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  Abstract:  Globally averaged surface air temperatures in some decades show rapid increases 37 

(accelerated warming decades) and in other decades there is no warming trend (hiatus decades).  38 

A previous study showed that the net energy imbalance at the top of atmosphere of about 1 Wm-2 39 

is associated with greater increases of deep ocean heat content below 750m during the hiatus 40 

decades while there is little globally averaged surface temperature increase or warming in the 41 

upper ocean layers.  Here we examine processes involved with accelerated warming decades, 42 

and address the relative roles of external forcing from increasing greenhouse gases and internally 43 

generated decadal climate variability associated with Interdecadal Pacific Oscillation (IPO).  44 

Model results from CCSM4 show that accelerated warming decades are characterized by rapid 45 

warming of globally averaged surface air temperature and greater increases of heat content in the 46 

upper ocean layers and less heat content increase in the deep ocean, opposite to the hiatus 47 

decades.  In addition to contributions from processes potentially linked to Antarctic Bottom 48 

Water (AABW) formation and the Atlantic Meridional Overturning Circulation (AMOC), the 49 

positive phase of the IPO, adding to the response to external forcing, is usually associated with 50 

accelerated warming decades.  Conversely, hiatus decades typically occur with the negative 51 

phase of the IPO, when warming from the external forcing is overwhelmed by internally 52 

generated cooling in the tropical Pacific.  Internally generated hiatus periods of up to 15 years 53 

with zero global warming trend are present in the future climate simulations.  This suggests that 54 

there is a chance the current observed hiatus could extend for several more years. 55 

 56 

 57 

 58 

 59 
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1.  Introduction 60 

Previous studies have noted that during the first decade of the 21st century, globally averaged 61 

surface air temperatures showed a near-zero warming trend, termed a hiatus decade (Easterling 62 

and Wehner, 2009;  Katsman and van Oldenborgh, 2011; Meehl et al., 2011).  However, there 63 

has been an ongoing net energy imbalance at the top of the atmosphere of about 0.5 to 1 Wm-2  64 

(Hansen et al., 2005; Trenberth, 2009), and the speculation is that this energy is likely going into 65 

the deep ocean where there are few measurements for verification (Trenberth 2009; Trenberth et 66 

al., 2009; Trenberth and Fasullo, 2010; Loeb, et al., 2012).  Observational datasets derived from 67 

the Argo float data and other sources indicate a slowing of the rate of ocean heat content above 68 

about 700 meters during the early 2000s when there was little trend in globally averaged surface 69 

temperatures (Levitus et al., 2009, 2012;  Lyman et al., 2010).  Such hiatus periods with little or 70 

no surface warming trend are relatively common occurrences  in observations and in climate 71 

model simulations (Easterling and Wehner, 2009; Knight et al., 2009;  Santer et al., 2011;  72 

Katsman and van Oldenborgh, 2011; Meehl et al., 2011).   Suggestions that significant heat 73 

could be sequestered in the deep ocean below 700 m on decadal timescales (e.g. Purkey and 74 

Johnson, 2010;  Song and Colberg, 2011; Palmer et al., 2011; Levitus et al., 2012) prompted an 75 

analysis of a global coupled climate model which  showed that, during hiatus decades in the 76 

model, the deep ocean layers did indeed warm at a greater rate than the surface layers (Meehl et 77 

al., 2011).  That study went on to identify three processes that could contribute to the deep ocean 78 

heat content increases during hiatus decades, two having to do with reduced deep ocean mixing 79 

associated with a weakening of  the Atlantic Meridional Overturning Circulation (AMOC) and 80 

reduced Antarctic Bottom Water (AABW) formation, and one having to do with an internally 81 

generated mode of decadal variability in the Pacific basin called the Interdecadal Pacific 82 
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Oscillation in its negative phase when tropical Pacific SSTs are below normal (IPO, Power et al., 83 

1999;  Meehl and Hu, 2006;  Meehl et al., 2010; Dai, 2012; Meehl and Arblaster, 2011, 2012).   84 

 85 

While Katsman and van Oldenborgh (2011) suggested a role for variability in the planetary 86 

imbalance in the context of present-day variability, the relative importance of forced variations 87 

