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Abstract 14 

The Pacific Decadal Oscillation (PDO) and North Pacific Gyre Oscillation (NPGO) 15 

are the two dominant low-frequency modes in the North Pacific. This study focused 16 

on the simulation capability of the two leading low-frequency modes in current 17 

coupled models, based on 24 coupled model outputs from the Coupled Model 18 

Intercomparison Project Phase 5 (CMIP5). Results showed that most of these models 19 

captured the two low-frequency modes, but the air-sea coupling relationship 20 

(covariability of the ocean low-frequency modes with the atmospheric forcing modes) 21 

captured by CMIP5 models had drastic differences. Four models (CCSM4, 22 
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CESM-WACCM, MIROC5 and NorESM1-M) not only captured the spatial and 23 

temporal characteristics of PDO and NPGO modes but also simulated their air-sea 24 

coupling relationships. Therefore, we selected these four models to examine changes 25 

in PDO and NPGO modes under different global warming scenarios using RCP4.5 and 26 

RCP8.5 forcing (RCP: Representative Concentration Pathway). In future RCP scenarios, 27 

the spatial patterns of PDO and NPGO showed no obvious changes. However, the 28 

dominant periods of PDO and NPGO modes were shorter, which is consistent with 29 

faster oceanic Rossby waves induced by enhanced upper oceanic stratification in the 30 

warming scenarios.  31 

Introduction 32 

In the North Pacific, low-frequency variability is characterized by two dominant 33 

modes: the Pacific Decadal Oscillation (PDO; Mantua et al., 1997) and North Pacific 34 

Gyre Oscillation (NPGO; Di Lorenzo et al., 2008). The PDO, as the leading mode of sea 35 

surface temperature anomalies (SSTA) in the North Pacific, is characterized by a 36 

horseshoe-like pattern, with the opposite sign in the central North Pacific as the west 37 

coast of North America. The NPGO, represented by a north-south dipole mode in the 38 

North Pacific, is defined as the second dominant mode of sea surface height 39 

anomalies (SSHA) variability in the Northeast Pacific, which is closely related to the 40 

second mode of North Pacific SSTA (Di Lorenzo et al., 2008).  41 

The physical mechanisms of PDO and NPGO have been investigated. Several 42 

views have been proposed, including the North Pacific coupled ocean-atmosphere 43 

interaction (Chhak et al., 2009; Di Lorenzo et al., 2010), the combined effect of ocean 44 
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and high-frequency atmosphere variability (Newman et al., 2003), and tropical and 45 

extratropical teleconnections (Vimont et al., 2003; Wang et al., 2012). Moreover, the 46 

corresponding atmospheric forcing patterns related to PDO and NPGO are the 47 

variability of Aleutian Low (AL; Graham, 1994) and the variability of North Pacific 48 

Oscillation (NPO; Walker and Bliss, 1932; Rogers, 1981), respectively. To 49 

systematically organize the mechanisms above, Di Lorenzo et al. (2010) established a 50 

conceptual schematic of Pacific climate variability including the connections between 51 

low-frequency ocean variations (PDO/NPGO), the related atmospheric forcing 52 

patterns (AL/NPO), and the ENSO cycle. However, dynamic mechanisms of ocean 53 

variability in the North Pacific seem to be different between the observations and 54 

the climate models. Studies focused on the mechanisms of the PDO using climate 55 

models indicated that the PDO is driven mainly by local atmospheric forcing (AL 56 

variability), while forcing signals outside of the North Pacific have no obvious effects. 57 

Meanwhile, ocean dynamic processes have not been well simulated (Park et al., 58 

2013). 59 

In recent years, global warming has led to irreversible climate change and had 60 

affected large-scale modes of climate variability . Studies concerning climate 61 

variability in the context of global warming are ongoing. Saenko (2006) indicated that 62 

global warming can enhance ocean stratification and accelerate Rossby waves, which 63 

may weaken the PDO and move it to a higher frequency (Fang C et al., 2014; Zhang L 64 

et al., 2016). Some studies indicate that greenhouse gas forcing will lead to a weak 65 

and insignificant shift in the PDO early in the 21st century (Lappet al., 2011). 66 
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Thus far, studies concerning the PDO and NPGO simulated by climate models 67 

are in progress. Using climate models in the Intergovernmental Panel on Climate 68 

