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S1.   The NCAR CESM   9 

The physical model used in this study is the Community Earth System Model version 1.0.5 10 

(CESM1.0.5) developed at the National Center for Atmospheric Research (NCAR). It is a fully 11 

coupled Earth system model that includes atmospheric, oceanic, terrestrial, sea ice, land ice, 12 

and biogeochemical components, together with a coupler to coordinate the interplays among 13 

each component. The atmospheric model is version 5 of the Community Atmosphere Model 14 

(CAM5) that is run with the finite volume dynamical core (Neale et al. 2010). The oceanic 15 

model is the Parallel Ocean Program version 2 (POP2) (Smith et al. 2010). The atmospheric 16 

model has 30 vertical levels, with a zonal resolution of 1.9° and a meridional resolution of 2.5°. 17 

The oceanic model has a nominal horizontal resolution of 1° (gx1v6) and 60 vertical levels 18 

with a thickness of 10 m in the upper 150 m. 19 

It is notable that the oceanic model in the NCAR CESM already includes a biogeochemical 20 

component that can be used to describe the biogeochemical processes and their interactions 21 

with the ocean physical system. Its performance, however, is still not accurate enough for 22 

practical uses. Additionally, the CESM with an interactive and explicit biogeochemical 23 
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component included is extremely time consuming and impractical to run extensively. Instead, 24 

CHL is commonly prescribed to represent seasonally varying climatology derived from 25 

satellite data. We use this CHL setting as our reference for the CESM simulation (CHLclim), in 26 

which the oceanic biogeochemistry model is not activated, so there is no interannual 27 

bio-coupling between the oceanic physical model (POP2) and biogeochemical model. As such, 28 

the CHLclim simulation does not include interannually varying CHL-induced climate feedback 29 

and the interactions between the physical and biogeochemical systems. As we will show below, 30 

there are large biases in ENSO simulations when using this prescribed CHLclim setting for the 31 

CESM.  32 

 33 

S2.   Observed data used   34 

Various observational data are used to derive statistical models for interannual  CHL 35 

anomalies and to validate model simulations. Surface chlorophyll datasets are from 1998 to 36 

2016 from the GlobColour project, which supplies continuous data sets for merged L3 Ocean 37 

Color products (including SeaWIFS, MODIS, MERIS and VIIRS sensors; see details at 38 

http://hermes.acri.fr/index.php) (Maritorena et al. 2010). Then, monthly CHL-1 data (CHL 39 

concentration (mg/m3) for case 1 waters) are interpolated from (0.25°×0.25°) grids to the 40 

model grids. The SST fields are from Reynolds and Smith (1994). 41 

 42 

S3.   Interannual CHL variability simulated using the SVD-based statistical model 43 

It is necessary to evaluate whether the SVD-based statistical model can reproduce 44 

characteristics of the CHLAs compared to those of the observations. Fig. s1 displays the 45 

observed and simulated interannual CHL anomalies. A high CHL concentration is observed 46 

http://hermes.acri.fr/index.php
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during the La Niña events, and a low CHL concentration is observed during the El Niño events. 47 

Satellite data reveal a close relationship between interannual anomalies of SST and CHL. 48 

Indeed, coherent relationships exist between variations in the oceanic biological and physical 49 

fields on interannual time scales. As a response to the warm SST anomalies in the CHL inter run, 50 

the corresponding CHL decrease is consistent with what is observed during the El Niño events. 51 

For example, negative CHL anomalies are negatively correlated with warm SST anomalies. 52 

 When using the SVD-based statistical model, the standard deviation of the CHLA 53 

simulated in the CHLinter run is comparable to that observed in the spatial distribution, where 54 

large values appear near the equatorial western Pacific warm pool and cold tongue (Fig. s2). 55 

However, values in the CHLinter run are slightly greater than those observed in the 56 

western-central equatorial Pacific. This can be attributed to the fact that interannual SST 57 

anomalies simulated in the CESM are much too strong (Kang et al. 2014); the overestimated 58 

SSTAs cause the simulated CHLAs to also be large when using the statistical model CHLs.  59 

