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Abstract

:

Outgoing longwave radiation (OLR) data are one of the key factors in studying the radiation balance of the earth–atmosphere system in East Asia. It is of great significance to explore the influence factors on OLR. This paper processes the data of nearly 19 years, from September 2002 to February 2022, and conducts in-depth research using the exponential smoothing method, empirical orthogonal decomposition (EOF), correlation analysis, and other methods. We found that the spatial distribution of OLR is zonal symmetry and gradually decreases with the increase of latitude. Using EOF analysis, it is found that the total variance contribution of the first four decomposed spatial features exceeds 70%, and the overall change trend of the four-time coefficients in the past 19 years all show a downward trend. OLR is positively correlated with total column water vapor (TCWV), air temperature (AT), and cloud top temperature (CTT), but negatively correlated with cloud top pressure (CTP). OLR has a similar spatial correlation distribution with TCWV and AT, while the spatial correlation between OLR and CTP is opposite to the first two parameters. In most parts of East Asia, the spatial correlation with CTT exceeds 0.8. The change in OLR value is affected by various meteorological parameters. In East Asia, the positive correlation between 30° N and 60° N is significantly affected by TCWV, AT, and CTT; and the negative correlation is more significantly affected by CTP. At 0–25° N, the positive correlation is significantly affected by CTP and CTT, while the negative correlation is significantly affected by TCWV and AT.
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1. Introduction


The law of conservation of energy is bound to exist in the process of development of things. In addition, in atmospheric scientific research, it is found that the energy of the sun shining on the earth and the energy reflected in space by the earth are in balance. This energy balance promotes the formation of the earth’s climate and development [1]. In this paper, we used outgoing longwave radiation (OLR) data detected by an atmospheric infrared sounder (AIRS) to study their related influencing factors [2]. OLR refers to the energy of electromagnetic waves of all wavelengths radiated by the earth to outer space, which can reflect the energy radiation of the earth-atmosphere system and is affected by the surface temperature, atmospheric temperature, cloud amount, etc. It can be regarded as an indicator of energy status [3]. Especially in low latitudes, it is widely used in the research of abnormal climate, weather forecast analysis, air-sea interaction, etc. [4].



The improvement and utilization of satellite data acquisition methods greatly complement the insufficiency of conventional detection methods in tropical regions [5], providing conditions for studying global climate change and anomalies. Understanding and researching OLR data can provide a large amount of information on tropical oceans and atmospheres [6,7]. The study of its correlation characteristics, spatiotemporal variation, and inter-annual changes can better understand the changes in the earth-atmosphere system in the tropical ocean region [8]. At the same time, the research on influencing factors of OLR is also beneficial to understand the influence of abnormal weather on the changes in the whole sea area [9].



The distribution and changes of OLR are affected by many factors [10], such as latitude, season, cloud, precipitation, ground-effective radiation, underlying surface, and atmospheric temperature, of which latitude and seasonal influence determine the basic trend that OLR, cloud, precipitation, underlying surface, and atmospheric temperature, etc. will make deviate [11]. Therefore, many scholars have researched the variation characteristics, influencing factors, and the relationship between abnormal weather and OLR in the plateau area. However, what about the trends in different seasons and regions? What are the factors that affect its distribution and change? All are issues worthy of further study and improvement. This paper explores the spatiotemporal characteristics of OLR and makes a simple prediction of its future changes. Due to the rise of air temperature (AT) caused by human activities, total column water vapor (TCWV) [12] rises, the cloud top pressure (CTP) [13], and cloud top temperature (CTT) [14] change; and, ultimately, affect the change of OLR. So, studies on the correlation between OLR and TCWV, AT, CTP, and CTT are of high research significance and novelty.



We compared previous studies, such as Koji, AK, et al. [15], who studied the spatiotemporal distribution of water vapor; Amoruso, A, et al. [16] used the EOF method to study the characteristics of the volcanic system; and Zhang, TQ, et al. [17] used correlation to analyze the permafrost of the Qinghai-Tibet Plateau for many years. This paper aims to use the OLR data detected by AIRS, first studied its spatiotemporal distribution, and understand the laws of its spatiotemporal changes. Then the exponential smoothing method is used to predict its time, and the EOF method is used to analyze its spatial characteristics. Finally, the potential influencing factors are studied.