Change (IPCC) Fourth Assessment Report (AR4), Furtado et al. (2011) found that 69 

there is considerable diversity of the PDO and NPGO in terms of spatial patterns and 70 

temporal characteristics among the models, while their capability to capture the 71 

corresponding atmospheric forcing patterns is also questionable. Yim et al. (2015) 72 

obtained better air-sea coupling relationships for the PDO using CMIP5 models 73 

compared to CMIP3 models. However, less attention has been paid to the NPGO 74 

mode and its reproducibility by climate models and to possible changes of both the 75 

PDO and NPGO in the context of global warming.  76 

This study evaluates PDO and NPGO as well as the corresponding air-sea 77 

coupling relationships simulated by 24 CMIP5 models. In addition, to diminish the 78 

influence of intermodal spread, four representative models with better performance 79 

for the local air-sea coupling relationship are selected and evaluated. Possible 80 

changes in spatial and temporal characteristics of PDO and NPGO in future emission 81 

scenarios are also discussed. 82 

This paper is arranged as follows: the data methods used in this study are 83 

described in Section 2. PDO and NPGO simulated by CMIP5 models as well as the 84 

air-sea coupling relationship are examined in Section 3. In Section 4, four 85 

representative models are selected with better air-sea coupling relationships, and 86 

their multi-model ensemble results are investigated. The conclusion and discussion 87 

are provided in Section 5. 88 
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2. Data and methods 89 

a. Observations 90 

The two leading modes in the North Pacific are examined using analysis of SST 91 

and SLP. Both SST and SLP data are taken from the National Oceanic and Atmospheric 92 

Administration (NOAA) Twentieth Century Reanalysis dataset (Twentieth Century 93 

Reanalysis, 20CR, Compo et al., 2011), which contains monthly-mean values from 94 

1901 - 2005 , horizontal spatial resolution of 2 ° x2 °. 95 

b. Model output 96 

We use 24 coupled climate models from the World Climate Research 97 

Programme’s (WCRP’s) CMIP5 multi-model dataset (Table 1).One can find detailed 98 

information the CMIP5 models and experiments at 99 

http://cmip-pcmdUlnLgov/cmip5/index.html.  100 

Similar to the CMIP3 project, we use the historical run to represent the 20th 101 

century climate. Simulation outcomes of new scenarios referred to as102 

“Representative Concentration Pathways” (RCPs) (IPCC: Climate Change, 2013) are 103 

assessed to explore changes in future climate in the context of global warming. 104 

RCP4.5 and RCP8.5 scenarios (i.e., radiative forcing at 2100 reach about 4.5 or 8.5 105 

Wm-2) are used to represent future climate with different emissions of greenhouse 106 

gases. 107 

The SST and SLP fields of the models and the observations are interpolated into 108 

the same grids (i.e., 1°x1°for SST and 2.5°x2.5°for SLP) for ease of comparison.  109 

Only the boreal winter season (December to February) is chosen as North Pacific 110 

http://cmip-pcmdulnlgov/cmip5/index.html
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ocean-atmosphere coupling is dominant in that season.  This study uses the 111 

historical runs from 1901 to 2005 consistent with the observations and the future 112 

runs from 2006 to 2100.  113 

c. Statistical techniques 114 

Primarily, we use empirical orthogonal function (EOF) to isolate patterns of 115 

climate variability in the North Pacific. For EOF analysis, each field is weighted by the 116 

square root of the cosine of latitude. The anomalous fields are calculated by 117 

removing the climatological monthly mean. And the EOF results are normalized by 118 

their standard deviation. Only two dominant modes are retained, as both of them 119 

pass the significant test of North et al. (1982). 120 

In order to quantify the atmospheric forcing effect on the oceanic modes, we 121 

regress the PCs of two dominant modes of SLPA onto the SSTA field of each model, 122 

then calculate the correlation between the regression patterns and original SSTA 123 

dominant patterns. Models with high correlation coefficients are selected for 124 

simulating the SSTA dominant modes and the air-sea coupling characteristics well. 125 

