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Abstract The relationship between sea level change and a single climate indicator has 15 

been widely discussed. Despite this, few studies focused on the relationship between 16 

monthly mean sea level (MMSL) and several key impact factors, including CO2 17 

concentration, sea ice area, and sunspots, on various time scales. In addition, research 18 

on the independent relationship between climate factors and sea level on various time 19 

scales is lacking, especially when the dependence of climate factors on Niño 3.4 is 20 

excluded. Based on this, we use wavelet coherence (WC) and partial wavelet coherence 21 

(PWC) to establish a relationship between MMSL and its influencing factors. The WC 22 

results show that the influence of climate indices on MMSL has strong regional 23 

characteristics. Sunspots affect MMSL on a scale of more than 64 months. The 24 

influence of the sea ice area on MMSL in the northern hemisphere is opposite to that in 25 
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the southern hemisphere. The PWC results show that after removing the influence of 26 

Niño 3.4, the significant coherent regions of the Pacific Decadal Oscillation (PDO), 27 

Dipole Mode Index (DMI), Atlantic Multidecadal Oscillation (AMO), and Southern 28 

Oscillation Index (SOI) decrease to varying degrees on different time scales in different 29 

regions, demonstrating the influence of Niño 3.4. Our work emphasizes the independent 30 

relationship between MMSL and its influencing factors on various time scales and the 31 

use of PWC and WC to describe this relationship. The study has important reference 32 

significance for selecting the best predictors of sea level change or climate systems. 33 

 34 

Keywords: Wavelet coherence; Partial wavelet coherence; Monthly mean sea level; 35 

Influencing factors; Time scale; Interrelation 36 

1. Introduction 37 

Sea level is an important indicator of climate change and varies at broad spatial 38 

and temporal scales (Meng et al., 2019). It is necessary to analyze the relationship 39 

between sea level and climate indices on temporal and spatial scales to reveal the 40 

relationship between sea level and its influencing factors. Significant interannual and 41 

interdecadal changes occur in the sea level, exhibiting variation characteristics on 42 

multiple time scales. Therefore, using analysis methods with a robust periodic analysis 43 

ability is crucial for analyzing the relationship between sea level and its influencing 44 

factors. 45 

Wavelet coherence (WC) has advantages for analyzing time-series data and 46 

determining the correlation of influencing factors on various time scales. This method 47 

was originally proposed by Torrence and Compo (1998) to analyze El Niño Southern 48 

Oscillation (ENSO) time series. Later, Grinsted et al. (2004) applied this method to 49 

geophysical time series. Since then, WC has been improved and used to analyze 50 
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periodic cycles caused by various physical mechanisms. These have included 51 

precipitation and groundwater (Yu and Lin, 2015), groundwater level and climate 52 

indices (Liesch and Wunsch, 2019), runoff and climate indices (Durocher et al., 2016), 53 

global mean temperature anomalies and sea level (Kirikkaleli and Sowah, 2021), Baltic 54 

Sea level and zonal wind (Medvedev and Kulikov, 2019), Pacific Decadal Oscillation 55 

(PDO) and sea level in the South China Sea (Xi et al., 2020), positive pressure sea level 56 

over the tropical Indian Ocean basin and the northern winter Madden-Julian oscillation 57 

(Rohith et al., 2019), Atlantic meridional overturning circulation and Mediterranean 58 

Sea level (Volkov et al., 2019), Arctic sea surface temperature variation and the 59 

Greenland blocking index (Carvalho and Wang, 2020), ocean signal and sea level 60 

change (Jevrejeva et al., 2006; Jevrejeva et al., 2010), ENSO and the Baltic Sea ice 61 

(Jevrejeva et al., 2003), Persian Gulf Sea level fluctuations and meteorological forcing 62 

(Afshar et al., 2020), sea level response of the Indian Ocean and ENSO (Tiwari et al., 63 

2004), Bohai Bay and atmospheric forcing (Lü et al., 2019), East China Sea level and 64 

ENSO events (Liu et al., 2010), and sea level of the New England coast and the Atlantic 65 

meridional overturning circulation at 26°N (Piecuch et al., 2019).  66 

Although WC is suitable for studying the relationship between sea level and its 67 

influencing factors, most studies have focused on single sea areas, including the east 68 

coast of North America (Little et al., 2021), European sea areas (Jevrejeva et al., 2006; 69 