2. Datasets and Methods


2.1. Datasets


This paper uses data detected by the atmospheric infrared sounder (AIRS) on the Aqua satellite launched in 2002 for research [18,19]. The level-3 data contains TCWV, temperature, O3, OLR, and other parameters of the entire troposphere [20]. Its spatial resolution is 1 deg. (longitude) × 1 deg. (latitude), and it transits the mid-latitude region twice a day [21]. The main research area of this paper is East Asia, and the research area is 0~60° N and 70~160° E [22,23,24]. It mainly includes China, North Korea, South Korea, Japan, Mongolia, and part of the western Pacific Ocean, as well as the Qinghai-Tibet Plateau, the third pole in the world. Meanwhile, it includes land, ocean, plateau, and other environmental areas. This area can provide a sufficient basic value for understanding the distribution and changing trend of OLR. Because satellite data can cover a large area of the world, can be scanned continuously, and are less disturbed by other human factors, many researchers used satellite remote sensing for research [25]. In this paper, we used the data of OLR, TCWV, AT, CTP, and CTT detected by AIRS remote sensing for research. At the same time, all the data used in this paper were verified by experiments, and it is found that no data are missing, which can be used for research. In this paper, the OLR is carried out month by month, year-by-year, and seasonal change to study [26]. Then, the inter-annual variation of each latitude segment in East Asia is studied, and some parameters that can cause OLR changes, such as TCWV, AT, CTP, and CTT, are also studied.




2.2. Methods


2.2.1. Exponential Smoothing Methods


The exponential smoothing method uses the actual value of the previous period and the predicted value of the previous period, supplemented by a smoothing coefficient, to calculate the predicted value [27]. In practical applications, the prediction model is highly adaptable, it can automatically identify data changes, and make adjustments. At the same time, there are many kinds of exponential smoothing methods. For example, the first-order exponential smoothing method is often used for time series that do not have obvious function rules but have some connection. The first-order exponential smoothing method principle is as follows:


     y ^   t  = α ⋅  y t  + ( 1 − α ) ⋅    y ^     t − 1     



(1)







In the formula, alpha represents the smoothing factor, which defines how fast we can “forget” the current real observations. Alpha: the smaller the influence of the current real observation value, the greater the influence of the predicted value of the previous model, and the smoother the final time series will be.



Linear time series usually use the double-exponential smoothing method. The double-exponential smoothing method principle formula is as follows:


   l x  = α  y x  + ( 1 − α ) (  l   x − 1    +  b   x − 1    )  



(2)






   b x  = β (  l x  −  l  x − 1   ) + ( 1 − β )  b   x − 1     



(3)






     y ^     x + 1    =  l x  +  b x   



(4)







   l x    represents the intercept.    y x    represents the current value of the sequence.    b x    indicates the slope (or trend).  β  the coefficient represents the weight of exponential smoothing.      y ^     x + 1      represents the predicted value of the last series.



When the curve has a trend change, triple-exponential smoothing is often used for analysis [28]. The triple-exponential smoothing method principle formula is as follows:


   l x  = α (  y x  −  s   x − l    ) + ( 1 − α ) (  l   x − 1    +  b   x − 1    )  



(5)






   b x  = β (  l x  −  l  x − 1   ) + ( 1 − β )  b   x − 1     



(6)






   s x  = γ (  y x  −  l x  ) + ( 1 − γ )  s   x − l     



(7)






     y ^    x + m   =  l x  +   mb  x  +  s   x − l + 1 +  (  m −  1 ) modl    



(8)







   l x   ,    y x   ,    b x   ,  β  here have the same meaning as above.    s x    represents seasonal components. γ the coefficient represents the weight of exponential smoothing.      y ^    x + m     indicates the predicted value after the next m steps.



The Brutlag method is also introduced in the triple-exponential smoothing model to create a confidence interval:


     y ^      max  x    =  l  x − 1   +  b   x − 1    +  s   x − T    + m ⋅  d  t − T    



(9)






     y ^      min  x    =  l  x − 1   +  b   x − 1    +  s   x − T    − m ⋅  d  t − T    



(10)






   d t  = γ    y t  −    y ^   t    + ( 1 − γ )  d  t − T    



(11)




where T is the length of the season and d is the forecast deviation. The value of alpha is the key to determining the final result in the exponential smoothing analysis [29]. The value of α ranges from 0 to 1. According to experience, it is usually within the range of 0.10 to 0.90 [30].




2.2.2. Correlation Analysis


In meteorological data research, to understand the relationship between the research object and other factors, the correlation is used to measure the closeness of the relationship between two random variables [31,32,33]. If the absolute value of the correlation coefficient is large, the relationship is considered to be close, otherwise the relationship is considered not to be close. At the same time, whether the calculated correlation coefficient is significant needs to pass the significance test. In this paper, the correlation analysis method is used to explore the relationship between OLR data and TCWV, AT, CTP, and CTT; and conduct a significance test on the results, and finally get relevant conclusions. The principle formula is as follows:


  r =    1 n    ∑  i = 1  n   (  x i  −  x ¯  )   (  y i  −  y ¯  )      1 n      ∑  i = 1  n     (   x  i  −   x  ¯  )  2       1 n      ∑  i = 1  n     (   y  i  −   y  ¯  )  2      =   cov ( x , y )     S  x   S y     



(12)








2.2.3. Empirical Orthogonal Function


The EOF decomposition can separate the time and space changes of the element field, decompose the time-varying element field into the sum of the products of the time-invariant spatial function and the time-dependent time function, and use as few modes as possible express to the main time and space changes [34,35]; to objectively and quantitatively reflect the spatial structure and time changes of the element field, which has been widely used in the research of atmospheric science [36].