Then spectral analysis are used to explore the temporal characteristics of the 126 

dominant SSTA modes. Furthermore, the selected models are used to assess the 127 

spatial and temporal performance in two future emission scenarios. 128 

Multi-model Ensemble Statistics are used in this paper to represent the 129 

integrated models’ simulation capabilities. Firstly, the EOF is computed for each 130 

model, then the leading modes of each model are averaged together. Similarly, for 131 

power spectra, the individual normalized power spectra of the models are averaged 132 
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together to get the ensemble-mean power spectrum. 133 

3 Two SSTA dominant modes of the North Pacific in CMIP5 models 134 

3.1 Spatial characteristics 135 

Spatial patterns of two dominant SSTA modes in the North Pacific in winter as 136 

found in 24 models and in observations are presented in Figures 1 and 2. The 137 

variance contribution of each mode is given after the model name. The correlation 138 

coefficients of the two dominant modes between models and observations are 139 

marked on the right corner of each panel. It is shown that most of the models are 140 

able to simulate the PDO spatial pattern as the first mode, while few models cannot. 141 

The spatial pattern of the second mode in most models exhibits a 142 

northeast-southwest-oriented triple that is identical to the NPGO pattern. The first 143 

mode is better simulated than the second mode based on a comparison of 144 

correlation coefficients (Fig.1, Fig.2). The simulation capabilities of the two dominant 145 

SSTA modes have been improved compared with CMIP3, which is consistent with 146 

previous findings (Furtado et al., 2011; Yim et al., 2015). 147 

To quantitatively evaluate simulated performance of the two dominant modes 148 

in each model, a Taylor diagram is shown in Figure 3, following the method of Taylor 149 

(2000). A Taylor diagram compares models with observations based on the standard 150 

deviation ratio and the pattern correlation coefficient. The radial distance from the 151 

origin to the points represents the ratio of standard deviations (RSD), and the 152 

azimuthal positions represent the pattern correlation coefficient (PCC). The closer 153 
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the distance to (1, 0), the better a spatial pattern is simulated. As Figure 3 shows, 154 

most models simulate EOF1 well, the value of PCC varies from 0.6 to 0.95, and the 155 

values of RSD are distributed between 0.7 and 1.1, with most of the models 156 

underestimating the amplitude of EOF1. However, for EOF2, both the PCC and RSD 157 

show obvious intermodal spread. For example, the PCC is only 0.013 in the GISS-E2-H 158 

model but reaches 0.89 in the IPSL-CM5A-MR model. The values of RSD range from 159 

0.5 to 1.25. This denotes that the CMIP5 models’ simulation capability of the NPGO is 160 

still weaker than that of the PDO. 161 

3.2 Air-sea coupling relationship  162 

As mentioned previously, PDO and NPGO are determined by both intrinsic 163 

variability in the ocean and external forcing by the local atmosphere (Chhak et al. 164 

2009). Nevertheless, in climate models, low-frequency modes in the North Pacific are 165 

mainly forced by atmosphere variability and are little related to tropic-extratropic 166 

teleconnection. In this section we mainly evaluate the air-sea coupling relationship in 167 

the North Pacific in 24 CMIP5 models. Before analyzing the air-sea coupling 168 

relationship of the leading modes in the North Pacific, two dominant modes of 169 

atmospheric variability from each model are compared to observations. In most 170 

models, EOF1 of the SLPA exhibit the AL pattern (Figure 4) and EOF2 shows the NPO 171 

pattern (Figure 5); for EOF1, seven models’ correlation coefficients of the observed 172 

AL pattern reached 0.85, and for EOF2, 10 models’ correlation coefficients of the 173 

observed NPO pattern reached 0.85. This shows some progress in the simulation of 174 
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atmospheric variability by the CMIP5 models compared to the CMIP3 models, 175 

especially for the second mode (Furtado et al., 2011). 176 

In order to study whether CMIP5 models are capable of simulating air-sea 177 

coupled relationships in the North Pacific, we regress the leading two PCs of North 178 

Pacific SLPA onto North Pacific SSTA (Figures 6 and 7), and the regressed patterns of 179 

each model are shown in Figures 6 and 7. As shown in Figure 6, the first regression 180 

pattern is identical with the PDO in most models, while several models display the 181 