Jevrejeva et al., 2010), Indian Ocean (Tiwari et al., 2004; Deepa and Gnanaseelan, 70 

2021), East China Sea (Liu et al., 2010), South China Sea (Xi et al., 2020), Bohai Bay 71 

(Lü et al., 2019), Mediterranean Sea (Dogan et al., 2015;Volkov et al., 2019), New 72 

England coastal areas (Piecuch et al., 2019), Persian Gulf (Afshar et al., 2020), Baltic 73 

sea (Medvedev and Kulikov, 2019; Armin et al., 2021), the west coast of South America 74 

(Camayo and Campos, 2006), and global studies (Kirikkaleli and Sowah, 2021; Haddad 75 
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et al., 2013). Most of these studies revealed a close relationship between sea level and 76 

PDO, North Atlantic Oscillation (NAO), ENSO, Atlantic Multidecadal Oscillation 77 

(AMO), Southern Oscillation Index (SOI), and Atlantic Oscillation (AO). 78 

However, most recent studies have focused on single sea areas or the effects of 79 

individual climate indices on monthly mean sea level (MMSL). In contrast, we use WC 80 

to study 10 regions, including the North Atlantic, South Atlantic, Black Sea, 81 

Mediterranean, and global oceans. In addition, we adopt WC to analyze the relationship 82 

between MMSL in 10 regions and 15 influencing factors, including sunspots, northern 83 

hemisphere sea ice area (NHSA), southern hemisphere sea ice area (SHSA), Niño 3.4, 84 

PDO, North Pacific pattern (NP), AO, pacific warm pool area average (PWAA), AMO, 85 

quasi-biennial oscillation (QBO), ocean temperature index (OTI), NAO, western 86 

hemisphere warm pool (WHWP), and Dipole Mode Index (DMI).  87 

However, due to the interaction between climate indices (ENSO is highly 88 

correlated with PDO, AMO, SOI, and AMO), the relationship between climate indices 89 

and MMSL may not be independent. Therefore, using WC may be misleading to 90 

analyze the binary relationship between climate indices and sea level. Partial wavelet 91 

coherence (PWC) is similar to partial correlation analysis. It prevents errors caused by 92 

the interdependence between predictors and other variables (Kenney and Keeping, 93 

1954) and reflects the relationship between control variables and response variables on 94 

various time scales. Several successful applications of PWC have been reported (Hu 95 

and Si, 2021; Tan et al., 2016; Rathinasamy et al., 2017; Aloui et al., 2018; Wu et al., 96 

2020; Xin et al., 2018). For example, Hu et al. (2021) used PWC to understand scale-97 

specific and local binary relationships in geoscience applications. Tan et al. (2016) used 98 

PWC to analyze the relationship between extreme precipitation and climate anomalies. 99 

Rathinasamy et al. (2017) used PWC to analyze the relationship between oil price, 100 
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inflation, exchange rate, and economic growth. Xin et al. (2018) used PWC to explore 101 

the relationship between net ecosystem CO2 exchange and meteorological conditions. 102 

However, we have not found any reports on using PWC for sea-level analysis. In 103 

addition, previous studies did not consider the interdependence between climate indices 104 

or influencing factors when analyzing the impact of these indices or factors on sea level. 105 

In this paper, we use PWC to clarify the independent relationship between MMSL and 106 

DMI, SOI, PDO, and AMO on various time scales (excluding the influence of Niño 107 

3.4). 108 

Due to the complex relationship between sea level and its influencing factors on 109 

various time scales, this study has two objectives: (1) to use WC to analyze the 110 

relationship between MMSL and its influencing factors (including CO2, the area of sea 111 

ice in the northern and southern hemispheres, and other factors) on various time scales 112 

and rank the importance of the influencing factors; (2) to use PWC to study the 113 

independent relationship between MMSL and DMI, SOI, PDO, and AMO on various 114 

time scales after excluding the influence of Niño 3.4. The remainder of this paper is 115 

organized as follows. The principles of WC and PWC are introduced in Section 2. The 116 

study area and data sources are described in Section 3. The WC analysis results are 117 

presented in Section 4.1, and the PWC analysis results are described in Section 4.2. The 118 

conclusions are drawn in Section 5. 119 

2. Methods 120 

This section describes the use of WC and PWC to study the relationship between 121 

