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China; 2. South China Sea Institute of Marine Meteorology, Guangdong Ocean University, 6 

Zhanjiang 524088, China) 7 

Abstract: We used synthetic analysis, EOF decomposition, correlation coefficient 8 

analysis and causal analysis to investigate relationships between radiation flux and 9 

ENSO in the tropical Pacific in recent 170a. Our results indicate that SDLR increased 10 

significantly, by c.0.05 W / (M2 * a), TOLR decreased slightly, by c.0.02 W / (M2 * a), 11 

SDSR did not change significantly, and TISR increased slightly, by c.0.001 W / (M2 * 12 

a). In the tropical western Pacific region, the average state of the tropospheric 13 

atmosphere rising and sinking intersecting area shifted eastward by 0.05 ° / a, and El 14 

Niño Modoki events increased. In the Middle East Pacific, especially Niño 3.4 with an 15 

ocean depth > 700 m, ocean heat content increased significantly, the maximum ILD 16 

region moved eastward, upward movement in the intersecting area was abnormally 17 

enhanced, the number of westerly wind bursts weakened, and the probability of El Niño 18 

Modoki occurrence increased. There was a correlation and causal relationship between 19 

marine heat content in zones Niño3 and Niño4, radiation flux, w and u, v anomalies 20 

near the intersecting zone. When the time series of the factor was ahead or behind, the 21 

lead lag correlation coefficient generally increased. The location of the ILD maximum 22 

only affected TOLR, and only SDLR can affect the longitudinal location of the ILD 23 

maximum. The longitudinal location of the ILD maximum and Hniño3, Hniño3.4 interact 24 

as both cause and effect. 25 
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1. Introduction 33 

El Niño and Southern Oscillation（ENSO） is an important air-sea coupling 34 

phenomenon affecting the Pacific and even the world. One of the important variables 35 

affecting ENSO is radiation, and by studying the impact of Centennial radiation flux on 36 

ENSO, we can explore the impacts of weather and climate change. Predicting ENSO 37 

and even global climate change trends is of great significance for the prediction of 38 

extreme weather and climate events around the Pacific and even the world. 39 

Meehl et al.[1] studied the relationship between precipitation in the Intertropical 40 

convergence zone (ITCZ) on the tropical Pacific and peak solar radiation, and found 41 

that there was a stronger sea surface pressure difference in the peak year of solar activity, 42 

which increased sea surface pressure difference between the eastern and Western 43 

tropical Pacific and strengthened the trade wind, resulting in stronger ITCZ 44 

precipitation in the tropical western Pacific similar to La Niña. Haigh et al. [2] studied 45 

the relationship between solar activity and atmospheric circulation and climate change 46 

and found that in an enhanced solar activity year, stratosphere thermodynamic and 47 

dynamic conditions were adjusted, tropospheric atmospheric circulation changed, 48 

tropical precipitation strengthened and moved to the pole, and Hadley circulation range 49 

expanded. This produced atmospheric circulation and precipitation distribution similar 50 

to an El Niño year. Huo et al. [3] found that El Niño Modoki will appear in the tropical 51 

Pacific 1-3 years after the peak year of the solar activity cycle. Hu et al. [4] found that 52 

when an El Niño event with weak air sea coupling occurred, the SST zonal gradient in 53 

the tropical Pacific was small. Seiki et al. [5] found that under global warming, the West 54 

Wind Bursts showed an upward trend in the eastern and western Pacific, and a 55 

downward trend in the central Pacific and Indian Ocean, while the total number of West 56 

Wind Bursts were unchanged. This may be due to increased short-term convective 57 

disturbance from ocean surface temperature rises in the eastern and western Pacific. 58 

Under current climate conditions, the CMIP model tends to show consistent changes in 59 

the relationship between westerly outbreak and ENSO, and its simulation effect is good. 60 

West Wind Bursts in the middle east Pacific are conducive to El Niño occurrence in the 61 

http://shortof.com/suolueci/El-Nino-Southern-Oscillation-ENSO


eastern Pacific, and West Wind Bursts in the central and western Pacific are conducive 62 

to El Niño occurrence in the central Pacific. Shi Yunhao et al. [6] pointed out that when 63 

PDO was positive, westerly wind broke out more frequently in an El Niño year in the 64 

east Pacific, while with negative PDO, the westerly burst in the central Pacific moved 65 

westward, weakening the westerly wind burst in the central Pacific and increasing El 66 

Niño Modoki. Chen Shengjie et al. [10] defined a new El Niño air-sea coupling index 67 

according to ocean heat content, and found that when it was high, air-sea coupling was 68 

strong. XZ et al. [13] studied the relationship between thermocline feedback and ENSO, 69 

and found a positive feedback mechanism between thermocline change and El Niño 70 