Satellite-based observations indicate that CHLAs are negatively correlated with SSTAs in 60 

most regions of the tropical Pacific (figures not shown). Usually, warmer SST is accompanied 61 

by stable stratification in the upper ocean that is associated with weaker vertical mixing and 62 

less vertical nutrient supply from deeper ocean, causing less phytoplankton and thus weaker 63 

CHLA. Although it cannot explicitly capture the complicated oceanic biological processes 64 

related to the blooming of CHL, the SVD-based statistical model captures well the observed 65 

relationships between the SSTA and CHLA. However, the simulated CHLA in the CHLinter run 66 

indicates higher SSTA-CHLA correlations compared to the observation (e.g., the maximum 67 

value of the correlation coefficients can exceed -0.8 in the model compared to -0.6 in the 68 

observation). This is understandable considering that the SVD-based model used in our study 69 

is empirically derived from the observed relationship between the CHLA and SSTA. Based on 70 
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the results of this analysis, we are confident that the SVD-based statistical model can well 71 

capture the main characteristics of the CHLA, so it is suitable for investigating the effects of 72 

CHLAs on ENSO in the NCAR CESM.  73 

 74 

S4. The processes involved 75 

The incoming shortwave radiation in the upper ocean ( ) decreases exponentially with depth, 76 

as described by 77 

                                
       

     78 

where    is the downward shortwave flux at the ocean surface (SWDN), and    (  ) and    79 

(  ) are coefficients that depend on CHL (Ohlmann 2003). This formula can be used to 80 

calculate the SWDN component that is absorbed within the first layer (Qabs) and another 81 

component that penetrates into the subsurface layers through the bottom of the first layer 82 

(Qpen).  83 

CHL in the ocean affects the penetration of solar radiation in the upper ocean; the Qabs and 84 

Qpen fields are two terms that are directly modulated by interannual anomalies of CHL. 85 

Therefore, the relationships among these related fields can be analyzed to understand the 86 

effects of the CHL-related feedback and the involved processes. Two pathways are possible for 87 

the variations in CHL that can affect SST in the equatorial Pacific, depending on the relative 88 

dominance of which term is modulated most pronouncedly, systematically, and coherently. On 89 

one hand, if a change in CHL induces a coherent and systematic change to Qabs, a direct heating 90 

effect on SST can be a dominant process that causes a corresponding change to SST; this is 91 

referred to as a direct effect. Then, it follows that the differences in CHL and Qabs between the 92 

two runs should be well matched with each other. On the other hand, if a change in CHL causes 93 

a systematic and significant modulation of Qpen, differential heating can be then induced 94 
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vertically between the first layer (Qabs) and subsurface layers (Qpen). These processes can 95 

further modify the stratification and vertical mixing in the upper ocean and thus affect SST; 96 

this is referred to as an indirect effect on SST. Therefore, the extent to which these two heating 97 

terms are affected by interannual CHL anomalies implies different dominant processes that are 98 

involved in the bio-effects. How Qabs and/or Qpen are affected by interannual CHL anomalies 99 

can be a good indicator of which influence pathways are taken and the underlying processes 100 

operating in association with the CHL-induced heating feedback in the NCAR CESM. 101 

It is notable that when the CHLclim and CHLinter runs are restarted from the same initial 102 

conditions, the phases of ENSO events can differ from each other in their subsequent 103 

evolutions. At the very beginning of the time integration, there are only small differences in 104 

these two runs. Such differences increase with time, and this can be attributed to many factors, 105 

including air-sea interactions that come into play in the tropical Pacific. Some time later, the 106 

differences in the phases of ENSO become increasingly larger in the two runs. When the 107 

phases of ENSO in the CHLinter and CHLclim runs are different, making use of the difference 108 

fields between these two runs can be meaningless for illustrating why ENSO differs when the 109 

CHLA effects are included in the CHLinter run. Indeed, it is difficult to identify the underlying 110 

processes that may be responsible for the differences in the ENSO simulations in these two 111 

runs. In addition, the physical processes involved in the CHLA effect and air-sea interactions 112 

are intertwined together, making it impossible to clearly separate the effects of CHLAs on 113 

ENSO simulations from other effects in such a long-term integration.  114 

 One feasible way to isolate these processes is to focus on a specific El Niño event. For 115 

example, an El Niño event appears in years 153 and 154 of the model, and we can use the 116 