sea level and the influencing factors on different time scales. 122 

2.1 Wavelet coherence 123 

Wavelet coherence (WC) has one main advantage in hydrological applications. It 124 

reveals the coherence of the cross wavelet transform in the time-frequency space. We 125 

define the WC of two time series as: 126 
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where S   is a smoothing operator, and ( )X

n
W s   is the continuous wavelet 128 

transform of the X   series. Note that this definition closely resembles that of a 129 

traditional correlation coefficient, and it is useful to think of the WC as a correlation 130 

coefficient localized in the time-frequency space. We write the smoothing operator S  131 

as: 132 

tim( ) ( ( ))
scale e n

S W S S W s                                      (2) 133 

where scaleS  describes smoothing along the wavelet scale axis, and timeS  denotes 134 

smoothing in time. A suitable smoothing operator for the Morlet wavelet was proposed 135 

by Torrence and Webster (1999): 136 

2 2( /2 )

1 2( ) ( ( )* ) , ( ) ( ( )* (0.6 ))t s

time n scale ns n n
s

S W W s c S W W s c s
           (3) 137 

where 1c and 2c  are normalization constants, and   is the rectangle function. 138 

The factor 0.6 is the empirically determined scale decorrelation length for the Morlet 139 

wavelet (Torrence and Compo, 1998). 140 

It should be noted that we evaluate the performances of single factors and 141 

combined factors using the average wavelet coherence (AWC, the average of the 142 

coherence value in the significant coherence region) and the percentage of the 143 

significant coherence area (PASC, 100*significant coherence area/(significant 144 

coherence area + insignificant coherence area)). The larger the AWC and PASC, the 145 

more important that single factor or combination of factors is. 146 

2.2 Partial wavelet coherence 147 

PWC and partial correlation analysis are similar. However, PWC can be regarded 148 

as a partial correlation analysis on a given time scale. Assuming that y is affected by x1 149 
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and x2, one can find the WC results between the two time series y and x1 after 150 

eliminating the influence of time series x2. In short, we determine the influence degree 151 

of x1 on y after excluding the effect of x2. 152 
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1
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The widely used Monte Carlo method (Torrence and Compo, 1998; Grinsted et al., 156 

2004) is used to calculate the PWC at the 95% confidence level. For more information 157 

on the PWC formula, please refer to Hu and Si (2021). 158 

3. Study area and data sources  159 

All data sources used in this study are listed in Table 1. 160 

Table 1 Data sources  161 

Data Data sources 

MMSL 

https://www.aviso.altimetry.fr/en/data/products/ 

ocean-indicators-products/mean-sea-level/data-acces.html#c12195 

(we used the average of the monthly data) 
Sunspot https://wwwbis.sidc.be/silso/datafiles 

DMI https://psl.noaa.gov/gcos_wgsp/Timeseries/DMI/  

NHSA、SHSA https://nsidc.org/arcticseaicenews/sea-ice-tools/ 

CO2 concentration 
https://gml.noaa.gov/webdata/ccgg/trends/co2/co2_mm_gl.txt  

（Ed and Pieter） 

The remaining 11 

 climate indices 
https://www.psl.noaa.gov/data/climateindices/list/  

The MMSL changes in the 10 regions are shown in Fig. 1.  162 

https://www.aviso.altimetry.fr/en/data/products/ocean-indicators-products/mean-sea-level/data-acces.html#c12195
https://www.aviso.altimetry.fr/en/data/products/ocean-indicators-products/mean-sea-level/data-acces.html#c12195
https://psl.noaa.gov/gcos_wgsp/Timeseries/DMI/
https://nsidc.org/arcticseaicenews/sea-ice-tools/
https://gml.noaa.gov/webdata/ccgg/trends/co2/co2_mm_gl.txt
https://www.psl.noaa.gov/data/climateindices/list/
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 163 

Fig. 1. MMSL change in ten sea areas (1993.01-2020.05) 164 

It can be seen that the trend of the sea level change is very different in different 165 

regions. The rate of increase in the sea level is the largest in the South Atlantic (3.50 166 

mm/year) and the smallest in the Black Sea (2.08 mm/year). The rate of increase in the 167 

global sea level is 3.42 mm/year. The sea-level change exhibits strong regional 168 

characteristics. 169 

In addition, the MMSL in the southern hemisphere, the South Pacific, and the 170 

globally was abnormal around 1997-1998, which was due to the influence of the ENSO. 171 