Modoki. Ashok et al. [14] defined the abnormally high SST event in the central Pacific 71 

as El Ni ñ o Modoki, wherein the middle Pacific El Niño event differed from the east 72 

Pacific El Niño. Yeh et al. [15] found that the occurrence frequency of this type of El 73 

Niño may continue to rise with global warming. Moum et al. [16] noted that in the Niño3 74 

and Niño3.4 region, there are different phases in the change of ENSO. 75 

In summary, there have been some significant changes in radiation and ENSO 76 

activity in the tropical Pacific in recent years. However, there has been little discussion 77 

of mechanisms generating these changes. Therefore, we use a variety of statistical 78 

methods, EOF decomposition, causality analysis and other methods to explore the 79 

action mechanisms of radiation and ENSO related variables on the changes of ENSO 80 

events in the tropical Pacific. 81 

2. Data and methods 82 

2.1 data 83 

Through experimental comparison, it has been found that the BCC-CSM CMIP6 84 

data from the Beijing Climate Centre (BCC) was best suited for radiation simulation 85 

and appeared more in line with historical reality [7]. Therefore, we selected their data on 86 

Surface Downward Longwave Radiation (SDLR), Surface Downward Shortwave 87 

Radiation (SDSR), TOA Incident Shortwave Radiation (TISR), and TOA Outgoing 88 

Longwave Radiation (TOLR) simulated by BCC since 1850, with a spatial resolution 89 

of about 1 ° × 1 °, and divided into 19 vertical layers. CMIP6 from NCAR was selected 90 



as the vertical velocity w data since 1850, along with meridional wind (v) and zonal 91 

wind (u) CMIP5 data since 1850 simulated by NCAR. The spatial resolution of u, v and 92 

w data was c.1.25 ° × 1 °, divided into 19 vertical layers. Additionally, we used ERA5 93 

data since 1950 with a spatial resolution of 0.25 ° × 0.25 ° [8], to synthesize and analyze 94 

El Niño, El Niño Modoki and La Niña events. By studying the air-sea coupling degree, 95 

using NCAR's CMIP6-CESM2-historical-r11i1p1f1 SST data we calculated the heat 96 

content above the ocean depth of 700 m [9, 10]. All CMIP data used were from 97 

https://esgf-node.llnl.gov/projects/, with an initial download range of 120° E-80°W, and 98 

30°S-30°N. 99 

2.2 Research Region 100 

Our research focused on the tropical Pacific region (120°E-80°W, 30°S-30°N), 101 

where ocean depth is mostly >700 m, and the atmospheric height is 925-150 hPa. 102 

Selected areas in the region differed in research focus, and these specific areas are 103 

described in the main text. 104 

2.3 Method 105 

Firstly, we researched interdecadal changes of u-w wind and v-w wind in the 106 

Pacific since 1850 and the synthetic analysis of u-w wind and v-w wind during El Niño, 107 

El Niño Modoki and La Niña events. We selected the intersecting area of ascending and 108 

descending motion, and calculated changes in SDLR, SDSR, TOLR and TISR, u 109 

anomaly and w. Concurrently, we calculated the tropical Pacific Isothermal Layer 110 

Depth (ILD) to represent ocean heat transport and distribution, then conducted wavelet 111 

analysis, and calculated ocean heat content above 700 m in zones Niño3 and Niño3.4, 112 

the relationship between heat content and radiation flux, u anomaly and w change in 113 

the intersecting area, and researched its impact on ENSO activities. Finally, we 114 

conducted a causality analysis to identify causal relationships between related variables. 115 

Indication of a causal relationship between two variables are expressed by the scale of 116 

the information flow between the variables (if the direction between the two variables 117 

is different, the scale of the information flow will also be different). The formula to 118 

determine information flow between the variables is: 119 



𝑻𝑻𝟐𝟐→𝟏𝟏 = 𝑪𝑪𝟏𝟏𝟏𝟏𝑪𝑪𝟏𝟏𝟐𝟐𝑪𝑪𝟐𝟐,𝒅𝒅𝟏𝟏 − 𝑪𝑪𝟏𝟏𝟐𝟐𝟐𝟐 𝑪𝑪𝟏𝟏,𝒅𝒅𝟏𝟏𝑪𝑪𝟏𝟏𝟏𝟏𝟐𝟐 𝑪𝑪𝟐𝟐𝟐𝟐 − 𝑪𝑪𝟏𝟏𝟏𝟏𝑪𝑪𝟏𝟏𝟐𝟐𝟐𝟐  120 

Where 𝐶𝐶𝑖𝑖𝑖𝑖 is sample covariance between 𝑋𝑋𝑖𝑖 and 𝑋𝑋𝑖𝑖. 𝐶𝐶𝑖𝑖,𝑑𝑑𝑖𝑖 is sample covariance 121 

between 𝑋𝑋𝑖𝑖 and �̇�𝑋𝑖𝑖, and: 122 �̇�𝑋𝑖𝑖 = 𝑑𝑑𝑋𝑋𝑖𝑖(𝑛𝑛)𝑑𝑑𝑑𝑑 =
𝑋𝑋𝑖𝑖(𝑛𝑛 + 1) − 𝑋𝑋𝑖𝑖(𝑛𝑛)△ 𝑑𝑑  123 