3. Spatiotemporal Variation Characteristics Analysis


3.1. Spatial Variation Analysis


3.1.1. Year-By-Year Spatial Distribution of OLR in the Past 19 Years and 19-Year Average


Figure 1 shows the year-by-year spatial distribution of OLR in the past 19 years and the 19-year average. It can be seen from Figure 1 that the changing trend in the entire East Asia region is not obvious, indicating that the annual average change of OLR in the East Asia region in the past 19 years is small. However, the spatial trend of OLR in East Asia at 10–30° N latitude has always been a high-value area year-by-year, while it has always been a low-value area at 50–60° N latitude, indicating that the OLR value decreases with the increase of latitude. It can also be seen from Figure 1 that in addition to the low-value area of 50~60° N, another area with a low value is the Qinghai-Tibet Plateau, which is due to the complexity of its terrain and climate. In the meantime, we can know from local observations that the size of the OLR value in the entire Chinese region remains basically unchanged. However, it can be found that the annual spatial OLR variation has a certain increase or decrease in East Asia, and is mainly reflected in some waters of the Western Pacific Ocean and Indian region. This result may be due to the influence of the western Pacific subtropical high on solar radiation, which makes the near-surface atmosphere gain more heat, the atmospheric temperature rises or decrease significantly, and the OLR value change significantly. The Indian region may be due to its tropical monsoon climate, high temperature all year round, and the obvious distribution of precipitation and dry season. Therefore, the year-by-year change of OLR value is related to temperature and seasonal precipitation.




3.1.2. Seasonal Spatial Variation Distribution of OLR in the Past 19 Years


Figure 2 shows the seasonal spatial variation distribution of OLR in the past 19 years. From the latitude distribution, it can be found that the variation of OLR gradually increases with the decreases in latitude, which is similar to the relationship between the spatial distribution and latitude of OLR year by year. However, the OLR value in the range of 0~10° N is higher than that of 40~60° N and lower than that of 10~30° N. It may be because 0~10° N is close to the equator, and the cloudiness near the equator is more [37], which shields the propagation of part of the OLR value, resulting in the OLR value near the equator being lower than 10~30° N and higher than 40~60° N. From Figure 2, It can also be found that the OLR value in other parts of East Asia is much higher than that of the Qinghai-Tibet Plateau. As the third pole other than the North and South Poles, the Qinghai-Tibet Plateau has a higher altitude, a complex terrain environment, and a higher atmospheric temperature. The OLR value of other parts of East Asia is higher than that of the Qinghai-Tibet Plateau. OLR values were found to be lower in spring and winter than in summer and autumn, with summer being the highest of the year, followed by autumn, which may be because of the influence of temperature and cloud cover. Because the higher the temperature, the stronger the radiation ability of OLR, and the higher the cloud cover, the weaker the radiation ability. So, the OLR distribution in summer is higher than in other seasons. In addition, through the spatial distribution of the four seasons, it is found that the high-value areas in summer are in Beijing-Tianjin-Hebei, Shandong, Henan, northern Anhui, and the western Pacific Ocean and India, In China, while the high-value areas in autumn have moved southward for summer, making its high-value areas in Guangxi, Guangdong, Fujian, and other places, the high OLR areas in winter are in the western Pacific Ocean and the Bay of Bengal, and are much higher than in other seasons. At the same time, we see that the OLR value in South Asia is also relatively high, which may be due to the warming of the temperature in South Asia, resulting in a higher surface temperature and affecting the change of OLR [38].




3.1.3. Average Monthly Spatial Distribution of OLR in the Past 19 Years


As shown in Figure 3, it is found that the OLR spatial distribution in May–October is higher than in other months. The possible reason is that from May to October, including summer, the end of spring and the beginning of autumn, the temperature is relatively higher, making the OLR at a high value. This may indicate that the OLR spatial distribution in East Asia has a great correlation with air temperature. Although the OLR value from May to October is higher than in other months, the division of high and low-value areas is not obvious, while in other months, the high- and low-value areas are at 10~30° N and 40~60° N, which means that in other months, the OLR value obviously decreases with the increase in latitude. According to the division of the natural year, it can be found from Figure 3 that OLR in spring and autumn has remained basically unchanged in East Asia. In summer, the range of 10–30° N latitude gradually decreases and the range of high-value areas gradually decreases, while other latitudes gradually increase, while the change in 10–30° N latitude in winter is just opposite to that in summer. This is most likely because the latitude range of 10~30° N is close to the equator, and the cloudiness near the equator obscures the propagation of OLR. At the same time, we know that a higher temperature causes higher water vapor and higher cloudiness, and a lower temperature, less water vapor and less cloudiness. This leads to opposite trends in summer and winter.