CESM to perform two more experiments to reveal the direct effects of interannual CHL 117 

variability on simulated fields and to illustrate the underlying processes responsible for the 118 
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differences in ENSO simulations (Table 1). One experiment is referred to as CHLclim–EN, in 119 

which CHL is taken as its seasonally varying climatology, and the other is referred to as 120 

CHLinter–EN, in which interannually varying CHL effects are considered; the interannual CHL 121 

anomalies are calculated using the statistical model from SST anomalies. These two runs are 122 

restarted from exactly the same initial state at model year 153 and are time integrated for two 123 

years, representing the developing phase of El Niño to its decaying phase (Fig. s3).  124 

During such a short time integration, the phases of ENSO in the two runs are still quite 125 

similar (Fig. s2), and this can be considered as a situation in which air-sea interactions and 126 

other processes are not significantly contributing to differences in the simulations. Instead, the 127 

direct effects of the included CHL anomalies can be a major contributor to the difference 128 

between the two runs. Thus, it is reasonable to directly analyze the difference fields between 129 

the two runs and identify the explicit physical processes that can be responsible for the effects 130 

of CHLAs during the El Niño evolution.  131 

Fig. s4 shows that for the CHLclim-EN run, the El Niño event begins in April, peaks around 132 

December of the first year (year 153), and finally decays to a nearly neutral state around June of 133 

the following year (year 154). In the CHLinter-EN run, the CHLA is first added to the CHL 134 

climatology in May of year 153, and the CESM is then integrated into July of the following 135 

year. Indeed, there is little difference in the Niño3 index between the two runs during the first 136 

several months, and this different gradually grows. The Niño-3 index for both runs exhibits a 137 

similar evolution. However, the influence of the CHLA on the El Niño event can be clearly 138 

discerned. For instance, the amplitude of the Niño-3 index in the CHLinter-EN run is less than 139 

that in the CHLclim-EN run. Additionally, it is evident that the El Niño event in the CHLinter-EN 140 

run decays one month earlier than that in the CHLclim-EN run, indicating the damping effects of 141 

CHLAs on the El Niño amplitude. As a result, the El Niño event in the CHLinter-EN run exhibits 142 
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an early phase shift compared with the CHLclim-EN run. As the El Niño event develops into the 143 

mature phase in December of the first year, the corresponding anomalies (e.g., SSTAs and 144 

CHLAs) become larger, and the bio-effects also increase.    145 

We further investigate the effects on the SSTA evolution in the equatorial Pacific. In the 146 

CHLclim-EN run, the El Niño-related warm SSTA appears in the equatorial Pacific early in year 147 

153, peaks around the end of the first year (the maximum SSTA values exceeds 5.0°C), and 148 

finally returns to a neutral condition around June of the next year (Fig. s4a). When the 149 

bio-feedback is explicitly included in the CHLinter-EN run, a similar El Niño evolution can be 150 

seen, including the timing of the onset and mature and decay phases (Fig. s4b). However, 151 

during the mature phase of this event, a notable difference between these two runs is that the 152 

maximum SSTA in the eastern equatorial Pacific in the CHLinter-EN run is approximately 153 

1.0°C less than that in the CHLclim-EN run (Fig. s4c). Such a difference is more pronounced in 154 

the decaying phase of the event, and the SSTA in the eastern equatorial Pacific in the 155 

CHLinter-EN run is approximately 3.0°C less than that in the CHLclim-EN run.  156 

Accompanying the evolution of the warm SSTA, the CHL in the CHLinter-EN run decreases 157 

in the central-eastern equatorial Pacific. Such a decrease in CHL is more evident in the central 158 

equatorial Pacific (less than -0.25 mg/m3) than that in the eastern equatorial Pacific 159 

(approximately -0.2 mg/m3) (Fig. s5a). In response to the large warm SSTA (Fig. s4b), for 160 

example, the negative CHLAs are large during June of the first year and April of the next year 161 

but become nearly zero (Fig. s5a) when the SST returns to a near neutral state in the decaying 162 

months of this event (Fig. s4b). Evidently, the interannual anomalies of CHL induce a feedback 163 

on those in SST. Two factors can be related to the weakened warm SST anomalies in the two 164 

runs. One is associated with the decrease in the SWDN absorbed in the first model layer (Qabs; 165 

