant in the tropics from the Western Pacific (150   °  E), the Indian Ocean and the Atlantic Ocean to the Eastern Pacific (120   °  W). In the NH and SH high latitudes, the significant SAO region is located at the Antarctic Ocean (85   °  E–150   °  E) around 60   °  S and around 60   °  W–60   °  E from the North Atlantic Ocean (60   °  N) to the Arctic Ocean (80   °  N), whose area is much smaller than that in the tropics. The correlation is calculated between the time series of the area-averaged temperature SAO (e.g., 10   °  S–10   °  N at 2 hPa, taking only the SAO component) and the SST-SAO time series at each grid point. (Figure 8 and Figure 9). The dots in Figure 8 and Figure 9 indicate that the correlation coefficient is significant at the 5% level. Significant correlation coefficients in high latitudes and the tropics always have an inverse sign in general (Figure 8 and Figure 9). As shown in Figure 8, both tropical SAO and NH high latitude SAO at 2 hPa show a strong correlation with SST-SAO in most of the regions but with an opposite sign. It corresponds to the out-of-phase relationship between the SAO in the tropics and high latitudes in the upper stratosphere. At 0.3 hPa the correlation between SAO in SH/NH high latitudes and SST-SAO is also strong but with an opposite sign of each other. This indicates that the SAO in the NH high latitudes at 0.3 hPa is also not in sync with the SAO in the SH high latitudes at 0.3 hPa.



As described above, the temperature SAO in the middle atmosphere has high correlation with the SST-SAO. For further analysis, we have performed three simulations (rmSAO, rmSAO-TP and control runs) with different prescribed SSTs as described in Section 2.3. Figure 10 shows the PSD of the SAO in temperature based on rmSAO and rmSAO-TP runs, as well as their relative differences to the control run. There are similar significant SAO regions in rmSAO and rmSAO-TP simulations. Both SAO PSD of rmSAO and rmSAO-TP simulations become smaller in the tropics around 15–0.1 hPa and larger in high latitudes (the Arctic Pole around 10–0.2 hPa and SH high latitudes around 0.5–0.1 hPa). This confirms that the SST-SAO has an opposite relationship with SAO in the tropical and polar regions. When the SST-SAO is removed globally, the magnitude of the rmSAO run decreased in SH high latitudes between 0.5 and 0.1 hPa and in the northern polar region between 20 and 5 hPa compared to the rmSAO-TP run. This suggests that SST-SAO in high latitudes shows a higher correlation with these regions. It confirms that the different features of SAO in the middle atmosphere could be at least partially due to the SST-SAO.



The differences in the simulation energy budget are shown in Figure 11 and Figure 12. At 2 hPa, a reduction of the averaged amplitude of total heating rates is observed by the rmSAO and rmSAO-TP compared with the control run in the tropical region but an increase in the NH high latitudes (Figure 11). Solar radiation is one of the main engines of the SST-SAO and stratospheric SAO in the tropics. Therefore, the amplitude is reduced by removing the SST-SAO in the simulation. The opposite change of total heating rates in the NH high latitudes and tropical regions by removing the SST-SAO could be related to anti-correlation between the tropics and high latitude upper stratospheric temperature SAO as shown in Figure 8. This out-of-phase relationship is a response to the variability in the strength of the Brewer–Dobson circulation and photochemistry [11,56,57]. The mean SAO signal extracted from MERRA2 observations shows a similar pattern with SAO signals of simulations at 2 hPa. An anti-correlation between tropical and NH high latitude temperature SAO in the stratosphere is presented in simulations.



At 0.3 hPa, there is also an increase in the amplitude of the total hearing rates in the NH high latitudes (Figure 12). However, in the SH high latitudes, the change in the total heating rates is smaller than in the NH high latitudes. The MERRA2 heating rates in the NH high latitudes is different from that of simulations (Figure 4). The large difference in temperature and heating rates between MERRA2 and simulations at 0.3 hPa could cause large uncertainty in the model simulation, which leads to difficulty in simulating a realistic SAO in the lower mesosphere. The experiment also confirms that the SST-SAO has affected the SAO of temperature in the middle atmosphere, particularly in the upper stratosphere and SH high latitudes in the lower mesosphere. Further analysis is required for the NH high latitude SAO in the lower mesosphere due to the large uncertainties of model simulations in this region.