3.2. Time Evolution Analysis


3.2.1. OLR Multi-Dimensional and Multi-Angle Analysis


Figure 4a shows the OLR time series changes at the same longitude and different latitudes. From Figure 4a, it can be known that the OLR value at 10–30° N latitude is higher than at other latitudes. Except for 0–10° N latitude, other latitudes with the decreases of latitude and the OLR value gradually increase. This is because the latitude of 0~10° N is close to the equator and the cloudiness near the equator is higher, which obscures the propagation of part of the OLR. As a result, it corresponded well to the spatial distribution. Figure 4b shows the year time and latitude changes. It can be found that the inter-annual changes in Figure 4a, b have a similar trend. Meanwhile, it is found that 2015 is the highest value year in the past 19 years, which may be the reason this is the result of the longest El Niño “Bruce Lee” in 2015 and the warmest year on record. Figure 4c shows the inter-annual change in OLR in East Asia. Figure 4c, it is found that 2015 is the high point of inter-annual change of OLR, which corresponds to the results in Figure 4b, and the change rate in the past 19 years is 0.04   w /  m 2    per year. The OLR reached its lowest value in 2012, with a value of about 238   w /  m 2   . This may be because the La Nina extreme low-temperature event that ended at the beginning of 2012 has a certain cooling effect on the world, resulting in the lowest OLR value in history in 2012. Figure 4d shows the monthly time and latitude changes. It can be found from Figure 4d that the OLR value is the lowest in July at the latitude of 10~30° N. At the same time, the months on both sides gradually increased, and high-value areas appeared in January, February, March, and December, which were similar to the spatial distribution characteristics. The changed trend of OLR between 30~60° N and 10~30° N is the opposite. July is the highest value of the OLR value and decreases on both sides of the month, with low-value areas appearing in January, February, and December.




3.2.2. Exponential Smoothing Analysis


Figure 5a shows the single-exponential smoothing results. From Figure 5a, it can be seen that the actual monthly data change of OLR is the light-blue line, while the orange and dark-blue lines represent results obtained when different α values are taken. We found that when α = 0.2, the time-series change value of OLR has a large error compared with the actual value, which indicates that the test value cannot keep up with the change trend of the actual value and the fluctuation is relatively small; so, the time-series comparison is smooth. When α = 0.8, the test result can be close to the true value. However, the obtained α value is relatively large, indicating that the real-time sequence has a strong trend change and this method cannot be used for prediction. Figure 5b is the result of the double-exponential smoothing method. Based on the single-exponential smoothing method, an additional β value is added, compared with the single-exponential smoothing method that only considers the previous K historical data and static values. The double-exponential smoothing method “averages” historical data and also takes into account the upward trend of current data changes, which is the result of the interaction between α and β. From Figure 5b, it can be known that the purple line is the actual OLR change. The rest are the time series that approximates the actual value obtained under the action of different α and β. When α = 0.9 and β = 0.02, it can better approach the change of the actual value; and the deviation of α = 0.02 and β = 0.02 from the actual value is the most obvious. At the same time, under the action of the same α and different β, if α is small, no matter how large β is, it cannot be very close to the actual value. When α is large, no matter what value β takes, it can better fit the actual value. Meanwhile, the β value is smaller, the closer it is to the actual value, indicating that α occupies the main influence on the double-exponential smoothing method. Therefore, in order to get the result closer to the actual value, you can set α to be larger and β to be smaller; otherwise, it will not fit well.