Fig. s6a), and the other is associated with the increased SWDN penetrating to the bottom of the 166 
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first layer (Qpen; Fig. s6b).  167 

To identify the effect of the reduced CHL concentration on the total SWDN reaching the 168 

ocean surface, Qabs and Qpen are analyzed during the El Niño evolution. Interannual CHL 169 

anomalies have a direct effect on the total SWDN reaching to the ocean surface and the vertical 170 

penetration in the upper ocean. Fig. s5b shows the SWDN difference between the CHL inter-EN 171 

and CHLclim-EN runs. The total SWDN is not systematically and coherently affected by 172 

CHLAs. Similarly, the difference fields in Qabs do not show coherent and systematic 173 

relationships with CHLAs. Indeed, the differences in Qabs and SST between the two runs do not 174 

well match each other.  As a result, the direct heating effects within the first layer induced by 175 

CHLAs (Qabs) cannot be a dominant process that causes the systematic differences in the SST 176 

simulations between these runs. In fact, the differences in Qabs are negatively correlated with 177 

those in SST (Fig. s6a). This is consistent with the understanding that on interannual time 178 

scales associated with ENSO, heat flux and related direct solar radiation heating/cooling play a 179 

damping role on SST warming during El Niño evolution. As the SST difference between the 180 

two runs is spatially well defined (Fig. s4b), with consistent cooling (warming) in the eastern 181 

(western-central) equatorial Pacific, dynamic oceanic processes must play a dominant role in 182 

regulating SST variability in the tropical Pacific. 183 

Next, the direct effect on Qpen is evaluated. Fig. s6b exhibits the Qpen differences between 184 

the CHLinter-EN and CHLclim-EN runs. Although the difference in the total SWDN between the 185 

CHLinter-EN and the CHLclim-EN runs is not systematic (Fig. s5b), the difference in Qpen 186 

exhibits a well-defined and coherent pattern that is well matched with CHLAs. A consistent 187 

increase in Qpen is observed during years 153 and 154 in the CHLinter-EN run (Fig. s6b). The 188 

positive CHLAs increase penetration into the subsurface later throughout the bottom of the first 189 

layer (Qpen) and reduce the component that is absorbed within the first layer (Qabs). More 190 
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specifically, during the El Niño event in year 153, for example, SWDN is absorbed less within 191 

the first ocean model layer in the CHLinter-EN run relative to that in the CHLclim-EN run (Fig. 192 

s6b). In contrast, the reduced CHL concentration allows the SWDN to penetrate more into the 193 

subsurface layers throughout the bottom of the first layer (systematic positive Qpen 194 

differences).  195 

So, the increased Qpen field warms the temperature of the subsurface layers. Such vertical 196 

redistribution of the absorbed SWDN (i.e., warming in subsurface layers but cooling in the first 197 

layer) acts to enhance the vertical mixing and further decrease the SST. As a result, the direct 198 

effect of SWDN absorbed in the first layer is unlikely to be a major contributor to the SST 199 

differences; instead, the indirect effect of the differential heating induced by Qpen and Qabs 200 

resulting from interannual anomalies of CHL can be a major contributor. As seen, relative to 201 

the CHLclim-EN run, the warm SST anomalies in the CHLinter-EN run are weakened due to the 202 

inclusion of CHLAs in the ocean; inclusion of CHLAs in the ocean leads to a damping effect 203 

on the El Niño event. 204 

It is notable that we have also conducted other case studies focusing on both El Niño and 205 

La Niña events. For example, a similar analysis is performed for a La Niña case. We find 206 

similar damping effects of positive interannual CHL anomalies on the La Niña event; similar 207 

physical processes are involved but with the opposite sense. 208 

 209 

 210 

 211 

 212 

 213 
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S5.    The effects on the mean ocean climatology  214 

 The model can well depict the observed mean SST climatology (Figs. s7a-b) and subsurface 215 

temperature (Figs. s8a-b) in the tropical Pacific. Also, the mean ocean states simulated are similar to 216 

each other in the different model experiments with the related OBH feedbacks being included or not  217 

(Figs. s7b-c; Figs. s8b-c ) because their effects are of opposite signs between cold and warm phases of 218 