The above method was used to calculate information flow between variables and 124 

analyze the causal relationship between the variables [11,12]. 125 

3.Correlation analysis of tropical Pacific radiation and 126 

related variables with ENSO in recent 170a 127 

3.1 SDLR, SDSR, TISR and TOLR analysis 128 

Atmospheric circulation change is related to ocean heat change, which is related 129 

to radiation. Therefore, the interannual changes and trends of SDLR, SDSR, TISR and 130 

TOLR in the intersecting area (160°E-120°W, 5° S-5°N) since 1850 were calculated 131 

(Figure 1). 132 

 133 



Figure. 1 Analysis of interannual variation (blue solid line) of SDLR, SDSR, TOLR and TISR in 134 

the tropical Pacific intersection area (160°E-120°W, 5°S-5°N) and trend variation after 30 years of 135 

smoothing (orange dotted line) since 1850 (unit: w / m2) 136 

SDLR in the intersection area shows an increasing trend, which can be divided 137 

into three parts according to the change (Figure 1). The dividing points are 1906 and 138 

1968 (red dotted lines), the overall upward trend is up to 0.05 W / (M2 * a), SDSR and 139 

TOLR show a slight decreasing trend, with a decrease of about 0.02 W / (M2 * a). The 140 

frequency of SDSR minimum events increased significantly around 1930 (≤ 235 W / 141 

m2), and TISR (representing the natural change of solar activity) had a slight increasing 142 

trend, with an increase of about 0.001 W / (M2 * a). Changing radiation flux generally 143 

reflects the increase of cloud amount in the intersecting area. Notably, the increase of 144 

SDLR is large, which is conducive to obtaining more energy in the intersecting area, 145 

facilitating convection occurrence. 146 

3.2 Analysis of thermocline ocean heat change in recent 170a 147 

We calculated the isothermal layer depth (ILD), heat content and other variables 148 

related to ocean heat change in the tropical Pacific since 1850 (Figs 2, 3). 149 



 150 

Figure 2 (a) Hovmueller diagram of ILD in the range of 5 ° S-5 ° n since 1850; (b) Variation in 151 

longitude of ILD maximum position (the blue line is the unsmoothed time series, the orange dotted 152 

line is the result of 12-point smoothing, and the yellow line is the change trend); (c) Wavelet analysis 153 

and power spectrum of ILD maximum position 154 

Radiant heat storage in the upper ocean leads to maximum ILD in the range of 155 

170°E-135°W, which can reach more than 80 m (Fig. 2). Additionally, maximum ILD 156 

position gradually moves eastward from 158.5°W to 155°W as shown in the trend line, 157 

and the moving rate can reach 0.1°/a. The area where maximum ILD appears is similar 158 

to the Niño3.4 zone, and its position also changes with age, which is more likely in the 159 

Niño3.4 core zone [13], showing that the probability of El Niño Modoki [14] is increasing. 160 

Furthermore, as seen from wavelet analysis, the ILD’s period is significant in 4a around, 161 

which is consistent with the El Nino period. Moreover, the highest ILD longitude 162 



position period shows a shortening trend, especially after 1950, indicating a significant 163 

quasi-2-4a cycle, suggesting that the probability of an El Niño Modoki event is 164 

increasing [15]. 165 

As large ILD can transport more heat eastward through Westerly Wind Burst, its 166 

location is so important that its correlation coefficient with ocean heat content in the 167 

tropical middle east Pacific can reach about 0.7. ENSO change is related to the degree 168 

of air-sea interaction, which is related to ocean heat content, westerly burst and vertical 169 

velocity [10]. To gain a deeper understanding of the Niño3.4 and Niño3 zones and the 170 

degree of air-sea interaction, we calculated ocean heat content above 700 m in the 171 

Niño3.4 and Niño3 zones and defined them as Hniño3.4 and HNiño3, and calculated 172 

the west wind anomaly in the intersecting area since 1850 (which is defined as u). The 173 

vertical velocity anomaly between 10°S and 10°N of the intersecting area was also 174 

calculated, and defined as w (in the distribution and change diagram of the mean state 175 

of vertical motion in each year in Fig. 6, the upward motion is mainly distributed in 176 