Sea level anomalies globally and locally in a certain period are also primarily affected 172 

by ENSO events.  173 

4. Results 174 

4.1 Wavelet coherence analysis results 175 

Previous studies primarily focused on the driving mechanism of the Pacific, 176 

Atlantic, Indian Ocean, Mediterranean, and global sea levels (Kirikkaleli and Sowah, 177 

2021; Deepa and Gnanaseelan, 2021; Little et al., 2021). In contrast, we include the 178 

Black Sea, the southern hemisphere, and the northern hemisphere in addition to the 179 

above areas. 180 



9 
 

4.1.1 WC results of MMSL and sea ice area 181 

Sea ice melting also contributes to sea level rise, but the interaction between sea 182 

ice area and MMSL on various time scales remains unclear. We use WC to analyze the 183 

time-scale dependence of the NHSA, SHSA, and MMSL; the results are shown in Fig. 184 

2. 185 

 186 
(a) WC between MMSL and NHSA 187 

 188 
(b) WC between MMSL and SHSA 189 

Fig. 2. WC between MMSL and NHSA and SHSA 190 

We found that the NHSA had significant coherence with MMSL in the North 191 

Atlantic, South Atlantic, North Pacific, Indian Ocean, and Northern Hemisphere at the 192 

12-month scale. The NHSA was positively correlated with MMSL in the Pacific Ocean 193 

and the Northern Hemisphere and negatively correlated with MMSL in the Indian 194 

Ocean. However, at the 12-month scale, the SHSA showed a significant negative 195 
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correlation with MMSL in the North Pacific and northern hemisphere and a significant 196 

positive correlation with MMSL in the Indian Ocean. Interestingly, this is in contrast to 197 

the correlation between NHSA and MMSL in the North Pacific, northern hemisphere, 198 

and Indian Ocean. The decline rate of the sea ice area in the northern hemisphere is 199 

0.0038 Mkm2/month, and that in the southern hemisphere is 0.0001 Mkm2/month. The 200 

decline rate of NHSA is greater than that of SHSA, indicating that the sea ice melts 201 

faster in the northern hemisphere and slower in the northern and southern hemispheres. 202 

The sea-level rise caused by sea ice melting is greater in the northern hemisphere than 203 

in the southern hemisphere, which may be one of the reasons for this abnormal 204 

phenomenon. 205 

The significant correlation between NHSA, SHSA and MMSL for 16-32 months 206 

is not as strong as that for 12 months, indicating that NHSA and SHSA do not control 207 

the change in MMSL for 16-32 months. 208 

In addition, we also found that NHSA has significant coherence with the South 209 

Atlantic, North Pacific, Indian Ocean, northern hemisphere, southern hemisphere, and 210 

global MMSL for 64 months, but this phenomenon does not occur with SHSA and 211 

MMSL. This result indicated that NHSA controlled the scale change of MMSL for 64 212 

months, and NHSA and SHSA jointly controlled the changes in MMSL on the 12-month 213 

scale.  214 

4.1.2 WC results of MMSL and climate factors 215 

The WC between the climate factors and MMSL is shown in Fig. 3 and Fig. 4.  216 



11 
 

 217 
(a) WC between MMSL and OTI 218 

 219 
(b) WC between MMSL and DMI 220 

 221 
(c) WC between MMSL and AO 222 

Fig. 3. WC between MMSL and OTI, DMI, and AO (the 5% significance level against 223 

red noise is shown as a thick contour. The relative phase relationship is shown as arrows 224 

(in-phase pointing right, anti-phase pointing left, and monthly mean sea level leading 225 

influencing factors by 90 pointing straight down))  226 
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In terms of the significant coherence region, the OTI has a more significant effect 227 

on MMSL in the Indian Ocean and South Pacific and a smaller effect in the Black Sea 228 

(the significant coherence region of the Black Sea is the smallest among the 10 regions). 229 

In addition, we identified a 72-120-month effect scale of OTI on MMSL in eight regions 230 

(all except the Black Sea and the North Pacific). 231 

The DMI had a relatively large impact on MMSL in the South Pacific, Indian 232 

Ocean, and southern hemisphere, and the most significant impact on MMSL in the 233 

Indian Ocean. The significant coherent area is large on the scale of 16-32 months, and 234 

this phenomenon occurred from 1998 to 2003. 235 

The AO had a relatively large impact on MMSL in the North Pacific, South Pacific, 236 