ENSO (Fig. 2 and Figs. s5-s6). Without the OBH feedbacks, the model can well reproduce the 219 

seasonal cycles of SST in the tropical Pacific which is calculated as the deviation of monthly 220 

climatology relative to its mean climate (Figs. s9a-b). The OBH feedbacks have little impact on 221 

seasonal cycles, which can be seen from the differences between CHLclim and CHLinter runs (Fig. s9c) 222 

that are small. Based on these analyses, it is evident that the mean climatology and seasonal cycles 223 

have not been influenced substantially by the OBH feedbacks. Thus, the reduced interannual 224 

variability associated with ENSO due to the included OBH feedbacks is unlikely resulted from 225 

changes in mean climatology and seasonal cycles, and instead is mainly attributed to physical 226 

processes discussed in the main text.  227 

S6.  The sensitivity to the intensity of ocean biology-induced feedback  228 

This paper is intended to illustrate ENSO modulations that are induced by ocean 229 

biology-induced feedbacks within the tropical Pacific climate system. Numerical experiments 230 

are performed using the empirical model for interannual Chl anomalies with the parameter ( ) 231 

representing feedback intensity that is tunable. As such, there is uncertainty/sensitivity in the 232 

represented amplitude of the bio-feedback to SST changes as indicated by the feedback 233 

strength factor  . For instance, to reasonably represent the intensity of the OBH effects,   is 234 

doubled in the current modeling study (Note that when taking  =2 in the feedback simulation, 235 

the standard deviations of  interannual CHLA variability are well comparable to those from 236 
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satellite-based  estimates 23  and thus, the OBH effect can be reasonably represented in the 237 

model simulation).  Indeed, within the statistical modeling context of CHLA, the choice of this 238 

parameter is rather arbitrary, and the modeling results are sensitive to the related parameters 239 

used. To investigate the sensitivity of modeling results to the scaling factor ( ), some 240 

experiments with different values of    ( =1.0,  =2.5) are further conducted and analyzed 241 

together with the CHLclim ( =0.0) run and CHLinter ( =2.0) run. Fig. s10 shows the the bias of 242 

the standard deviation for SSTAs with different scaling factors. With the increasing of 243 

feedback intensity (  increases from 0.0 to 2.5), the differences in the standard deviation 244 

decrease coherently. Although the differences can be decreased effectively by increasing the 245 

feedback intensity, it is not reasonable to match modeling results with observation by unlimited 246 

increasing of the values of scaling factor ( ), because the CHLA retrieved is comparable to the 247 

observation only with  =2.0, and the modeling runs with too large values of   would produce 248 

an unrealistic CHLA distribution. With the damping effects of CHLA on ENSO, the period of 249 

ENSO acts to be shortened as demonstrated in Fig. 4. Such shortening effects are seen to be 250 

more significant if increasing the feedback intensity (Fig. s11).  251 

S7.    Long-term model runs    252 

     Some extended integrations (150 years) were performed using the model with the related OBH 253 

feedbacks being included or not. The longer simulations allow the model to have enough ENSO cycles. 254 

As shown in Fig. s12, in most time periods of the long-term integrations, the OBH feedbacks act to 255 

damp the interannual variability associated with ENSO. This can also been seen in Fig. s13, in which 256 

the differences in the standard deviation for SSTAs in CHLinter runs is commonly smaller than that in 257 

CHLclim runs. Also, the OBH feedback acts to shorten the period of ENSO, with the peak period in the 258 

CHLinter runs about 12 months shorter than that in the CHLclim run (Fig. s14). So, results from   the 259 
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long-term simulations are in accordance with simulations analyzed from the shorter time integration 260 

(50 years) in the main text, clearly demonstrating that the effects of OBH feedbacks on ENSO 261 

properties do not change significantly with the length of integration time.  Additionally,  no significant 262 

difference (less than 0.05°C)  can be found in the mean SST climatology between the CHLinter and 263 

CHLclim runs (Fig. s15). This can be attributed to the fact that the effects of CHLA on ENSO are of 264 

opposite signs between the two different phases (decreasing the SST in an El Niño event but 265 

increasing SST in a La Niña event), and their net compensating effects on SST climatology can thus be 266 

small.   267 

S8. Heat budget analysis 268 

      For the first model layer, the heat budget can be written as  269 

  

  
       

    

    
 

    