NPGO pattern. Additionally, some models show that the regression of PC-1 of SLPA 182 

variability onto North Pacific SSTA yields a NPGO-like signature despite their leading 183 

mode of SSTA variability being the PDO. This result indicates that in these models, 184 

the orders of oceanic modes are inconsistent with direct atmospheric forcing modes, 185 

implying that atmospheric forcing may not be the primary factor driving the oceanic 186 

variability in these models. Figure 7 presents a greater model spread of the second 187 

regression pattern; most models fail to regress the NPGO type, suggesting that the 188 

reproducibility of the NPGO-NPO co-variability by CMIP5 models remains 189 

questionable. Furthermore, the discrepancies actually affect confidence in climate 190 

variability simulations. Hence, to optimize simulation results and favor follow-up 191 

research, we select models that perform well in simulating air-sea coupling 192 

relationship of PDO and NPGO. To compare the simulation skills of air-sea coupling 193 

relationship among CMIP5 models, we use the Taylor diagram as well (Figure 8). The 194 

dominant SSTA modes are compared with the atmospheric regressed SSTA modes of 195 

each model. The radial distance from the origin to a point represents the standard 196 
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deviation ratio of the regressed pattern to the SSTA dominant pattern (RSD), and the 197 

azimuthal position represents the pattern correlation coefficient between them (PCC). 198 

Different from Figure 3, in this Taylor diagram, the closer one’s distance to (1, 1), the 199 

more similar the atmospheric regressed pattern to the SSTA dominant pattern, and 200 

the SST leading mode is closer to an atmospheric forcing mode. 201 

For the first mode, the PCC exhibit an obvious intermodal diversity; the values of 202 

the PCC range from 0 to 0.95 (whose value is 0.87 in the observations). The presence 203 

of low values should be attributed to differences in spatial characteristics between 204 

the atmospheric regressed pattern and the original SSTA pattern in some models. The 205 

RSD values vary from 0.4 to 0.8 (whose value is 0.55 in the observations), which is 206 

slightly lower than previous findings (0.5-0.8; Park et al., 2013). This may be a result 207 

of differing delineations of the scope of the atmospheric field between the present 208 

study (20°N – 65°N, 120°E – 110°W) and the previous study (30°N – 65°N, 209 

160°E – 140°W). Eleven models (D, E, F, I, L, M, P, R, S, U, X) show strong 210 

consistency between the atmospheric regressed pattern and SSTA dominant pattern. 211 

Then for the second mode, both RSD and PCC possess exhibit great model spread. 212 

The values of RSD are between 0.1 to 0.6 (whose value is 0.55 in the observations), 213 

while the values of PCC range from 0 to 0.9 (whose value is 0.76 in the observations). 214 

Six models (E, I, M, P, U, X) show better performance in simulating the second mode. 215 

In addition, for models M and P, the first simulated SSTA mode depicts an NPGO 216 

pattern, and the second SSTA mode shows a PDO pattern, which is different from the 217 

observations. From the analysis above, four models (E: CCSM4, I: CESM-WACCM, U: 218 
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MIROC5, X: NorESM1-M) are selected with better performance in simulating the 219 

air-sea coupling relationship, both for the PDO and NPGO. In the next section, a 220 

multi-model ensemble analysis of these four models (MME4) will be conducted. 221 

4. PDO and NPGO in MME4 in present and future climates 222 

4.1 Spatial characteristics in the present climate 223 

The spatial characteristics of the two dominant modes of SSTA and SLPA of the 224 

four selected models’ multi-model ensemble mean (MME4) are shown in Figure 9. 225 

One can see that the spatial characteristics of the SSTA dominant modes (Fig.9a, c) 226 

are significantly correlated with the observations, while the correlation between the 227 

unselected multi-model ensemble (MME) and the observations are relatively poor. It 228 

can be visually observed from Taylor diagram in Figure 3 that the MME4 shows a 229 

stronger ability to simulate the spatial patterns of PDO and NPGO than the MME. In 230 

addition, the first SLPA mode (Fig.9b) presents an AL pattern and the second mode 231 

exhibits an NPO pattern (Fig.9d), which is highly consistent with the observations. 232 