Indian Ocean, Mediterranean, and Black Sea, with the most significant impacts on the 237 

latter two regions. The scale was 32-64 months in the Mediterranean and the Black Sea, 238 

and the duration was more than 10 years. In addition, the effect of the AO on the MMSL 239 

in the Mediterranean occurred on a scale of 64-118 months and lasted about 10 years. 240 

 241 
(a) WC between MMSL and sunspots 242 
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 243 
(b) WC between MMSL and NP 244 

 245 
(c) WC between MMSL and WHWP 246 

 247 
(d) WC between MMSL and PWAA 248 

Fig. 4. WC between MMSL and sunspots, NP, WHWP, and PWAA 249 

Sunspots had a significant impact on MMSL in the North Atlantic, South Atlantic, 250 

North Pacific, Mediterranean, Black Sea, and the northern hemisphere. The relationship 251 

between monthly MMSL and monthly sunspots indicated that the effect occurred at a 252 
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scale of more than 64 months in the North Atlantic, South Atlantic, North Pacific, 253 

Mediterranean, Black Sea, and northern hemisphere, and the correlation between 254 

sunspots and MMSL was significant and negative. In addition, the coherence between 255 

sunspots and MMSL was not very pronounced on a small time scale (12 months), 256 

indicating that sunspots primarily affect MMSL on a large time scale (more than 64 257 

months). 258 

The NP substantially influenced MMSL in the North Atlantic, South Atlantic, 259 

North Pacific, South Pacific, and the Indian Ocean. It showed a significant positive 260 

correlation with MMSL in the South Atlantic and Indian Ocean and a significant 261 

negative correlation with MMSL in the North Pacific and South Pacific on the 12-262 

month scale. In contrast, the correlation was significant and negative in the South 263 

Pacific and the Black Sea on the time scale of 16-32 months.  264 

The WHWP had a substantial influence on MMSL in the North Pacific, South 265 

Pacific, Indian Ocean, and the northern and southern hemispheres. On the 12-month 266 

scale, the WHWP showed a significant negative correlation with MMSL in the North 267 

Pacific and the northern hemisphere and a significant positive correlation with MMSL 268 

in the Indian Ocean. On the scale of 16-32 months, the WHWP had a significant positive 269 

correlation with MMSL in the South Pacific, Indian Ocean, Mediterranean, the southern 270 

hemisphere, and globally. The correlation was also positive in the Black Sea on a scale 271 

of more than 64 months. 272 

On the 12-month scale, the PWAA showed a significant positive correlation with 273 

MMSL in the North Pacific (2003-2005), whereas the correlation with MMSL was 274 

weak in the other 9 regions. On the 32-64 months scale, the PWAA had no significant 275 

correlation with MMSL in the Black Sea but a significant positive correlation with 276 

MMSL in the other 9 regions. On the scale of more than 64 months, the PWAA showed 277 
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a significant positive correlation with MMSL in the North Atlantic and Mediterranean. 278 

The WC between MMSL and Nino 3.4, SOI, PDO, and QBO are shown in Fig. S1 279 

in the Supplementary Information. Niño 3.4 had the most significant and positive 280 

influence on MMSL in the south Pacific and southern hemisphere on the time scale of 281 

16-48 months. We reached the same conclusion as Haddad et al. (2013) and Hamlington 282 

et al. (2016). The PDO and SOI also had the strongest significant correlations with 283 

MMSL in the South Pacific on the scale of 16-48 months. However, the effects of Niño 284 

3.4 and SOI on MMSL in the South Pacific were stronger than those of the PDO. On 285 

the scale of 16-32 months, the QBO had a larger influence on MMSL in the North 286 

Pacific, Indian Ocean, Black Sea, and the northern hemisphere. 287 

The WC between MMSL and NAO and AMO are shown in Fig. S2 in the 288 

Supplementary Information. The NAO had a strong impact on MMSL in the North 289 

Pacific, South Pacific, Mediterranean, Black Sea, and the northern hemisphere. The 290 

correlation was significant on scales of 32-64 months and more than 64 months. This 291 

result is consistent with that of Stanev and Peneva (2002), who found that the NAO was 292 

the dominant factor influencing sea level rise in the Black Sea. The AMO had a 293 

relatively large impact on MMSL in the North Pacific, South Pacific, Indian Ocean, 294 