4. Conclusions


The SAO in the middle atmosphere is a primary variation of global temperature, which plays an important role in numerical weather prediction and climate research [61,62]. MLS, ERA5, MERRA2 and WACCM simulations are used to study the spatio-temporal variation of the SAO in the upper stratosphere and lower mesosphere in this paper. This analysis finds evidence of SAO of temperature in the tropical region (20   °  S–20   °  N) with a peak around 1–3 hPa, which is consistent with previous studies. In addition, we found that SAO is also significant in the NH high latitudes between 8 and 0.3 hPa and SH high latitudes between 0.5 and 0.1 hPa, which has been less of a concern in previous studies. Significant SAO regions extend to most of the latitudes in the lower mesosphere. For all four data sets, MERRA2 and MLS have the best agreement in general. ERA5 also has good agreement with MLS data in the stratosphere but differences in the mesosphere. According to the result, MERRA2 benefited from the assimilation of MLS observations above 5 hPa, which provided a constraint on the dynamics especially in the lower mesosphere. Large differences in the lower mesosphere between the simulation and other data sets are found because of large uncertainties in the model simulation, especially in the NH high latitudes. The results of our study could provide a good reference for the SPARC community and reanalysis centers. In particular, the comprehensive view of the SAO based on satellite, reanalyses and model simulations provide valuable information as there is a lack of study on the SAO in the lower mesosphere high latitudes.



An important new result from this study is the relationship between temperature SAO and MERRA2 thermal energy budget. The tropical SAO in the stratosphere is mainly related to radiative processes. The seasonal change of ozone concentration led to two radiative warming peaks in January and July. The significant SAO in the northern polar region (70   °  N–90   °  N) is mainly related to a combination of dynamical and radiative processes. According to the energy budget analysis at 2 hPa, the temperature peak in July in the NH latitudes is mainly determined by a combination of dynamical and radiative processes and the peak in January is mainly due to dynamical processes. At 0.3 hPa, the first peak in June is mainly associated with dynamical and radiative warming and the second peak in December is mainly associated with strong dynamical warming. The strong anti-correlation between temperature and ozone confirms there is an important relationship between chemistry and dynamics in the NH high latitudes and tropics. In SH high latitudes of the lower mesosphere, the temperature is also anti-correlated with ozone but with a lower value compared with other regions. The main difference of the ozone and temperature relationship in the SH can be seen in April and May, which shows a delay of the ozone peak in May to the lowest temperature in April. The exact reason for this delay awaits further studies. This indicates the relationship between ozone and temperature varies in the SH and NH high latitudes in the lower mesosphere. The first temperature peak in July in the SH high latitudes is due to strong dynamical warming while the second peak in December is related to strong radiative warming. The energy budget of the simulation shows a good agreement with MERRA2 in the upper stratosphere but obvious differences in the lower mesosphere especially in the NH high latitudes. Large differences in temperature and heating rates between the simulation and other data sets indicate that the model simulation has difficulty in simulating a realistic SAO in the lower mesosphere. The good agreement between MERRA2 and simulation in the upper stratosphere confirms that the model could at least partially represent the right dynamical mechanisms that produce the SAO in the middle atmosphere.