The analysis above indicates that the MME4 better simulates the spatial patterns of 233 

oceanic and atmospheric dominant modes in the North Pacific compared to any 234 

single model or the MME. 235 

4.2 Temporal characteristics in historical scenarios 236 

The capability of CMIP3 models to capture the temporal characteristics of PDO 237 

and NPGO is unsatisfactory. Considering that CMIP5 models have progressed 238 
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compared to CMIP3 models, MME4 is used to evaluate the simulation of temporal 239 

characteristics of the PDO and NPGO. Here we use the ensemble mean time series of 240 

these four models based on the previous section, without considering the slight 241 

difference between the ensemble temporal period and the single model (Fleming L E 242 

et al., 2016). As shown in Figure 10, the peak of the PDO power spectrum is located 243 

at 15-25 years in the observation data. For the MME4, the PDO’s main period is 244 

around 8-15 years. The shorter period in MME4 may be attributed to defective 245 

air-sea coupling process simulation in models, which relates to a discrepancy in 246 

designing the physical mechanism (Zhang et al., 2015). Because the data length is 247 

limited, longer periods cannot be captured. The power spectrum of the NPGO in the 248 

observations has two peaks, around 20 and 8 years, which is consistent with a 249 

previous study (Yi Li et al., 2015); there is also a prominent decadal period around 15 250 

years for the MME4 simulated NPGO. The analysis above shows that the MME4 251 

makes some progress toward capturing the PDO and NPGO cycle, although the 252 

prominent periods of PDO and NPGO are hard to capture either in a single model or 253 

in the MME. In summary, the MME4 displays good simulation performance of both 254 

spatial and temporal characteristics of the PDO and NPGO, indicating that models’ 255 

simulation results are more accurate after the step of model selection. 256 

4.3 Spatial and temporal characteristics in future scenarios 257 

 Earlier studies demonstrated that global warming would cause some changes in 258 

climate variability. Using a coupled model named FOAM, Fang et al. (2014) 259 
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discovered that the PDO may shift to a higher frequency under global warming 260 

conditions. However, few studies focus on changes in the PDO and NPGO using 261 

CMIP5 model outputs in future scenarios. In this section, we use MME4 to examine 262 

the simulation performance of the PDO and NPGO in two future emission scenarios 263 

(RCP4.5, RCP8.5) to investigate their possible changes in response to global warming. 264 

 The spatial patterns of the dominant modes in RCP4.5 and RCP8.5 scenarios are 265 

shown in Figure 11. The PDO is still the first mode in the North Pacific, with even 266 

larger variance than that in the historical run. The spatial correlation coefficients with 267 

the observations are high. The second mode displays the NPGO pattern, with a slight 268 

fluctuation in the amplitude strength. The south dipole of the NPGO weakens in the 269 

RCP4.5 scenario and re-enhances in the RCP8.5 scenario. The strength of the north 270 

dipole is faint and modest in both RCP4.5 and RCP8.5 scenarios.  271 

 Earlier studies argued that global warming would lead to stronger ocean 272 

stratification (Saenko, 2006), accelerate Rossby wave transport, and shorten the 273 

period of the PDO (Fang et al., 2014). If this is the case, how would the temporal 274 

characteristics of PDO and NPGO perform based on CMIP5 model outputs in future 275 

scenarios? With the MME4 simulation results in future scenarios, we examine the 276 

power spectrum of the PDO and NPGO (Fig.12). In the RCP4.5 scenario, the PDO’s 277 

peak is around 10 years, with weakened power compared to the historical scenario. 278 