    
  , 270 

where 
  

  
 is the temperature tendency of  the first model layer;   denotes three-dimensional 271 

ocean current;       ⁄    ⁄    ⁄   represents a three-dimensional gradient operator;    is the 272 

density of sea water;     denotes the specific heat of sea water;   is the depth of the first model 273 

layer (10 m);      denotes the surface heat flux which includes the net longwave radiation 274 

flux, the sensible and latent heat flux;      indicates the total SWDN absorbed within the first 275 

model layer; and   represents the vertical mixing. Using the model outputs in both the 276 

CHLclim-EN and CHLinter-EN runs,   each term contributing to the temperature tendency of the 277 

first model layer can be calculated and compared with each other. It is found that no significant 278 

differences exist for the advective term (     ) and surface heat flux forcing (
    

    
) between 279 

the CHLclim-EN and CHLinter-EN runs, and the differences of heat budget between both 280 

experiments are mainly attributed to the effects  associated with the absorbed SWDN heating 281 
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(
    

    
) and vertical mixing ( ).  Compared to that in the CHLclim-EN run, the direct heating 282 

effect of the absorbed SWDN in the CHLinter-EN experiment is relatively smaller (Fig. s16a) 283 

and the vertical mixing cooling effect is relatively stronger (Fig. s16b). So, the budget analyses 284 

support previous arguments about the CHL-related feedback. When CHL-related feedback is 285 

included, for instance, the reduced CHL during El Nino (Fig. s5) acts to allow less SWDN 286 

absorbed within the first model layer (Fig. s6a), but more SWDN penetrated to deeper layers 287 

(Fig. s6b).  The reduced absorbed SWDN in the first model layer tends to directly decrease SST 288 

and the vertical thermal differential heating (cooling in the first model layer and warming in the 289 

subsurface layers)  acts to strengthen the vertical mixing, which  further decreases the SST. 290 

291 
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               Figure captions for the Supplementary section 292 

Fig. s1   Longitude-time sections along the equator for interannual anomalies of CHL (a) 293 

observed and (b) simulated using the statistical model. The contour interval is 0.05 mg/m3. 294 

Fig. s2   The standard deviation of CHLAs for (a) observations and (b) the CHLinter run. The 295 

contour interval is 0.02 mg/m3. The figure is created by the authors using the Grid Analysis and 296 

Display System (GrADS) which is available at http://www.iges.org/grads/grads.html      297 

Fig. s3  The Niño3 index for the CHLinter-EN (red) and CHLclim-EN (black) runs. 298 

Fig. s4  Longitude-time sections along the equator for SSTAs in (a) the CHLclim-EN run, (b) the 299 

CHLinter-EN run and (c) their differences (CHLinter-EN – CHLclim-EN). The contour interval is 300 

0.5°C. 301 

Fig. s5  Longitude-time sections along the equator for (a) CHLAs in the CHLinter-EN run and (b) 302 

the difference in the SWDN between the CHLinter-EN and CHLclim-EN runs. The contour 303 

interval is 0.1 mg/m3 in (a) and 15 W in (b). 304 

Fig. s6   Longitude-time sections along the equator for the differences between the CHLinter-EN 305 

and CHLclim-EN in (a) the SWDN absorbed within the first model layer (Qabs) and (b) the 306 

SWDN that penetrated throughout the bottom of the first model layer (Qpen). The contour 307 

interval is 15 W. 308 

Fig. s7 Annual-mean SSTs (°C) over the tropical Pacific: (a) Observations; (b) CHLclim; (c) the 309 

difference between CHLinter and CHLclim. Observations correspond to the 1981–2010 average 310 

from the OI.v2 analysis (https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html), 311 

and the CHLclim and CHLinter correspond to the model years 151-200. The contour interval in (a) 312 

and (b) is 1.0°C, and in (c) is 0.1°C. The figure is created by the authors using the Grid Analysis 313 

and Display System (GrADS) which is available at http://www.iges.org/grads/grads.html. 314 

http://www.iges.org/grads/grads.html
https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html
http://www.iges.org/grads/grads.html
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 315 

Fig. s8 Annual-mean ocean temperature (°C) in the thermocline along the equatorial Pacific: (a) 316 