(e.g. solar variability, volcanoes, and anthropogenic aerosols) versus internal variability was not 88 

quantified. In contrast, here, as in Meehl et al. (2011), our focus is on simulations in which 89 

decadal variability is driven largely by internal variations, rather than the rapid changes in 90 

forcing that were implicit in the Katsman and van Oldenborgh study.  Another single model 91 

analysis (Palmer et al., 2011) showed that decadal trends in SST in a pre-industrial control run 92 

are only weakly indicative of the changes in the planetary imbalance that govern ocean heat 93 

content, echoing the main conclusions of the present paper elaborated on below.  While it is 94 

unclear how the variability in ocean uptake during the transient adjustment of the system to 95 

forcing is related to variability in the equilibrium run analyzed by Palmer et al. (2011), 96 

differences between CCSM4 (analyzed here) and the Met Office model (assessed in Palmer et 97 

al., 2011) may also explain what seems to be a minor discrepancy of a weak (rather than 98 

insignificant) role for top of atmosphere radiation variations. 99 

 100 

 The Meehl et al. (2011) study raised several questions that we address here.  First, what is 101 

happening during decades that are opposite to the hiatus decades, when globally averaged 102 

surface air temperatures rapidly warm?  Second, there appears to be a large internally generated 103 

component to the hiatus decades, but this variability is occurring while increasing greenhouse 104 

gases (GHGs) should make the system want to warm.  What is the nature of the interplay 105 
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between the external forcing and the internally generated decadal timescale variability that could 106 

produce hiatus decades and accelerated warming decades?  A previous study showed that the 107 

most notable accelerated warming decade in the 20th century, the so-called mid-1970s climate 108 

shift (Trenberth and Hurrell, 1994;  Wang and An, 2001) was a product of a warming 109 

contribution from the increase of GHGs added to warming of the tropical Pacific from a positive 110 

phase of the IPO (Meehl et al., 2009).  Meanwhile, the transition of the IPO from positive to 111 

negative phase in the late 1990s (Chen et al., 2008; Burgman et al., 2008; Feng et al., 2010; Dai, 112 

2012; Meehl and Arblaster, 2012) was associated with a hiatus of global warming (Meehl et al., 113 

2011).  It is this interaction of externally forced response and internally generated decadal 114 

timescale variability in the Pacific that we examine in this paper to study the relative 115 

contributions to both the hiatus and accelerated warming decades.  Understanding these 116 

processes has important implications for prediction since such decades with either rapid climate 117 

change or little climate change would be of interest to the community of users of such decadal 118 

climate information.  119 

 120 

Section 2 describes the model, experiments and methodology utilized in the paper.  Section 3 121 

contrasts the signatures of surface climate during hiatus and accelerated warming decades in the 122 

model, documents the vertical distribution of heating in the ocean, and discusses the processes 123 

involved.   Section 4 includes an analysis of the relative contributions of external forcing and 124 

internally generated timescale variability associated with the IPO in producing hiatus and 125 

accelerated warming decades, and Section 5 contains the conclusions. 126 

 127 

2.  The model and experiments 128 
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The Community Climate System Model version 4 (CCSM4) is the climate model analyzed here.  129 

It is a global coupled climate model with a 1 degree, 26 level atmosphere coupled to a 1 degree 130 

(down to 1/4 degrees in the equatorial tropics) 60 level ocean, and state of the art sea ice and land 131 

surface schemes (Gent et al., 2011).   The CCSM4 response to future increases of GHGs, 132 

including the four RCP mitigation scenarios, is described by Meehl et al. (2012).  Five ensemble 133 

members from the RCP4.5 simulations with CCSM4 are extended from five corresponding 20th 134 

century simulations and are analyzed to study hiatus and accelerated warming decades.  The 135 

CCSM4 is well-balanced in the control run such that the net top of atmosphere energy flux is on 136 

the order of 0.1 Wm-2.  We choose to analyze results from the RCP4.5 scenario because it has 137 

CO2 increasing at a rate moderate enough that internally generated decadal timescale variability 138 

can occasionally offset the forced warming and produce decades when the surface temperature 139 

trend is slightly negative.  There are also decades when there is accelerated warming much 140 

greater than the long term trend.   We examine a future climate scenario rather than 20th century 141 

simulations because the latter have combinations of natural and anthropogenic forcings leading 142 

to periods of little warming in certain time periods during the first part of the century (e.g., 143 