Black Sea, and the northern hemisphere. The time scales of the AMO influence on 295 

MMSL in these regions were 12 months and 32-64 months, and the correlation was 296 

significant and positive in the Black Sea and North Pacific Ocean on a time scale of 297 

over 64 months.  298 

4.1.3 Main driving factors of MMSL in the 10 regions 299 

The relationship between the carbon dioxide concentration and MMSL on various 300 

time scales is described in the discussion section. The higher the percentage of the 301 

PASC, the greater the impact of a factor on MMSL is. The larger the AWC, the stronger 302 

the correlation between the influencing factor and MMSL is. We summarized the PASC 303 
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and AWC values corresponding to the influencing factors (Fig. 5) to determine the 304 

dominant driving forces affecting MMSL. 305 

 306 
(a) AWC between MMSL and influencing factors 307 

 308 
(b) PASC (%) between MMSL and influencing factors 309 

Fig. 5. The PASC and AWC between MMSL and the influencing factors 310 

The difference in the AWC values of the 13 climate factors was very small in most 311 

cases (~ 0.1), indicating similar correlations between the climate factors and MMSL. 312 

The exception was the OTI, which had relatively high AWC values, with the largest 313 

values globally, in the northern hemisphere, South Atlantic, and South Pacific (0.87, 314 

0.88, 0.85, and 0.85, respectively). The AWC values between the MMSL and NHSA 315 

globally and in the South Atlantic were 0.84 and 0.84, and those between Niño 3.4 and 316 

MMSL in the North Atlantic and South Pacific were 0.78 and 0.81, respectively. The 317 

AWC values between sunspots and MMSL in the Indian Ocean, the southern 318 

hemisphere, and the South Pacific were 0.82, 0.82, and 0.82, and those between the 319 
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AMO and MMSL in the Black Sea, North Pacific, and South Pacific were 0.84, 0.83, 320 

and 0.81, respectively.  321 

Since the difference in the AWC values between the influencing factors was not 322 

very large, we suggest using the PASC to evaluate changes in the MMSL. It should be 323 

noted that the PASC values are relatively small, indicating a relatively small influence 324 

on MMSL, although this does not mean that there is no impact on MMSL. We list the 325 

five main driving factors affecting MMSL according to the PASC values in Table 2. 326 

Table. 2 The five main driving factors of MMSL based on the PASC 327 

Location 

Main driving factors 

 (the more important the elements, the higher the ranking) 

First Second Third Fourth Fifth 

North Atlantic  OTI PWAA Sunspot SHSA NHSA 

South Atlantic  NHSA OTI SHSA AMO NP 

North Pacific NHSA AMO OTI SHSA WHWP 

South Pacific OTI Niño 3.4 PWAA SOI NAO 

Indian Ocean OTI NHSA WHWP AMO DMI 

Mediterranean AO NAO OTI Sunspot PWAA 

Black Sea AO AMO NAO Sunspot WHWP 

Northern Hemisphere OTI NHSA PWAA SHSA Sunspot 

Southern Hemisphere OTI NHSA DMI WHWP PWAA 

Global OTI NHSA SHSA DMI WHWP 

 328 

It can be seen that the OTI affects MMSL in all regions and was one of the most 329 

important driving forces, Niño 3.4 was one of the main driving forces of MMSL in the 330 

South Pacific, the AO was the most important driving force in the Black Sea and the 331 

Mediterranean, and NHSA was the most important driving force in the South Atlantic, 332 

North Pacific, Indian Ocean, the northern and southern hemispheres, and globally. 333 

4.2 Partial wavelet coherence analysis results 334 

ENSO causes sea level anomalies and is highly correlated with DMI, PDO, SOI, 335 

and AMO. The WC between Niño 3.4 and PDO, AMO, DMI, and SOI are shown in 336 

Fig. 6. 337 
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 338 

Fig. 6.  WC between Niño 3.4 and PDO, AMO, DMI, and SOI 339 

Niño 3.4 showed significant coherence with PDO, AMO, DMI, and SOI, with the 340 

strongest coherence with SOI. Since Niño 3.4 is strongly correlated with PDO, AMO, 341 

DMI, and SOI, the relationships between these indices and MMSL are not independent 342 

on various time scales. In other words, the significant coherence between MMSL and 343 