OBS; (b) CHLinter; (c) the difference between CHLinter and CHLclim. Observations show the 317 

results averaged during  1981–2010 from the NCEP Global Ocean Data Assimilation System 318 

(http://www.cpc.ncep.noaa.gov/products/GODAS/index.shtml), and model results from the 319 

CHLclim and CHLinter simulations are averaged during the model years 151-200. The contour 320 

interval is 2.0°C in (a) and (b), and  is 0.2°C in (c). 321 

Fig. s9 Seasonal cycle of SSTs along the equatorial Pacific region (averaged over 5°S-5°N): (a) 322 

Observations; (b) CHLclim; (c) the difference between CHLinter and CHLclim. The mean 323 

climatological field is removed. The contour interval is 0.5°C in (a) and (b), and is 0.1°C in (c).  324 

Fig. s10 The bias of the standard deviation for SSTAs with different scaling factors: (a)  =0.0; 325 

(b)  =1.0; (c)  =2.0; (d)  =2.5. The contour interval is 0.2°C. The figure is created by the 326 

authors using the Grid Analysis and Display System (GrADS) which is 327 

available at http://www.iges.org/grads/grads.html. 328 

Fig. s11 The power spectra for the Niño3 SST anomalies estimated from model runs with different 329 

scaling factors:  =0.0 (red),  =1.0 (purple),  =2.0 (green),  =2.5 (blue). The dot-dashed line is the 330 

95% significance level for these runs, assuming a white noise process.  331 

Fig. s12 The Niño3 index for the CHLinter (red) and CHLclim (black) from  long-term  runs 332 

(150-300 years). 333 

Fig. s13 The differences in the standard deviation of SSTAs from long-term  runs (150-300 334 

years):  (a) CHLclim; (b) CHLinter. The contour interval is 0.25 °C。 The figure is created by the 335 

authors using the Grid Analysis and Display System (GrADS) which is 336 

available at http://www.iges.org/grads/grads.html. 337 

Fig. s14 The power spectra of the Niño3 SST anomalies from long-term runs (150-300 years): 338 

http://www.iges.org/grads/grads.html
http://www.iges.org/grads/grads.html
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CHLclim (blue) run, the CHLinter run (green). The dot-dashed line is the 95% significance level 339 

for these runs, assuming a white noise process. 340 

Fig. s15 The difference in the annual-mean SSTs over the tropical Pacific between the CHLclim 341 

run and the long-term run (150-300 years).  The contour interval is 0.05 °C. The figure is 342 

created by the authors using the Grid Analysis and Display System (GrADS) which is 343 

available at http://www.iges.org/grads/grads.html. 344 

Fig. s16 Longitude-time sections along the equator for the differences between the CHLinter-EN 345 

and CHLclim-EN in (a) the contributions of the absorbed SWDN (
    

    
) to the temperature 346 

tendency of the first model layer and (b) the effect of vertical mixing (R) on the temperature 347 

tendency of the first model layer. The contour interval is           °C/s. 348 

 349 

350 

http://www.iges.org/grads/grads.html
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 351 

   Fig. s1   Longitude-time sections along the equator for interannual anomalies of CHL (a) 352 

observed and (b) simulated using the statistical model. The contour interval is 0.05 mg/m3. 353 

  354 
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 355 

 356 

Fig. s2   The standard deviation of CHLAs for (a) observations and (b) the CHLinter run. The 357 

contour interval is 0.02 mg/m3. The figure is created by the authors using the Grid Analysis and 358 

Display System (GrADS) which is available at http://www.iges.org/grads/grads.html      359 

 360 

  361 
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 362 

Fig. s3  The Niño3 index for the CHLinter-EN (red) and CHLclim-EN (black) runs. 363 

 364 

 365 
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 366 

Fig. s4  Longitude-time sections along the equator for SSTAs in (a) the CHLclim-EN run, (b) the 367 

CHLinter-EN run and (c) their differences (CHLinter-EN – CHLclim-EN). The contour interval is 368 

0.5°C. 369 

370 
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 371 

Fig. s5  Longitude-time sections along the equator for (a) CHLAs in the CHLinter-EN run and (b) 372 

the difference in the SWDN between the CHLinter-EN and CHLclim-EN runs. The contour 373 

interval is 0.1 mg/m3 in (a) and 15 W in (b). 374 

 375 
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 377 

Fig. s6   Longitude-time sections along the equator for the differences between the CHLinter-EN 378 

and CHLclim-EN in (a) the SWDN absorbed within the first model layer (Qabs) and (b) the 379 