10°S-10°N, so the calculation range of w is between 10°S-10°N) (Fig. 3). 177 

 178 

Figure 3 Variation (blue) and trend (orange) in ocean heat content (unit: W/m2) in (a) the Niño3.4 179 

zone and (b) the Niño3 zone above 700 m smoothed by 12 points from 1850 to 2020, (c) the average 180 

vertical velocity field smoothed by 12 points (annual smoothing, blue) and 60 points (5a smoothing, 181 

orange) in the range of 10°S-10°N (w downward is positive) and (d) zonal wind anomaly field (u 182 



westerly is positive, and the variation is blue, orange is smoothed after 12 points, and yellow is 183 

smoothed after 60 points) 184 

Ocean heat content clearly increased in the Niño3.4 zone, and increased slightly 185 

in the Niño3 zone, indicating that ocean heat change in the Niño3.4 zone produced a 186 

more obvious and intense air-sea coupling (Fig. 3) [10]. It also shows that the probability 187 

of El Niño Modoki is increasing [15]. Concurrently, in the intersecting area, the updraft 188 

tends to become stronger, the westerly wind anomaly decreases slightly with time, and 189 

the frequency of Westerly Wind Bursts decreases, also indicating that the probability of 190 

El Niño Modoki is increasing [17]. 191 

3.3 EOF decomposition of SST anomaly and radiation synthesis 192 

analysis in recent 170a 193 

 194 



Figure 4 SDLR, SDSR and TOLR distribution in the tropical Pacific and EOF analysis results of 195 

SST anomaly with seasonal signal removed (EOF spatial model is represented by solid line for 196 

positive value, dotted line for negative value, and 0 line is thickened. EOF time model is represented 197 

by solid blue line, and its trend is represented by a dotted orange line). The (a) and (b) contours are 198 

170a SDLR spatial mean field distribution. The line shows the spatial distribution of the first and 199 

second modes of EOF in the near 170a Pacific SST anomaly. The (c) contour is the SDSR spatial 200 

mean field distribution near 170a mean, and the line shows the spatial distribution of near 170a 201 

Pacific SST anomaly third model. The (d) contour shows the spatial mean field distribution of TOLR 202 

in recent 170a, and the line shows the spatial distribution of the fourth mode of SST anomaly in 203 

recent 170a. (e), (f), (g), and (h) are the time series and trends of the first to fourth EOF modes in 204 

the Pacific SST anomaly in recent 170a. 205 

The first, second, third and fourth EOF decomposition modes of Pacific SST 206 

anomaly have obvious corresponding relationships with radiation flux SDLR, SDSR 207 

and TOLR, and the positive or negative center of each mode coincides with the positive 208 

or negative center of each radiation flux on the low latitude region (Fig. 4). The SDLR 209 

distribution in the east equatorial Pacific is smaller than in the west, while the centers 210 

of the first and second modes of the SST anomaly are located in the Niño3 zone of the 211 

eastern Pacific. This region has the smaller SDLR on the equator, the positive center in 212 

the first mode of the eastern Pacific, and the negative center in the second mode. SDSR 213 

distribution is small in the west and large in the east of the equatorial Pacific, the high 214 

value center is located in the Niño3.4 zone, the third SST mode of anomaly is dominated 215 

positive, but there is a large negative area in the equatorial Pacific. The negative center 216 

is also located in the Niño3.4 zone, corresponding to the center of SDSR high value. 217 

TOLR distribution is at its lowest in the west and highest in the east of the equatorial 218 

Pacific. The fourth SST mode of anomaly has a large gradient on the equator, the 219 

positive value center is located in the Eastern Pacific, and the negative value center is 220 

located in the western Pacific, which corresponds to large and small TOLR distributions. 221 

3.4 Synthetic analysis of mean atmospheric circulation flow 222 

Since Niño1, Niño2, Niño3, Niño3.4, Niño4 and the rising area of atmospheric 223 



movement in the tropical western Pacific are included in the range of 120°E - 80°W 224 

and 5°S-5°N, and they are closely related to ENSO. To explore the average state change 225 

of circulation in the tropical Pacific and the change of atmospheric circulation of ENSO 226 

activity, we set the SDLR change boundary points as 1906 and 1968. Then, we divided 227 

the distribution of u-w wind into three stages using boundary points between 120°E-228 

80°W under the meridional average of 5°S-5°N and calculated u-w wind for El Niño, 229 

El Niño Modoki and La Niña events since 1950. The background contour was divided 230 

into two cases of w and u, and a total of 12 average states are discussed, respectively 231 

(Fig. 5 and Fig. 7). 232 

 233 

Figure. 5 Synthetic analysis of average state of u-w wind in each year between 120°E-80°W with 234 

meridional average of 5°S-5°N (the boundary of each stage is defined according to the boundary 235 

point of SDLR in Fig. 1) and u-w wind for La Niña, El Niño and El Niño Modoki events since 1950. 236 