PDO, AMO, DMI, and SOI is likely influenced by Niño 3.4. After eliminating the 344 

dependence of DMI, PDO, SOI, and AMO on ENSO, we used PWC to determine the 345 

independent relationship between MMSL and DMI, PDO, SOI, and AMO on various 346 

time scales. The results are shown in Figs. 7 to 10. 347 

 348 
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 349 
 350 

Fig. 7.  PWC between monthly mean sea level and PDO after excluding the effect 351 

of Niño 3.4 (the subfigures below the bold black line are the WC results) 352 

After excluding the effect of Niño 3.4, there is no significant correlation between 353 

PDO and MMSL in the South Pacific on the scale of 16-32 months, and the PASC 354 

between PDO and MMSL in the South Atlantic increased from 2015 to 2018. This result 355 

indicates a significant correlation between PDO and MMSL in the South Pacific on the 356 

scale of 16-32 months, which is caused by Niño 3.4. 357 

After excluding the influence of Niño 3.4, the significant coherence regions 358 

increased significantly in the Black Sea and the Mediterranean on the scale of 32-64 359 

months, indicating a significant correlation between PDO and MMSL on the scale of 360 

32-64 months. The PWC between DMI and MMSL is shown in Fig. 8. 361 

 362 
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 363 
Fig. 8. PWC between monthly mean sea level and DMI after excluding the effect 364 

of Niño 3.4 (the subfigures below the bold black line are the WC results) 365 

After excluding the effect of Niño 3.4 on DMI, there was no significant correlation 366 

between DMI and MMSL in the South Pacific, Indian ocean, and northern hemisphere 367 

on the scale of 16-32 months (1998-2002). In other words, on this time scale, the DMI 368 

had a significant correlation with MMSL in the South Pacific and the Indian Ocean, 369 

which is caused by Niño 3.4, not the DMI. 370 

The PWC between the AMO and MMSL is shown in Fig. 9. 371 

 372 
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 373 
Fig. 9. PWC between monthly mean sea level and AMO after excluding the effect 374 

of Niño 3.4 (the subfigures below the bold black line are the WC results) 375 

After excluding the influence of Niño 3.4, the PASC between MMSL and AMO 376 

decreased in the North Atlantic, North Pacific, South Pacific, Indian Ocean, and the 377 

world decreased on the time scale of 16-32 months and increased in the Black Sea from 378 

2008 to 2017. On the scale of 32-64 months, the PASC decreased in the North Pacific, 379 

South Pacific, Indian Ocean, Mediterranean, northern hemisphere and globally and 380 

increased in the South Atlantic and southern hemisphere. On the scale of more than 64 381 

months, the PASC decreased in the North Pacific and the Black Sea and increased in 382 

the South Pacific.  383 

In other words, a significant correlation exists between MMSL and the AMO in 384 

the North Pacific, South Pacific, Indian Ocean, Mediterranean, the northern hemisphere, 385 

and globally on the scale of 32-64 months because of the impact of Niño 3.4. On the 386 

scale of more than 64 months, the correlation is significant in the Black Sea and the 387 

northern hemisphere due to Niño 3.4.  388 
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 389 

 390 
Fig. 10. PWC between monthly mean sea level and SOI after excluding the effect 391 

of Niño 3.4 (the subfigure below the bold black line are the WC results) 392 

Interestingly, on the scale of 16-32 months, the significant coherent regions in the 393 

South Pacific, northern hemisphere, southern hemisphere, and globally were 394 

significantly reduced after excluding the impact of Niño 3.4 on SOI. However, the 395 

significant coherent area in the Black Sea increased on the scale of more than 64 months 396 

(from 2003 to 2009). 397 

These results demonstrate that the SOI had a small influence (not significant) on 398 

the MMSL in the South Pacific, the northern hemisphere, the southern hemisphere, and 399 

the world. Previous WC analyses showed a significant correlation between SOI and 400 