Meehl et al., 2004; 2012).  In contrast, future climate simulations offer more realizations of 144 

internally generated hiatus and accelerated warming decades in the context of persistently 145 

positive anthropogenic forcing from increasing GHGs. 146 

 147 

As  will be shown below, the net energy flux at the top of the atmosphere during all decades in 148 

the RCP4.5 simulations (including hiatus decades, accelerated warming decades, and all other 149 

decades) is about 1 Wm-2, indicative of a net energy surplus being trapped in the climate system.  150 

This arises mainly from forced decreases in outgoing longwave radiation from the increases of 151 
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GHGs, in conjunction with water vapor feedback, not allowing as much energy to escape the 152 

climate system, while cloud feedbacks amplify the warming (e.g., Trenberth and Fasullo 2009). 153 

The forced energy imbalance includes effects from increased longwave radiation from higher 154 

temperatures. Consequently, if there are time periods when surface temperatures are not 155 

increasing, this excess energy must go elsewhere. Changes to the cryosphere and land subsurface 156 

play a much smaller role than the atmosphere and oceans in energy flows (Trenberth and Fasullo, 157 

2010), and the potential importance of the deep ocean in increasing heat content during hiatus 158 

decades was shown by Meehl et al. (2011).   159 

 160 

In terms of a computational detail, for the ocean meridional overturning streamfunction 161 

calculation for the Pacific basin north of about 30°S, we subtract the Indonesian Throughflow 162 

(12.6 Sv in CCSM4) from the Pacific basin calculation and add that value to the Indian basin. 163 

 164 

3.  Results 165 

The hiatus decades were chosen by Meehl et al. (2011) as decades with a linear trend of less than 166 

-0.08°C over a decade.  Even more decades could have been selected if the criteria would have 167 

been a zero trend over a decade, but we chose decades with slightly negative trends to provide 168 

larger signals.  Thus, eight such decades from the five ensemble members (eight decades out of 169 

500 years of simulation, averaging one every 60 years or so) are composited and their linear 170 

trends of surface air temperature are shown in Fig. 1a.   171 

 172 

If a criterion of zero trend in globally averaged surface air temperatures is applied, similar to 173 

what has recently been observed, there are 14 such decades in the RCP4.5 simulations (taking 174 
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only time periods prior to 2080 after which the forcing and corresponding temperature response 175 

has lower magnitude, Meehl et al., 2012, thus using 375 years of model simulations).  176 

Additionally, using that same criterion and time periods in the five RCP4.5 ensemble members, 177 

there are 9 instances of 11 year zero temperature trends, 6 instances of 12 year zero temperature 178 

trends, 5 instances of 13 year zero temperature trends, 3 instances of 14 year zero temperature 179 

trends, and 1 instance of a 15 year zero temperature trend.  Thus the occurrence of a 15 year 180 

duration internally generated zero temperature trend, though rare in the model (one event in 375 181 

years of model simulations), suggests that there is a chance the current observed hiatus could 182 

continue for several more years. 183 

 184 

Meanwhile, seven accelerated warming decades are chosen from the five ensemble members of 185 

RCP4.5 (seven decades out of 475 years of simulation, averaging one every 70 years or so)  186 

based on the criterion of a globally averaged surface air temperature trend of greater than or 187 

equal to 0.41 K/decade (a relatively large threshold to isolate on the largest signals).  The 188 

composite of the linear trends of SST from those accelerated warming decades are shown in Fig. 189 

1b.  Statistical significance is computed from a 2-sided Student-t test (since we have no 190 

expectation of the sign of the SST trend change) of the hiatus or accelerated trends compared to 191 

435 possible decadal trends across the 5 ensemble members, with an equivalent sample size, 192 

taking into account autocorrelation, of 45 degrees of freedom.  Similar values are returned both 193 

when including and excluding the hiatus and accelerated trend periods in the larger sample.  This 194 

methodology is applied to all t-test calculations in this paper.  With regards to the SST patterns in 195 

Fig. 1, visual inspection of the actual SST anomaly patterns of the hiatus and accelerated 196 

warming periods confirms the results of this test in that each hiatus period is characterized in a 197 
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recognizable way as a negative IPO pattern, and likewise for each accelerated warming period as 198 

a positive IPO pattern.   199 

 200 

What is immediately striking about the comparison of Fig. 1a and b is that the patterns are nearly 201 

mirror images of each other, with the signature of a negative (positive) phase of the IPO in the 202 