The blue dotted line in the u-w wind diagram represents the east and west edge longitude position 237 

of the intersection of updraft and downdraft area in the climate average state (contour is the 238 

background field w and u respectively) 239 

In the tropical Pacific west of the international date line, the low-level is mainly east 240 

wind and the high-level is mainly west wind, while in the tropical Pacific east of the 241 

international date line, the lower layer is weak westerly transmission, and the upper 242 

layer is mainly easterly transmission (Fig. 5). When a La Niña event occurred, the 243 

Walker circulation east of the international date line increased and the range extended 244 

eastward, the westerly transmission in the lower layer of the region disappeared, and 245 

the lower layer became easterly transmission. Downdraft prevails in the east near the 246 

international date line, and ascending prevails in the west. There is an interactive belt 247 

of ascending and descending movement which varies in height, with ascending 248 

movement that reaches the easternmost near 700 hPa. In each mean state, there is an 249 

obvious intersecting area of upward and downward movement. In a La Niña event 250 

synthetic state, the intersecting area is significantly west of the mean state, while in El 251 

Niño and El Niño Modoki synthetic states, the intersecting area is significantly east 252 

compared to mean state, the intersecting area below 850 hPa is not obvious, and there 253 

is no obvious downward movement. 254 

 255 

Figure. 6 Longitudinal changes in the east (blue) and west (orange) boundaries of the intersection 256 

area (taking the average vertical velocity equal ± 0.01 m/s as the boundary of the intersection area) 257 

The rising side of the intersection area advances eastward over time, with a speed 258 

of about 0.05°/a (Fig. 6). In the central Pacific, the upward movement of El Niño 259 



Modoki's synthetic field is more obvious than that of El Niño (Fig. 5). When the average 260 

state of the intersection area of each decade moves eastward, it is more conducive to 261 

the outbreak of an El Niño Modoki event. 262 

We defined the intersection position (near 160 ° E) of the movement of La Niña in 263 

Fig. 5 as the west boundary of the intersection area, and the intersection position (near 264 

120°W) of the rising and sinking movement of El Niño in Fig. 5 as the east boundary 265 

of the intersection area. Therefore, the intersection area is located near the equator at 266 

160°E-120°W, and later we conduct a correlation analysis of the related variables in 267 

this area. 268 

 269 

Figure. 7 Distribution of v-w wind in the intersection area divided by boundary points in Fig.1 from 270 

30°S-30°N zonal average and the synthetic analysis (vector field) of v-w wind for La Niña, El Niño 271 

and El Niño Modoki events since 1950, as well as the zonal average of zonal wind (u) anomaly and 272 



vertical wind (w) anomaly in this area (contour field). 273 

For the distribution of the average state in various years, upward movement is 274 

mainly distributed between 10°S-10°N (Fig. 7). In the contour diagram, a positive value 275 

represents the westerly (upward) movement anomaly and a negative value represents 276 

the easterly (downward) movement anomaly. For the average states in this region, the 277 

westerly anomaly in the middle and lower troposphere tends to weaken, which is not 278 

conducive to the eastward transportation of warm seawater to the central Pacific, nor to 279 

the generation of the east Pacific El Niño, resulting in their reduction. At the same time, 280 

zonal wind anomaly field changes near the equator in every stage from the distribution 281 

situations of the El Niño and La Niña events, may also increase the probability of a La 282 

Niña event. The mean state shows that there is a sinking anomaly on the equator, and a 283 

strong rising anomaly on both sides of the equator, especially in the northern 284 

hemisphere, which corresponds to the previous double ITCZ theory and the conclusion 285 

that the ITCZ in the northern hemisphere is stronger. Moreover, in a La Nina year, the 286 

equatorial downward anomaly is abnormally strong, while in an El Nino, the equatorial 287 

downward anomaly disappears and becomes an upward anomaly. 288 

3.5 Analysis of ENSO index variety 289 

Since the NOAA CPC publication shows that the Niño3.4 index is directly related 290 

to El Niño Modoki events [14]. To verify the conclusion above, we use the Niño3.4 and 291 

SOI index since 1982 to 2020 from NOAA CPC monthly data, then we selected and 292 

standardized the SDLR and SDSR time series since 1982 as well, and compared them 293 

to the Niño3.4 and SOI index. 294 



 295 

Figure 8 (a) Niño3.4 index (b) SOI index and, (c) ENSO index from 1982-2020 after 12 points 296 

smoothing; and their trend’s with radiation flux SDLR, SDSR after 60 points smoothing 297 

Since 1982, the Niño3.4 and SOI indices tended to fluctuate, and the relative 298 

maximum value of the Niño3.4 index appeared three times, of which the absolute 299 

maximum value appeared around 2015 (Fig. 8). The SOI index increased slightly since 300 

1982, which has a high correlation with the eastern Pacific type El Niño. When the SOI 301 

index becomes negative, it is conducive to the formation of the eastern Pacific type El 302 