3.2.3. Triple-Exponential Smoothing Analysis and Prediction


Figure 6a shows the prediction results of the triple-exponential smoothing. The triple-exponential smoothing adds a seasonal trend analysis to the double-exponential smoothing; in addition, the seasonality is used to explain the repeated changes of the intercept and trend, and is described by the length of the season. In this article, we take the seasonal step size as 24. It can be seen from Figure 6a that both the actual value and the predicted value can satisfy the confidence interval. In addition, it is found that the prediction model results and the actual value results can be well fitted to approach the initial time series and capture seasonality. However, the overall downward trend has some anomalies. At the same time, the green dots are the unstable point in the whole time series. There are two outliers in the figure: one appears in the initial stage of the OLR time series and the other anomaly occurs at the end of the actual time series, indicating that in the prediction process, there will be interference at the beginning; and when it gradually stabilizes, the outliers will be such that it does not appear. Moreover, the time series will be affected by the white noise of the system and the results of human operation during the acquisition of atmospheric data factors when it is about to end. At the same time, from the model deviation diagram in Figure 6b, it can be found that the model responds very strongly to changes in the sequence structure at the beginning. However, the deviation will soon return to the normal value and “forget” the past, which indicates that the model has no memory function; in addition, the range of deviation is mainly between 0.5 and 2.5, and the deviation is small. Furthermore, from the prediction results in Figure 6a, it is found that the accuracy is higher and the error is smaller. The prediction results have a certain reference, indicating that the results can provide a reference value for future data research.





3.3. Empirical Orthogonal Decomposition (EOF)


The OLR data of 19 years from 2003 to 2021 are anomaly model analysis. Then, the datasets are decomposed by EOF, and the time-invariant spatial function and time-varying time function of the 19-year East Asian region are obtained. In a physical sense, the greater the variance contribution of the decomposed spatial function, the better the understanding of the spatial variation characteristics of OLR in the past 19 years. Meanwhile, the time function can reflect whether the annual contribution is decreasing or increasing, and obtain the overall change trend of 19 years and the changing trend of each decade.



Four eigenvectors and four-time coefficients are obtained through EOF decomposition, as shown in Table 1.



The trend lines of the time coefficient in the past 19 years, 2003~2012 linear trend lines, and 2013~2021 linear trend lines to make a table are shown in Table 2.



It can be found in Table 1 that the OLR value after EOF decomposition has a fast convergence speed, and the total modal variance contribution after decomposition exceeds 70%. The main information of the anomaly field is concentrated, which has high research significance. The variance contribution of EOF1 (Figure 7a) and EOF2 (Figure 7c) in Table 1 is much higher than that of the other two modes; so, only the first two modes with high contribution are analyzed here, and the latter two modes are analyzed similarly to the first two modal analyses. From Figure 7a, it can be seen from EOF1 that it is negative in the range of 0~25° N in East Asia, and has extremely low negative values in the range of 100~135° E, while Sichuan, Chongqing, and western parts of the Pacific Ocean are positive. At the same time, combined with the time coefficient principal component (PC)1 (Figure 7b), it can be found that the overall change trend of PC1 is a downward trend, indicating that the value of OLR in the range of 0~25° N and 100~135° E in East Asia shows an upward trend; and Sichuan, Chongqing, and parts of the western Pacific are on a downward trend. From Table 2, it can be seen that the time trend of the first 10 years and the last 9 years is an increase, indicating that the total OLR value decreased more than increased during the 19 years. It can be seen from EOF2 (Figure 7c) that positive values are found in South China, Southwest China, Taiwan, East China Sea, Southeast Asia, the Bay of Bengal, and South India; and extremely high-value areas appear in Guangdong, Fujian. However, the region of Northwest China, the Qinghai-Tibet Plateau, and some waters of the western Pacific showed negative values; and the negative values were more obvious in some waters of the western Pacific. At the same time, combined with the change of the time coefficient PC2 (Figure 7d), it is found that there is a downward trend in 19 years, indicating that the OLR values in Southwest China, Taiwan, the East China Sea, Southeast Asia, and the Bay of Bengal have a decreasing trend. Moreover, northwest China, the Qinghai-Tibet Plateau, and parts of the western Pacific Ocean show an increasing trend. From Table 2, we can find that the changing trend of the first 10 years and the last 9 years is also decreasing, which shows that the changes of the first 10 years and the last 9 years are the same as the changes of the whole 19 years. At the same time, it can be seen through PC2 that the first 5 years are all positive, indicating that the change in the first 5 years is the opposite of the overall change in the first 10 years and the last 9 years. In addition, after 2008, the time coefficient is a negative value and reduced the amount of OLR more than in the previous 5 years, ultimately leading to a downward trend in the change over 19 years.