MMSL in these regions due to the effect of Niño 3.4 on SOI. 401 

The PWC reflects the independent relationship between MMSL and PDO, DMI, 402 
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AMO, and SOI in the 10 regions on various time scales. However, this does not mean 403 

that the WC result is incorrect because it does not exclude the interaction between the 404 

indices. 405 

5. Discussion 406 

It is well known that global warming is caused by carbon emissions, but it also 407 

affects the sea level. However, since the time scale dependence of the CO2 408 

concentration and MMSL relationship is unclear, we used WC to analyze the influence 409 

of CO2 concentrations on MMSL at various time scales. 410 

 411 

Fig. 11. Globally averaged monthly mean carbon dioxide (CO2) concentration at marine 412 

surface sites (elsewhere in the text, we refer to the globally averaged monthly mean 413 

carbon dioxide concentration) 414 

The WC between CO2 concentration and MMSL is shown in Fig. 12. The 415 

fluctuating trends of the CO2 concentration and the MMSL are consistent. 416 
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 417 

Fig. 12. WC between CO2 concentration and MMSL 418 

The CO2 concentration had a larger impact on MMSL in the North Atlantic, South 419 

Atlantic, North Pacific, Indian Ocean, and the northern hemisphere than elsewhere. On 420 

the 12-month scale, the CO2 concentration showed a significant positive correlation 421 

with MMSL in the North Pacific and the northern hemisphere and a significant negative 422 

correlation in the Indian Ocean and the southern hemisphere. On the 12-month scale, 423 

the MMSL lagged 3 months behind the CO2 concentration in the South Atlantic (2005-424 

2013), indicating that a change in the CO2 concentration occurred before a change in 425 

climatic conditions. 426 

However, the global ocean surface CO2 concentration had a negligible effect on 427 

MMSL in the Mediterranean and Black Sea (the PASC was relatively small). Although 428 

a significant correlation was observed between CO2 concentration and MMSL, the 429 

correlation was weaker on the 6-month scale than on the 12-month scale. In addition, 430 

the CO2 concentration showed a significant positive correlation with MMSL in the other 431 

8 regions on the scale of more than 64 months. In general, the effects of CO2 432 

concentration on MMSL occurred on annual and interannual scales, but regional 433 

characteristics existed, and effects were negligible in the Black Sea and the 434 

Mediterranean Sea.  435 
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The PASC and AWC values between the MMSL and CO2 concentration were 436 

higher than those between the MMSL and OTI, NHSA, and SHSA, indicating that CO2 437 

is the most important driving factor of MMSL change. The correlation between CO2 438 

concentration and MMSL was positive. Decision-makers in various countries should 439 

take measures to slow down CO2 emissions to mitigate sea-level rise.  440 

Furthermore, the WC and PWC results may be affected by the length of the MMSL 441 

sequence. In a future study, we will analyze MMSL changes and the influencing factors 442 

on a longer time scale and integrate data obtained from tide level stations. In addition, 443 

we only removed the influence of Nino 3.4 from the PWC results, but other variables 444 

may also affect PDO, AMO, DMI, SOI, and MMSL. We will consider these effects in 445 

a future study. This paper focused on improving our understanding of the independent 446 

relationship between climate indices and MMSL on various time scales after excluding 447 

the dependence of the five climate indices on ENSO. 448 

Conclusions  449 

We used WC and PWC to analyze the relationship between MMSL and its 450 

influencing factors on various time scales. The following conclusions were drawn:  451 

(1) The correlation between the influencing factors and MMSL and the 452 

significance level depended on the region and time scale. The main driving forces 453 

included CO2, OTI, NHSA, and SHSA. Sunspots affected MMSL on an interannual 454 

scale, and NHSA and SHSA showed significant and opposite correlations with MMSL. 455 

CO2 concentration was positively correlated with MMSL on annual or interannual 456 

scales. 457 

(2) After excluding the influence of Niño 3.4, the PWC could describe the 458 

independent relationship between MMSL and PDO, DMI, AMO, and SOI on various 459 

time scales. The combination of WC and PWC clarified the relationship between 460 
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MMSL and its influencing factors on various time scales. The same method can be used 461 

to analyze other geoscience processes, such as greenhouse gas emissions, atmospheric 462 

circulation, and ocean processes. 463 

(3) This study is of great significance for determining the dominant response 464 

variables for climate system prediction (such as ENSO) or sea-level prediction. WC 465 

provides a new approach to obtain the most influential variables. The larger the area of 466 

the significant coherent region, the more important the variable is. In addition, we 467 

suggest using PWC to identify the independent relationship between predictor variables 468 

and response variables when a strong correlation exists between the response variables. 469 

If strongly correlated response variables are used, noise may be exacerbated, adversely 470 

affecting the prediction results. 471 
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