In the RCP8.5 scenario, the period shifts to 8 years, and the spectrum power 279 

continues to weaken. For the NPGO, the main period is around 8 years in the RCP4.5 280 

scenario, shorter than that in the historical run. Moreover, in the RCP8.5 scenario, 281 
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the NPGO’s period is shortened to 6 years, and the spectrum power weakens 282 

severely. The overall results suggest that under the global warming scenario, the two 283 

dominant low-frequency modes in the North Pacific simulated by the MME4 weaken 284 

and shift to a higher frequency, confirming the conclusions of previous studies to 285 

some extent. 286 

5. Conclusions and discussions 287 

In this study, we evaluate two dominant low-frequency modes in the North 288 

Pacific simulated by 24 models of CMIP5 model outputs. Further, we examine the 289 

air-sea coupling relationship simulation performance and select four models with 290 

better simulation capability both of the SSTA variability and the air-sea coupling 291 

relationship. The multi-model ensemble of these four models (MME4) captures the 292 

spatial and temporal characteristics of PDO and NPGO well and depicts some 293 

changes in the temporal characteristics in future scenarios. The main results can be 294 

summarized as follows: 295 

1. Twenty-four CMIP5 models are generally capable of simulating the spatial 296 

patterns of PDO and NPGO, with strong inter-model spread. In addition, the 297 

performance of the air-sea coupling relationship of each mode is model dependent. 298 

Most of the models fail to simulate the air-sea coupling relationship of the second 299 

mode. 300 

2. The multi-model ensemble mean of the four selected models (MME4) shows 301 

some progress in simulating the spatial and temporal characteristics of PDO and 302 

NPGO compared with most of the individual models and the MME, especially the 303 
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period features. The period of the PDO simulated by the MME4 is around 8-15 years, 304 

while the NPGO’s predominant period is around 15 years.  305 

3. In future scenarios, spatial patterns of the PDO and NPGO are substantially 306 

consistent; only the amplitudes of the two NPGO dipoles fluctuate slightly. However, 307 

the temporal patterns of PDO and NPGO change substantially. Both modes are 308 

weakened and shifted to a higher frequency in the RCP4.5 and RCP8.5 scenarios, 309 

which may support the conclusion of stronger ocean stratification under global 310 

warming conditions noted in related research. 311 

Characterizing low-frequency variability in the North Pacific in models and the 312 

corresponding variation under global warming conditions is critical for understanding 313 

climate dynamics at present. Nevertheless, there still exists great model spread for 314 

low-frequency variability in the North Pacific simulated by the CMIP5 models in this 315 

study, as well as in many other studies, which may affect confidence in climate 316 

variability simulation. The model spread should be reduced as much as possible in 317 

the next stage of the model intercomparison project. 318 

Considering that there is no optimized method to control the model spread at 319 

present, this study provides a method of model selection on the basis of spatial and 320 

temporal characteristics and dynamic mechanism as a feasible optimization scheme 321 

to diminish model system error. This study does not, however, offer a comprehensive 322 

view on the causes of the North Pacific decadal variability. We solely select 323 

atmospheric forcing as the main factor causing North Pacific decadal variability, 324 

which may be somewhat subjective. Hence, in future studies, we hope to improve 325 
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the model selection method, such as by adding other important factors (e.g., the 326 

Kuroshio Extension Meridional Mode) driving North Pacific decadal variability.  327 

Related studies have indicated that under global warming conditions, ocean 328 

stratification strengthens, oceanic Rossby waves accelerate, the North Pacific transit 329 

time shortens, and the PDO weakens and shifts to a higher frequency. In this study, 330 

the evaluation results using selected CMIP5 models show that the PDO and NPGO 331 

tend to weaken and shift to higher frequencies in global warming emission scenarios. 332 

However, the dynamic mechanism of these changes is still unclear. In further studies 333 

we hope to explore possible causes of the changes in temporal characteristics 334 

changes by using a better model selection method.  335 
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Table 1. Information on the 24 IPCC AR5 coupled models used in this study 413 

Originating group Country Model name Resolution(lon×lat) 

Atmosphere Ocean 

Commonwealth Scientific and 

Industrial Research 

Organization(CSIRO) and 

Bureau of Meteorology(BOM) 

 

Australia 

 

ACCESS1-0 

 

192×145 

 

360×300 

Beijing Climate Center, China 

Meteorological Administration 

China bcc-csm1-1 128×64 360×232 

bcc-csm1-1-m 320×160 360×232 

Canadian Center for Climate 

Modeling and Analysis 

Canada CanESM2 128×64 256×192 

National Center for 

Atmospheric Research 

USA CCSM4 288×192 384×320 

 

Community Earth System 

Model Contributors 

 