We also investigate the relationship between the temperature SAO in the middle atmosphere and SST-SAO. The correlation coefficients between SAO in the middle atmosphere and SST-SAO show an opposite sign in the tropics and high latitudes. In the lower mesosphere, the correlation coefficients between the SH/NH high latitudes and SST-SAO also show a different sign. By removing SST-SAO, the magnitude of the SAO decreases in the tropics and increases in the polar region. To some extent, these differences indicate the temperature response to different SST conditions. This confirmed the link between SST-SAO and temperature SAO in the middle atmosphere. However, the NH high latitude SAO in the lower mesosphere is not significant by the model simulation. Further analysis is needed to study the SAO in the lower mesosphere with more observations and model development in the future, especially in high latitudes.
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Figure 1. The power spectrum densities (PSDs) of temperature SAO based on MLS (a), ERA5 (b), MERRA2 (c) and model simulation (d) in the period 2005–2020. The dots mark the significant area with an FDR level of 0.05. 
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Figure 2. The ratio between SAO and maximum PSD based on MLS (a), ERA5 (b), MERRA2 (c) and model simulation (d) in the period 2005–2020. The dots mark the SAO significant area with an FDR level of 0.05. 
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Figure 3. The monthly annual mean linearly detrended temperature around the tropical region (10   °  S–10   °  N) of MLS (a), ERA5 (b), MERRA2 (c) and model simulation (d) in the period of 2005–2020. 
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Figure 4. The monthly annual mean temperature at 2 hPa for the tropical region (10   °  S–10   °  N) (a), the NH high latitudes (70   °  N–82   °  N) (b), the SH high latitudes (58   °  S–70   °  S) (c) at 0.3 hPa and the NH high latitudes (70   °  N–82   °  N) at 0.3 hPa (d) in the period 2005–2020. 
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Figure 5. Annual cycle of the zonal mean temperature and heating rates at 2 hPa averaged around the tropical region (10   °  S–10   °  N) (a) and NH high latitudes (70   °  N–82   °  N) (b) based on MERRA2 data. The red, blue, dashed blue and dashed red lines indicate the heating rates related to analysis tendency (DTDTANA), dynamics (DTDTDYN), radiation (DTDTRAD) and gravity wave drag (DTDTGWD), respectively. The positive total heating rates are filled with orange color and the negative total heating rates with blue color. The total heating rates, which are the sum of analysis, dynamical, radiative and GWD heating rates, have been enlarged 10 times to be more visible in the figures. 
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Figure 6. Annual cycle of the zonal mean temperature and heating rates at 0.3 hPa averaged around the SH high latitudes (58   °  S–70   °  S) (a) and NH high latitudes (70   °  N–82   °  N) (b) based on MERRA2 data. The red, blue, dashed blue and dashed red lines indicate the heating rates related to analysis tendency (DTDTANA), dynamics (DTDTDYN), radiation (DTDTRAD) and gravity wave drag (DTDTGWD), respectively. The positive total heating rates are filled with orange color and the negative total heating rates with blue color. The total heating rates, which are the sum of analysis, dynamical, radiative and GWD heating rates, have been enlarged 10 times to be more visible in the figures. 
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Figure 7. The monthly annual mean MLS ozone (blue)/temperature (orange) at 2 hPa for the tropical region (10   °  S–10   °  N) (a), the NH high latitudes (70   °  N–82   °  N) (b), the SH high latitudes (58   °  S–70   °  S) (c) at 0.3 hPa and the NH high latitudes (70   °  N–82   °  N) at 0.3 hPa (d) in the period 2005–2020. 
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Figure 8. The correlation between MLS temperature SAO signal at 2 hPa averaged around the tropical region (10   °  S–10   °  N) (a), the NH high latitudes (70   °  S–82   °  S) (b) and SST-SAO. The dots mark the significant area at 95% level. 
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Figure 9. The correlation between MLS temperature SAO signal at 0.3 hPa averaged around the SH high latitudes (58   °  S–70   °  S) (a), the NH high latitudes (70   °  S–82   °  S) (b) and SST-SAO. The dots mark the significant area at 95% level. 
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Figure 10. (a) The PSD of temperature SAO analyzed in the period 2005–2020 based on model simulation with removed SST-SAO (rmSAO). (b) Same as (a), but for the simulation with removed SST-SAO in the tropics (rmSAO-TP). The dots mark SAO significant areas with an FDR level of 0.05. (c) The relative difference of temperature SAO PSD between rmSAO and the control simulation (rmSAO-Control)/Control × 100 in the period 2005–2020. (d) Same as (c), but for the relative difference between rmSAO-TP and the control simulation (rmSAO-TP-Control)/Control × 100. 
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Figure 11. Annual cycle of the heating rates at 2 hPa on average around the tropical region (10   °  S–10   °  N) (a), the NH high latitudes (70   °  S–82   °  S) (b). The red, blue and yellow lines indicate the heating rates related to dynamics (DTDTDYN), radiation (DTDTRAD) and GWD processes (DTDTGWD), respectively. The total heating rates, which are the sum of the dynamical, radiative and GWD heating rates, are illustrated by black lines. The solid, dashed and dotted-dashed lines indicate data from the control, rmSAO and rmSAO-TP simulations, respectively. 






Figure 11. Annual cycle of the heating rates at 2 hPa on average around the tropical region (10   °  S–10   °  N) (a), the NH high latitudes (70   °  S–82   °  S) (b). The red, blue and yellow lines indicate the heating rates related to dynamics (DTDTDYN), radiation (DTDTRAD) and GWD processes (DTDTGWD), respectively. The total heating rates, which are the sum of the dynamical, radiative and GWD heating rates, are illustrated by black lines. The solid, dashed and dotted-dashed lines indicate data from the control, rmSAO and rmSAO-TP simulations, respectively.



[image: Remotesensing 15 00857 g011]







[image: Remotesensing 15 00857 g012 550] 





Figure 12. Annual cycle of the heating rates at 0.3 hPa on average around the SH high latitudes (58   °  S–70   °  S) (a) and the NH high latitudes (70   °  S–82   °  S) (b). The red, blue and yellow lines indicate the heating rates related to dynamics (DTDTDYN), radiation (DTDTRAD) and GWD processes (DTDTGWD), respectively. The total heating rates, which are the sum of the dynamical, radiative and GWD heating rates, are illustrated by black lines. The solid, dashed and dotted-dashed lines indicate data from the control, rmSAO and rmSAO-TP simulations, respectively. 
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