4. Relationship between OLR and TCWV, AT, CTP, and CTT


4.1. Spatiotemporal Characteristics Analysis of TCWV, AT, CTP, and CTT


Figure 8a,c,e,g shows the multi-year spatial distribution of TCWV, AT, CTP, and CTT. Figure 8b,d,f,h for the inter-annual variation. From the spatial distribution of Figure 8a,c, it can be found that the spatial distribution of TCWV and AT are basically the same. It is in the high-value area between 0 and 25° N, and mostly in the ocean area, while the lower-value area is located in the Qinghai–Tibet Plateau. From the spatial distribution of CTP and CTT in Figure 8e,g, it can be seen that the high-value areas of CTP appear in northeastern China, South Korea, and North Korea; and the low-value area is in the range of 0~10° N. At the same time, it can be found that the Qinghai-Tibet Plateau is the lower-value area in the whole of China, and the spatial distribution of CTT and CTP is relatively similar; but, the high-value area of CTT is in India and the CTP is different. Figure 8b shows the inter-annual variation of TCWV. It can be seen that the inter-annual variation of TCWV shows an upward trend, and it also increases with different slopes in the first ten years and the next nine years; but, there is a downward trend in the process of increasing from 2010 to 2015. This may be caused by the upward trend of OLR during this period. Figure 8d shows the inter-annual variation of AT. This trend is similar to the variation trend of TCWV, both of which are increasing, and there is also a decreasing trend from 2007 to 2012. At the same time, among the inter-annual changes in the past 19 years, it reached the maximum value in 2020. It can be seen from Figure 8f,h that CTP and CTT have similar changing trends. However, the overall trend of CTP is decreasing, and the trend of CTT is increasing. In addition, the changing trend in the next nine years is also the opposite. At the same time, both reached the lowest values in 2008, which were 515 hpa and 251 °C.




4.2. The Correlation between OLR and Impact Factors


Figure 9 shows the results of the correlation study between the OLR data detected by AIRS, and the monthly data of TCWV, AT, CTP, and CTT. In Figure 9, N = 234 is the number of datasets. From the results shown in the figure, it can be known that Figure 9a,b,d are the correlations between OLR and TCWV, AT, and CTT. It is found that the correlation between OLR and these three factors appears to be positively correlated. At the same time, the correlation between OLR and AT is the largest at 0.89, while the correlation with TCWV and CTT is smaller at 0.78. However, the correlation between OLR and these three factors exceeds the limit of strong correlation (weak correlation is 0~0.3, medium correlation is 0.3~0.6, a strong correlation is 0.6~1), indicating that between the OLR and these three parameters has a very strong positive correlation; so, the OLR value may gradually increase with the increase in TCWV, AT, and CTT. We can also find that the slope of the fitted straight line between OLR and CTT is the largest among the three, indicating that OLR is greatly affected by CTT. At the same time, the correlation coefficients of the three have passed the 99% significance t-test. In Figure 9c, it can be seen that the correlation coefficient between OLR and CTP is −0.64, indicating that OLR and CTP have a strong negative correlation, indicating that the OLR value may gradually decrease with the increase of CTP. In addition, its absolute slope is the smallest among the four graphs, and its correlation coefficient also passed the 99% significance test. However, only a linear correlation can be seen here. In the following subsections, we will analyze its correlation in East Asia in detail, so that we can more intuitively see the size of the correlation in various places in East Asia, which is convenient for future research by scholars.




4.3. The Longitude–Latitude Distributions of Correlation between OLR and Impact Factors


Figure 10 represents the longitude-latitude distributions of the spatial correlation and significance test between OLR and influencing factors. Figure 10a is the spatial correlation between OLR and TCWV. From Figure 10a, it can be seen that there is a positive correlation between 30 and 60° N. The correlation degree is above 0.8. At the same time, the negative correlation degree is above 0.8 in most places from 0 to 25° N, and these places passed the 99% significance test. It shows that the OLR may increase with the rise of the TCWV at 30~60° N, and the opposite is true at 0~25° N. In addition, a relatively obvious dividing line can be seen in the range of 25~30° N, which distinguishes between a high positive correlation and negative correlation. It can be seen from Figure 10b that the spatial correlation of AT is basically the same as that of Figure 10a, except that the positive correlation between AT and OLR is higher above 30° N; while the negative correlation below 20° N is the same as that in Figure 10a, the correlation between AT and OLR becomes lower. Figure 10c is a schematic diagram of the correlation between OLR and CTP. From the distribution in the figure, it can be seen that the spatial correlation between CTP and OLR, the correlation between TCWV and OLR, and AT and OLR basically show opposite trends. In South Korea, North Korea, Japan, and northern China, the correlation is basically negative; and the correlation is mostly positive in other regions. Moreover, in Southeast Asia and southern India, the positive correlation is abnormally high, as high as 0.9 or more. Figure 10d shows the spatial correlation between OLR and CTT. It can be found that there is a positive correlation of more than 0.8 in most parts of East Asia, and only a few areas have a low negative correlation and a very low correlation, such as in the East China Sea waters of China, parts of southern Japan, and parts of eastern Indonesia; there is only a correlation of no more than 0.5. In addition, we can find that OLR and CTT in East Asia basically pass the 99% significance test, indicating that OLR variation is highly influenced by CTT throughout East Asia. The analysis of the above results shows that the positive correlation at 30° N to 60° N in East Asia is mainly affected by the TCWV, AT, and CTT; and the negative correlation is greatly affected by CTP. The positive correlation between 0 and 25° N is affected by CTP and CTT, and the negative correlation is affected by TCWV and AT.