SWDN that penetrated throughout the bottom of the first model layer (Qpen). The contour 380 

interval is 15 W. 381 

382 
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 383 

Fig. s7   Annual-mean SSTs (°C) over the tropical Pacific: (a) Observations; (b) CHLclim; (c) 384 

the difference between CHLinter and CHLclim. Observations correspond to the 1981–2010 385 

average from the OI.v2 analysis 386 

(https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html), and the CHLclim and 387 

CHLinter correspond to the model years 151-200. The contour interval in (a) and (b) is 1.0°C, 388 

and in (c) is 0.1°C. The figure is created by the authors using the Grid Analysis and Display 389 

System (GrADS) which is available at http://www.iges.org/grads/grads.html. 390 

https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.html
http://www.iges.org/grads/grads.html
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 391 

Fig. s8 Annual-mean ocean temperature (°C) in the thermocline along the equatorial Pacific: (a) 392 

OBS; (b) CHLinter; (c) the difference between CHLinter and CHLclim. Observations show the 393 

results averaged during  1981–2010 from the NCEP Global Ocean Data Assimilation System 394 

(http://www.cpc.ncep.noaa.gov/products/GODAS/index.shtml), and model results from the 395 

CHLclim and CHLinter simulations are averaged during the model years 151-200. The contour 396 

interval is 2.0°C in (a) and (b), and  is 0.2°C in (c). 397 

398 
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 399 

Fig. s9   Seasonal cycle of SSTs along the equatorial Pacific region (averaged over 5°S-5°N): (a) 400 

Observations; (b) CHLclim; (c) the difference between CHLinter and CHLclim. The mean 401 

climatological field is removed. The contour interval is 0.5°C in (a) and (b), and is 0.1°C in (c).  402 
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 404 

Fig. s10    The bias of the standard deviation for SSTAs with different scaling factors: (a)  =0.0; 405 

(b)  =1.0; (c)  =2.0; (d)  =2.5. The contour interval is 0.2°C. The figure is created by the 406 

authors using the Grid Analysis and Display System (GrADS) which is 407 

available at http://www.iges.org/grads/grads.html. 408 

409 

http://www.iges.org/grads/grads.html
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 410 

Fig. s11    The power spectra for the Niño3 SST anomalies estimated from model runs with different 411 

scaling factors:  =0.0 (red),  =1.0 (purple),  =2.0 (green),  =2.5 (blue). The dot-dashed line is the 412 

95% significance level for these runs, assuming a white noise process.  413 

414 
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 415 

Fig. s12  The Niño3 index for the CHLinter (red) and CHLclim (black) from  long-term  runs 416 

(150-300 years). 417 
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 420 

Fig. s13  The differences in the standard deviation of SSTAs from long-term  runs (150-300 421 

years):  (a) CHLclim; (b) CHLinter. The contour interval is 0.25 °C. The figure is created by the 422 

authors using the Grid Analysis and Display System (GrADS) which is 423 

available at http://www.iges.org/grads/grads.html. 424 

 425 

 426 
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 428 

Fig. s14   The power spectra of the Niño3 SST anomalies from long-term runs (150-300 years): 429 

CHLclim (blue) run, the CHLinter run (green). The dot-dashed line is the 95% significance level 430 

for these runs, assuming a white noise process. 431 

432 
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 433 

Fig. s15    The difference in the annual-mean SSTs over the tropical Pacific between the 434 

CHLclim run and the long-term run (150-300 years).  The contour interval is 0.05 °C. The figure 435 

is created by the authors using the Grid Analysis and Display System (GrADS) which is 436 

available at http://www.iges.org/grads/grads.html. 437 
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 439 

Fig. s16 Longitude-time sections along the equator for the differences between the CHLinter-EN 440 

and CHLclim-EN in (a) the contributions of the absorbed SWDN (
    

    
) to the temperature 441 

tendency of the first model layer and (b) the effect of vertical mixing (R) on the temperature 442 

tendency of the first model layer. The contour interval is           °C/s. 443 

 444 