USA 

CESM1-BGC 288×192 384×320 

CESM1-CAM5 288×192 384×320 

CESM1-FASTCHEM 288×192 384×320 

CESM1-WACCM 144×96 384×320 

Centro Euro-Mediterraneo per 

I Cambiamenti Climatici 

Italy CMCC-CMS 192×96 182×149 

Centre National de Researches 

Meteorologiques 

France CNRM-CM5 256×128 362×292 

Commonwealth Scientific and 

Industrial Research 

Organization in collaboration 

with Queensland Climate 

Change Centre of Excellence 

 

Australia 

 

CSIRO-Mk3-6-0 

 

192×96 

 

192×189 

The First Institute of 

Oceanography 

China FIO-ESM 128×64 384×320 

LASG, Institute of 

Atmospheric Physics, Chinese 

Academy of Sciences 

China FGOALs-g2 128×60 360×196 

NOAA Geophysical Fluid 

Dynamics Laboratory 

USA GFDL-CM3 144×90 144×90 

NASA Goddard Institute for 

Space Studies 

USA GISS-E2-H 144×90 144×90 

National Institute of 

Meteorological Research 

Korea HadGEM2-AO 192×145 360×216 

Institute for Numerical 

Mathematics 

Russia Inmcm4 180×120 360×340 

Institute Pierre-Simon Laplace France IPSL-CM5A-MR 96×96 182×149 

IPSL-CM5B-LR 96×96 182×149 

Atmosphere and Ocean 

Research Institute(the 

University of Tokyo), National 

Institute for Environmental 

Studies, and Japan Agency for 

Marine-Earth Science and 

Technology 

 

Japan 

MIROC5 256×224 256×224 

MIROC-ESM-CHEM 128×64 256×192 

Max Planck Institute for 

Meteorology 

Germany MPI-ESM-LR 192×96 256×220 

Norwegian Climate Centre Norwegian NorESM1-M 144×96 320×384 

414 
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 415 

Figure 1. The first EOF mode of the North Pacific winter mean SSTA in the 24 CGCMs 416 

and in the observations (shaded, unit:℃) 417 

 418 

 419 

Figure 2. Same as Fig. 1, but for the second EOF mode 420 

 421 
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 422 

Figure 3. Taylor diagram describing the relationship between the two SSTA dominant 423 

modes of each model and that of the observations (including MME and MME4 424 

discussed below). The radial distances from the origin to the points represent 425 

the RSD; the azimuthal positions are determined by the PCC. 426 

427 
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 428 

Figure 4. The first EOF mode of the North Pacific winter mean SLPA in the 24 CGCMs 429 

and in the observations. 430 

 431 

 432 

Figure 5. Same as Fig. 4, but for the second SLPA EOF mode 433 

 434 
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 435 

Figure 6. Linear regressions of the North Pacific winter mean SSTA with respect to the 436 

time series of the first SLPA EOF mode in the 24 CGCMs and that in the 437 

observations. 438 

 439 

 440 

Figure 7. Same as Fig. 6, but for the second SLPA EOF mode. 441 

 442 
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 443 

Figure 8. Taylor diagram describing the relationship between the atmospheric 444 

regressed patterns and the SSTA dominant patterns of NPDV in each model (OBS 445 

result is given for comparison). The radial distance from the origin to the points 446 

represent the RSD of the regressed patterns to the SSTA dominant patterns, and 447 

the azimuthal positions represent the PCC between them. 448 

 449 

450 
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 451 

Figure 9. Two dominant EOF modes of the North Pacific winter mean SSTA and SLPA 452 

in historical scenario in MME4. 453 

 454 

 455 

Figure 10. Power spectrum of two dominant EOF modes of the North Pacific winter 456 

mean SSTA in MME4 and the observations. Black solid lines are power spectrum, 457 

with red solid lines (red) and 95% significant lines (green) shown. 458 
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 459 

 460 

Figure 11. Two dominant EOF modes of the North Pacific winter mean SSTA in RCP4.5 461 

and RCP8.5 scenarios in MME4. 462 

 463 

 464 

Figure 12. Same as Fig. 8, but for results in RCP4.5 and RCP8.5 scenarios in MME4. 465 

 466 