Pacific in the hiatus (accelerated warming) decades, and the phase of the IPO indicating the 203 

relative sign of the SST trends in the tropical Pacific.  The sign of the SST trends for both hiatus 204 

and accelerated warming decades extends to the Atlantic and Indian Oceans as well, with 205 

opposite sign trends in the northwest and southwest Pacific, and North Atlantic.   206 

 207 

The composite SST trend decades have a similar energy imbalance at the top of the atmosphere, 208 

with the hiatus decades (Fig. 2a) and accelerated warming decades (Fig. 2b) showing an 209 

imbalance of about 1 Wm-2, comparable to the imbalance for all other decades and no significant 210 

difference between them.  Therefore, in all decades there is about 1 Wm-2 being directed into the 211 

climate system and the planet is warming.  If all of heat from this energy imbalance were 212 

directed into the oceans, this would amount to about 16.09 x 1022 J decade-1.   213 

 214 

To identify the associated distribution of heat content trends in the ocean for hiatus and 215 

accelerated warming decades, Fig. 2 shows globally averaged 10 year ocean heat content trends 216 

for three layers in the global ocean, the upper 300 meters, 300 to 750 meters, and 750 to the 217 

bottom of the ocean for hiatus (Fig. 2a) and accelerated warming decades (Fig. 2b).  The 750m 218 

level was chosen for reasons of historical observations. 219 

 220 
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Non-overlapping error bars in Fig. 2, defined as   (± 1.86 * standard error), are used to show 221 

statistical significance at the 5% level, as in Meehl et al. (2011).  Non-overlapping error bars 222 

imply rejection of the null hypothesis in the one-sided formal t-test in addition to the formal t-test 223 

based on the difference between two means.  To demonstrate this, we define X2 and X1 as the 224 

two mean quantities computed from the two sets of n=5 ensemble members.  Standard Error is 225 

defined as,  226 

 

S1 ≡ S12 =
(X1i − X1)2∑

n −1
   227 

where i runs from 1 to n, and similarly define S2.  228 

 229 

For the case when X2>X1, that is consistent with expectations of a warmer ocean, and thus the 230 

use of the one-sided t-test.   X2 and X1 are significantly different because, by applying the non-231 

overlapping error bar criterion, 232 

 233 

X2-1.86*S2 > X1+1.86*S1 234 

 235 

That can be written as  236 

 237 

X2-X1>1.86*(S1+S2).   (1)  238 

 239 

By the definition of S1 and S2, since  240 

 241 

 

S1+ S2 ≥ S12 + S22  242 

 243 
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Therefore (1) implies 244 

 245 

 

X2 − X1≥1.86* S12 + S22  246 

 247 

which indicates rejection of the null hypothesis in a one-sided t-test at the 5% level, since the 248 

95% quantile of a Student-t with 8 degrees of freedom for the hiatus decades  is 1.86.   For the 249 

accelerated warming decades, this value is 1.89.  250 

 251 

As for the SST trends in Fig. 1, the hiatus decades and accelerated warming decades show nearly 252 

opposite results as noted above.  The upper 300 meter layer has significantly lower magnitude 253 

heat content trend (no overlap of the error bars indicating significance at the 5% level), with a 254 

value of  +1.7× 1022 J/decade, a reduction of 60% compared to the average trend over all ten year 255 

time periods for the five ensemble members of +4.2 × 1022 J/decade.    256 

 257 

However, in the deeper layers of the global ocean for hiatus decades in Fig. 2a, the heat content 258 

trends are greater than other decades.  For the 300-750 m layer, the composite global average is 259 

18% larger (+5.8 vs +4.9 × 1022 J/decade), and for the layer below 750 m, the composite global 260 

average is 19% larger (+8.0 × 1022 J/decade compared to +6.7 × 1022 J/decade).   The error bar 261 

ranges do not overlap for either layer, again indicating these differences are statistically 262 

significant at the 5% level.   263 

 264 

However, for the accelerated warming decades in Fig. 2b, the heat content trends are opposite to 265 

those for the hiatus decades in Fig. 2a.  Where there was a reduction in upper ocean layer heat 266 
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content trends in the hiatus decades in Fig. 2a, there is a statistically significantly increase in heat 267 

content trend in the upper 300 m layer of +7.0× 1022 J/decade for accelerated warming decades. 268 