Niño. Changing trends in the Niño3. 4 and SOI indices are conducive to the occurrence 303 

of El Niño Modoki and the decrease of El Niño in the eastern Pacific [17]. Trend changes 304 

in SDLR, SDSR with the Niño3.4 and SOI indices are similar, the correlation 305 

coefficient of SDLR and Niño3.4 index reached 0.3328, SDLR and SOI reached 0.2965, 306 

the correlation coefficient of SDSR and Niño3.4 index reached 0.6255 and that of SOI 307 

reached 0.2865. Changing trends in the four indices were relatively consistent. 308 



4 Correlation Analysis 309 

4.1 correlation coefficient and Lead-Lag analysis between heat content 310 

and radiation 311 

We calculated correlation coefficients between SDLR, SDSR, TOLR, TISR and 312 

Niño3 zone, Niño3.4 zone ocean heat content above 700 m (Table 1). 313 

Table 1 Correlation coefficients between radiation flux and marine heat content in Niño3 and 314 

Niño3.4 areas 315 

 hNiño3.4 hNiño3 

SDLR 0.1031** 0.1034** 

SDSR -0.1987** -0.2097** 

TOLR 

TISR 

-0.0746* 

0.0637* 

-0.0463 

0.013 

Note: * represents P<0.05, ** P<0.001 316 

SDLR was positively correlated with heat content in the Niño3.4 and Niño3 areas 317 

(Table 1). In contrast, SDSR, TOLR were negatively correlated with heat content, and 318 

the relationship of SDSR and heat content was more powerful. Moreover, the 319 

relationship between SDSR and heat content in Niño3 was stronger than in Niño3.4, 320 

perhaps because SDSR provides the obvious heat content in the east of the intersection 321 

area, also there is hysteresis. The correlation between TOLR and heat content in the 322 

Niño3.4 zone is stronger than in the Niño3 zone, which may be due to greater cloud 323 

cover in the former, and a greater vulnerability to precipitation. Similarly, the 324 

correlation coefficient between TISR and heat content was statistically significant only 325 

in Niño3.4, which shows that natural levels of solar radiation can also heat the upper 326 

ocean there. Alternatively, the weak correlation between TISR, TOLR and heat content 327 

in the Niño3 zone may be due to the inverse phase relationship between the convergence 328 

ascending motion anomaly in the Niño3.4 and Niño3 zones [16]. 329 

 330 

 331 

 332 



Table 2 Lead-lag correlation of marine heat content and radiation in the Niño3 and Niño3.4 zones 333 

 hNiño3.4(Heat content lags for 6 months) hNiño3 

SDLR 0.1371** 0.1622**(Heat content lags for 1 month) 

SDSR -0.1773** -0.0784*(Heat content lags for 1 month) 

TOLR 

TISR 

-0.0823** 

-0.0184 

-0.0628*(Heat content 6 months ahead) 

-0.0190(Heat content 6 months ahead) 

Note: * represents P<0.05, ** P<0.001 334 

In the Niño3.4 zone, the correlation of heat content lagging behind radiation for 6 335 

months reached a maximum, while in the Niño3 zone, the correlation of heat content 336 

lagging behind SDLR for 1 month reached a maximum and leading TOLR for 6 months 337 

reached the maximum (Table 2). SDLR had a positive effect on heat content, while 338 

SDSR and TOLR had a negative effect. Except for TISR, other radiation fluxes had 339 

statistically significant lead-lag correlations with ocean heat content. 340 

4.2 Correlation coefficient and lead-lag analysis between radiation and 341 

vertical wind, zonal wind in the intersection area 342 

In a particular ocean area, when SST and heat content are high, it facilitates the 343 

convergence and upward movement of the surface atmosphere, and therefore radiation 344 

flux is one of the important ways for the ocean to obtain heat. So in the intersection area 345 

of the Pacific Ocean, radiation flux above the ocean may affect vertical velocity and 346 

ocean heat content. To investigate this further, we calculated the correlation coefficients 347 

between vertical velocity and radiation flux (Table 3) and ocean heat content (Table 4) 348 

in the intersection area from 1850 to 2020. 349 

Table 3 Lead-lag correlation coefficients between each radiation and vertical velocity 350 

(w) in the intersection area 351 

 w w(lead-lag) 

SDLR -0.0445 -0.08*（w lags for 5 months） 

SDSR 0.3386** -0.2164**（w lags for 3 months） 

TOLR 

TISR 

0.0431 

0.0336 

-0.2586**（w 1 month ahead） 

-0.1132* (w lags for 5 months) 



                                          Note: * represents P<0.05, ** P<0.001 352 

The correlation between SDSR and w was strongest in the intersection area (Table 353 

3). When SDSR increases for 3 months, the increased energy absorbed by the sea 354 

surface and the increase in evaporation promotes the development of rising motion. 355 