5. Discussion


This paper uses AIRS remote-sensing OLR data for 19 years from 2002 to 2021 to analyze its temporal and spatial, modal, and correlation results. Firstly, from analysis of the OLR temporal and spatial variation, we understand its spatial distribution and temporal changes in East Asia. At the same time, we study the correlation between OLR and some factors. The changes in OLR and the results of correlation research provide help in studying some extreme weather.



Among some outstanding foreign researchers, there are sixth-time series prediction models used to detect OLR anomalies before and after earthquakes; then, a new forecasting method improved based on the ARIMA forecasting model is proposed for forecasting [39]. Some researchers have studied the potential of abnormal changes in OLR in earthquake precursors [40]. Other researchers used the background field analysis (BFA) method and tidal force pulsation analysis method to obtain OLR data separately to study whether OLR data is the main factor causing seismic tectonic force [41]. It can be seen that most of them are based on earthquakes to study the abnormal changes of OLR. However, this paper conducts research by directly analyzing the OLR data observed by AIRS. It was found that the OLR data had seasonal variation, and the OLR variation increased with decreasing latitude.



In this paper, through EOF decomposition, the total variance of the first four modes exceeds 70%, but our first mode variance contribution is less than 50%. However, we can find that in the current research process, when researchers used the EOF method to conduct research, the variance of the EOF1 in the research results is basically larger. Examples include Hu’s research on EOF analysis to identify the dominant climate patterns responsible for precipitation and then to control environmental factors that control winter precipitation in California [42]; and Wie’s research using EOF analysis to find that ENSO has a certain impact on the study of the inter-annual variability of tropospheric ozone in East Asia [43]; their EOF1 is more than 70%, which shows that the EOF1 of their research results has a high reference value. Our low contribution may be due to the complex changes in OLR, which are the result of a combination of factors. At the same time, in this paper, we conduct a linear regression of the times coefficient of EOF decomposition, which can more easily understand its changing trend and facilitate analysis.



At the same time, some scholars have conducted research on the correlation analysis between OLR and some parameters, which coincides with the idea of this paper. For example, Avinash Kumar et al. found that the correlations between BKS and SST, SAT, and OLR were −0.75, −0.84, and −0.76, respectively; and all passed the 99% significance level test [44]. Li et al. showed that there is an asymmetric relationship between regional average longwave radiation and the SCSSM onset date index [45]. Chaudhari et al. studied sea surface temperature (SST) and OLR in coupled-climate models. At the same time, it was also found that there was a significant negative correlation relationship between high cloud and OLR in the whole monsoon process [46]. In a progressive study of monthly OLR data over 30 years from 1979 to 2013 by Feng et al., the results showed that there was a correlation between convective activity in the western Pacific and OLR during June-August, while the opposite was true between June-July and July-August [47]. Compared with the research of Ye et al. [48], we directly use the data to study the characteristics and potential impact factors, while Ye et al., use the platform model to estimate the value of OLR and its potential impact. In this paper, the linear and spatial correlations of OLR and some parameters are studied, and the idea of looking at the degree of correlation in the whole of East Asia is relatively new.



Although this article analyzes the variation of OLR in East Asia by analyzing the spatiotemporal distribution of year by year, seasonal, and month by month, and analyzes the inter-annual change and time dimension of OLR value, and uses exponential smoothing to test and predict the time series of OLR value, the prediction results are better. At the same time, the correlation analysis was carried out on whether some parameters could affect the OLR, and certain conclusions were obtained. However, there are still some parts of this paper that have not been studied in depth. For example, due to the complexity of meteorological parameters in the prediction part, we have not considered the influence of other parameters in the prediction model. Therefore, there may be certain errors between the obtained results and the actual values. In addition, in the process of research on correlation, only the correlation between a single parameter and OLR is considered, and the correlation between two or more parameters and OLR is not considered. At the same time, the estimation trend in Figure 5 is not statistically significant, because the amount of data is relatively small; but, this does not mean that the estimation is wrong. Compared with anti-leakage least-squares spectral analysis (ALLSSA), the results obtained by the method we use will have certain limitations [49]. Later, more in-depth research will be carried out.




6. Conclusions


Using the exponential smoothing method, empirical orthogonal function, and correlation analysis methods, the spatiotemporal variation of OLR in East Asia and the correlation analysis of the influence of other parameters on OLR were studied; and the following conclusions were drawn:



(1) The spatial distribution of OLR in the Qinghai-Tibet Plateau shows a low-value area whether year-by-year, season, or month. The reason is that as the third pole in the world is the Qinghai-Tibet Plateau, it has complex topography and climate changes. In the range of 10–30° N, it can be found that it may be affected by the western Pacific subtropical high, and a high-value area appears, which is more obvious in spring and winter.