Therefore, when w lags behind for 3 months, the correlation coefficient between them 356 

becomes significantly negative. When w lagged behind SDLR, TOLR and TISR, the 357 

correlations between increased SDLR, TOLR, TISR and w were all statistically 358 

significant, indicating that radiation changes before atmospheric vertical movement in 359 

the equatorial Pacific. 360 

Table.4 Lead-lag correlation coefficients between ocean heat content in the Niño3, and 361 

Niño3.4 zones and vertical velocity (w) in the intersection area 362 

 w w（lead-lag） 

hNiño3.4 0.0083 -0.064*(w lags for 10 months) 

hNiño3 -0.0144 0.0803*(w lags for 13 months) 

Note: * represents P<0.05, ** P<0.001 363 

In the intersection area, there was no obvious relationship between ocean heat 364 

content in the Niño3 and Niño3.4 zones and vertical velocity, but when w lagged 10 365 

months, the increase (decrease) of ocean heat content in zone Niño3.4 was significantly 366 

related to the rising (sinking) movement (Table 4). When w lagged behind for 13 367 

months, the increase (decrease) of ocean heat content in the Niño3 area was also 368 

significantly related to the sinking (rise) movement in the intersection area. This shows 369 

that after the increase in ocean heat content in zone Niño3.4, heat transfer to the 370 

atmosphere was conducive to the development of convergence and upward movement 371 

in the area above and to the east, but the signal transmission speed was slow. The 372 

upward movement in the intersection area and the heat content change in the Niño3 and 373 

Niño3.4 zones may have an inverse phase relationship, which is consistent with the 374 

above conclusion. 375 

The burst of westerly winds is an important indicator of convergence and upward 376 

movement in many regions of the tropical ocean, and is also an important way of heat 377 



transfer in the equatorial Pacific [17]. Therefore, the Westerly Wind Burst is also one of 378 

the important indicators of ENSO occurrence and development. When the Westerly 379 

Wind Burst occurs in the intersection area, it would therefore be easy to transport central 380 

and western Pacific seawater with high heat content to the east. To explore this 381 

possibility, we calculated the lead-lag correlation coefficients between radiation and 382 

westerly wind anomaly (Table 5). 383 

Table 5 Lead-lag correlations between west wind anomaly and radiation flux in the 384 

intersection area 385 

 U u(lead-lag) 

SDLR 0.0345 -0.2596**(u lags for 3 months) 

SDSR 0.2984** 0.4831**(u lags for 1 month) 

TOLR 

TISR 

-0.1112** 

0.0336 

-0.2530**(u 2 months ahead) 

0.0025(u lags for 3 months) 

Note: * represents P<0.05, ** P<0.001 386 

The correlation between SDSR and west wind anomaly was strongly significant 387 

(Table 5). When the intersection area West Wind Burst lagged behind SDSR by one 388 

month, the correlation coefficient reached 0.4831, which indicates that enhanced 389 

shortwave radiation in the equatorial Central Pacific may lead to a warm and low-390 

pressure anomaly in the central Pacific region, forming a pressure gradient anomaly 391 

with the west, which is conducive to an eastward westerly wind anomaly increase. The 392 

relationship between TOLR and west wind anomaly is also strong but different, because 393 

when the westerly anomaly is two months ahead of TOLR, the correlation is strongest, 394 

because the west wind anomaly in the equatorial Indian Ocean and Pacific warm water 395 

region can promote the transmission of convective signals to the East. The decrease 396 

(increase) of TOLR is related to the increase (decrease) of cloud caused by convergence 397 

rising (divergence sinking) [18]. SDLR is significantly correlated only when the westerly 398 

anomaly lags three months. The relationship between the natural variability of solar 399 

radiation (TISR) and the westerly anomaly was non-significant, which may be because 400 

the variation range was small. 401 



4.3 Causality analysis 402 

To clarify the relationships between radiation flux and vertical wind, zonal wind, heat 403 

content and other variables in the intersection area and the location of maximum ILD, 404 

we used the causal analysis method outlined in Liang [11,12]. Since the causal 405 

relationships between TISR and w, u were non-significant, the relationship between 406 

TISR and other related variables was relatively weak, and there was no obvious 407 

corresponding relationship with the EOF mode of SST anomaly, and so only SDLR, 408 

SDSR and TOLR were used for radiation flux in the causality analysis. As the time 409 

series used is long and the probability of passing the test is high, only variables 410 

significant at P<0.001 were selected to determine causal relationships between 411 

variables. 412 

Table 6 Causality analysis among ENSO related variables 413 

Note: numbers in parentheses represent the information flow size threshold for P<0.001; * 414 

represents P<0.05, ** P<0.001     415 

In the intersection area, there was a causal relationship between the 3 kinds of 416 

radiation and other variables, except for TOLR which little impact on SDLR. Moreover, 417 

except for SDLR and TOLR to Hniño3.4, w and Hniño3.4 to SDSR, information flows 418 

failed to pass the test. The other information flows passed the test, which shows that 419 

except for the variables represented by the direction of the above information flows, the 420 

three kinds of radiation flux and w, u, Hniño3, Hniño3.4 have mutual cause and effect. 421 

 SDLR SDSR TOLR w u hNiño3 hNiño3.4 Max ILD lon 

SDLR  0.1111*(0.0179) 0.1840*(0.0658) 0.0023*(0.0020) 0.0054*(0.0017) 0.0033*(0.0026) 9.08E-04 0.0010*(0.0009) 

SDSR 0.1294*(0.0088)  0.1743*(0.0155) 0.0365*(0.0156) 0.1052*(0.0142) 0.0228*(0.0053) 0.0159*(0.0047) 0.006 

TOLR 3.06E-04 0.1361*(0.0220)  0.0025*(0.0024) 0.0134*(0.0041) 0.0039*(0.0024) 0.0012 0.0028 

w 0.0052*(0.0012) 0.0157 0.0073*(0.0019)  0.0210*(0.0039) 0.0047*(0.0032) 0.0062*(0.0033) 3.70E-05 

u 0.0032*(0.0032) 0.0820*(0.0132) 0.0137*(0.0029) 0.0212*(0.0035)  0.0018 0.0096*(0.0015) 0.0016 

hNiño3 0.0066*(0.0030) 0.0057*(0.0103) 0.0077*(0.0036) 0.0076*(0.0059) 0.0175*(0.0047)  0.2171*(0.0578) 0.1585*(0.1213) 

hNiño3.4 0.0019*(0.0012) 0.0024 0.0035*(0.0021) 0.0055 0.0104*(0.0033) 0.285*(0.056)  0.1539*(0.1334) 

Max ILD lon 0.0005 0.0055 0.0031*(0.0028) -0.00014864 0.0009 0.0978*(0.0925) 0.1005*(0.0856)  



Similarly, besides w, u, Hniño3 and Hniño3.4, which characterize ENSO activity 422 

between these four variables, except u to Hniño3 and Hniño3.4 to w’s information flow 423 

fails to pass the test, there is a mutual causal relationship between other variables. The 424 

ILD maximum longitudinal position will only affect TOLR, and only SDLR can affect 425 

its position, although the ILD maximum longitude position and Hniño3, Hniño3.4 have 426 

a mutual causal relationship, which shows that ILD location is closely related to ocean 427 

heat, which then affects the circulation situation in the equatorial Pacific. 428 

5 Discussion and conclusions 429 

1. In the past 170 years, the mean state of the intersection area has moved eastward 430 

by 0.05°/a, and its upward movement near the equator has strengthened, which has been 431 

conducive to the occurrence of El Niño Modoki and energy accumulation zone Niño3.4. 432 

2. In recent 170a, SDLR increased significantly in the intersection area, up to 0.05 433 

W / (M2 * a), TOLR decreased slightly, about 0.02 W / (M2 * a), SDSR did not change 434 

significantly, and longitude of the ILD maximum shifted slightly eastward. High ILD 435 

location and ocean heat content are related to ENSO. Heat content of the Niño3 and 436 

Niño3.4 zones showed an increasing trend, especially in latter, which also explains 437 

increased probability of El Niño Modoki and the accumulation of energy in zone 438 

Niño3.4. All the above results are consistent with the results of EOF analysis. In the 439 

intersection area, there is a general correlation between each radiation flux and ENSO 440 

related variables, such as west wind anomaly, ascending movement and heat content. 441 

After the lead-lag correlation calculation, correlations between radiation and other 442 

ENSO related variables such as u,w were generally enhanced. 443 

3. Causality analysis showed a common causal relationship between radiation flux 444 

and ENSO related variables, some of which are directly causal and some indirectly 445 

related. Generally, radiation flux changes can affect changes in ocean heat, and these 446 

can affect atmospheric circulation, which leads to a causal relationship between 447 

radiation fluxes and ENSO related variables. 448 

4. Changing trends in SDLR, SDSR and Niño3.4 index were similar, and 449 

correlation coefficients of SDLR and Niño3.4 index and SDSR and Niño3.4 index 450 



reached 0.3328 and 0.6255, respectively, which further verified the conclusion that the 451 

probability of El Niño Modoki occurrence increased. 452 

Long-term ENSO change is an important subject, and its influencing factors are 453 

diverse. There are still many related physical variables and the role between them and 454 

ENSO is worthy of further research. Currently, the variables related to ENSO we 455 

considered, such as radiation flux and heat content, are also worthy of further research, 456 

to achieve a deeper understanding of long-term ENSO changes. 457 

 458 
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