(2) Through the study of the time series, it is found that the change of the time series gradually increases with the decrease of latitude. Meanwhile, with the large amount of cloud near the equator and the proximity of 0~10° N to the equator, part of the OLR propagation is obscured, resulting in less than 10~30° N. It can be seen from the time-latitude map that 2015 was a year with a high OLR value, which may be because 2015 was the longest El Niño “Bruce Lee” and the warmest year in the observation record. It was found that the time series of OLR passed the confidence test and had two abnormal points through prediction, and the deviation was small.



(3) Through EOF analysis, the total variance of the first four modes exceeds 70%, and the trends of the four times coefficient PC values are all decreasing. From the trend of the first 10 years, it is found that only PC2 is increased, and the other three PC are decreased. In the last 9 years, only PC1 is increased, and the other three PC are decreased. Combined with EOF1 and PC1, it is found that the OLR value shows an increasing trend in the range of 0~25° N and 100~135° E in East Asia; and the OLR value shows a decreasing trend in China’s Sichuan, Chongqing, and some waters of the western Pacific Ocean. According to EOF2 and PC2, OLR decreased in South China, Southwest China, Taiwan, East China Sea, Southeast Asia, the Bay of Bengal, and South India; and increased in Northwest China, the Qinghai-Tibet Plateau, and some waters in the Western Pacific.



(4) The correlation study found that the correlation between OLR and the TCWV, AT, and CTT were all highly positive, while there was a high negative correlation with CTP. At the same time, it is found from the spatial correlation study that OLR has similar spatial characteristics with the TCWV and AT, which is basically negative at 0~25° N and basically positive at 30~60° N. The correlation between OLR and CTP is negative in South Korea, North Korea, Japan, and Northern China; and mostly positive in other regions. In Southeast Asia and southern India, the positive correlation is abnormally high, as high as 0.9 or more. In most parts of East Asia, the correlation between OLR and CTT is greater than 0.8, and only a few regions have a low correlation. It is indicating that the change of OLR in the whole of East Asia is greatly affected by CTT and less affected by the other three factors.
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Figure 1. Year-by-year spatial distribution of OLR in East Asia in the past 19 years and the 19 year average. 
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Figure 2. Seasonal spatial variation distribution of OLR in East Asia in the past 19 years. 
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Figure 3. Average monthly spatial distribution of OLR in East Asia in the past 19 years. 
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Figure 4. OLR multi-dimensional and multi-angle analysis. (a) Time-series changes of the same longitude and different latitudes. (b) Year time and latitude changes. (c) Time-series changes in special areas. (d) Monthly time and latitude changes. 
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Figure 5. Exponential smoothing analysis: (a) exponential smoothing and (b) double-exponential smoothing. 
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Figure 6. Triple-exponential smoothing analysis and prediction: (a) triple-exponential smoothing prediction results and (b) predicted deviation. 
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Figure 7. The result of empirical orthogonal decomposition in East Asia. 
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Figure 8. The parameters of (a,c,e,g) are spatial distribution, and the parameters of (b,d,f,h) are time variation. 
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Figure 9. The correlation between OLR and various factors. * Indicates passing the 99% significance test. (a) OLR and TCWV. (b) OLR and AT. (c) OLR and CTP. (d) OLR and CTT. 
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Figure 10. The longitude–latitude distributions of correlation between OLR and various factors; the black dots indicate that they passed the 99% significance test. (a) OLR and TCWV. (b) OLR and AT. (c) OLR and CTP. (d) OLR and CTT. 
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Table 1. The first four EOF of the variance contribution and cumulative variance (unit: %).
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	Mode
	EOF1
	EOF2
	EOF3
	EOF4





	Variance contribution
	43.29%
	16.72%
	5.22%
	4.94%



	Cumulative variance
	43.29%
	60.01%
	65.23%
	70.17%
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Table 2. The overall trend line of PC value in 19 years and the trend line of each decade.
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	PC
	2003~2021 Linear Trend
	2003~2012 Linear Trend
	2013~2021 Linear Trend





	PC1
	y = −0.01222x + 24.58
	y = 0.1891x − 379.3
	y = 0.03597x − 72.84



	PC2
	y = −0.06419x + 129.2
	y = −0.208x + 417.7
	y = −0.04182x + 84.16



	PC3
	y = −0.03616x + 72.76
	y = 0.08142x − 163.3
	y = −0.1645x + 331.7



	PC4
	y = −0.07497x + 150.8
	y = 0.1014x − 203.1
	y = −0.1257x + 253.1
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