This is an increase of 56% compared to +4.5× 1022 J/decade for all other decades.  Meanwhile, 269 

there is a statistically significant reduction of heat content trends in the deeper ocean layers in 270 

accelerated warming decades (Fig. 2b) compared to increased heat content trends in those layers 271 

for the hiatus decades (Fig. 2a).  For the 300-750m layer, accelerated warming decade heat 272 

content trends are reduced 16% from +5.0× 1022 J/decade for all decades, to +4.2× 1022 J/decade 273 

for accelerated warming decades.  Similarly for the deepest layer from 750m to the ocean 274 

bottom, the accelerated warming decade trend is +5.0× 1022 J/decade compared to +6.8× 1022 275 

J/decade for all other decades, a reduction of 26%.  276 

 277 

A breakdown of ocean heat content trends by basin (shown for the hiatus decades by Meehl et 278 

al., 2011) indicates similar outcomes for the accelerated warming decades (not shown) to the 279 

global numbers shown in Fig. 2, with opposite trend differences to the hiatus decades.  Thus for 280 

the accelerated warming decades, there are greater heat content trends in the surface layers 281 

compared to all other decades, and significantly reduced heat content trends in the deepest layers 282 

in all basins, with the largest reduction of 25% in the Southern Ocean, suggestive of an increase 283 

of AABW formation in accelerated warming decades.  There is also a reduction of 15% in the 284 

Atlantic indicative of an increased North Atlantic Deep Water (NADW) formation, and a 285 

stronger Atlantic meridional overturning circulation (AMOC) there, as discussed further below. 286 

 287 

The long term climatological average of annual mean ocean meridional overturning 288 

streamfunction in the CCSM4 is shown in Fig. 3a and b, where positive streamfunction contours 289 
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indicate clockwise flow, and negative streamfunction contours are counter-clockwise.  The 290 

subtropical cells (STCs), which are dominant mainly in the Pacific (e.g. Klinger and Marotzke, 291 

2000;  McPhaden and Zhang, 2002, 2004) are shown by the largest opposite sign streamfunction 292 

values above about 700 m between roughly 35°N and S, with upward flow near the equator, and 293 

convergence and downward flow near 35°N and AMOC is represented as greatest positive 294 

values near 40°N at 1000m depth and sinking north of about 45°N.  The Ekman divergence in 295 

the Southern Ocean near 60°S is shown by maximum positive values centered near 50°S, while 296 

the AABW formation is indicated by negative values poleward of about 65°S, and negative 297 

values below about 3000m that extend into the Northern Hemisphere. 298 

 299 

Composite trends for the hiatus and accelerated warming decadal trends for meridional 300 

overturning streamfunction averaged over the Pacific basin for the layer above about 700 m (Fig. 301 

3c,d, note difference in vertical scale compared to Fig. 3a,b) show opposite sign trend anomalies 302 

between hiatus and accelerated warming decades.  Positive trend values from about equator to 303 

40°N, and mostly negative values from equator to about 35°S in the hiatus decades in Fig. 3c 304 

indicate an anomalous strengthening of the STCs in the Pacific (McPhaden and Zhang, 2004), 305 

while anomalies of opposite sign for the accelerated warming decades show a weakening of the 306 

STCs (McPhaden and Zhang, 2002) in Fig. 3d.   For the hiatus decades, this produces stronger 307 

upward vertical motion near the equator, bringing more cool water to the surface there and 308 

negative decadal temperature trends in the equatorial Pacific (Fig. 1a), while weaker STCs in the 309 

accelerated warming decades produce the opposite effect.  For the hiatus decades, greater 310 

convergence near the subtropics of each hemisphere downwells  warm water (e.g., positive 311 

decadal temperature trends from about 30° to 45°N, and south of 30°S in Fig. 3e), while weaker 312 
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STCs in the accelerated warming decades reduce downwelling, producing cooling to 2000m 313 

(Fig. 3f).    For the hiatus decades, there is mostly small amplitude warming south of 60°S 314 

spreading equatorward at depth (Fig. 3e) suggestive of a weakening of AABW formation.  The 315 

accelerated warming decades (Fig. 3f) show the opposite, with negative temperature trends south 316 

of 60°S and at depth spreading equatorward indicative of stronger AABW formation. 317 

 318 

In the North Atlantic for the hiatus decades, the composite streamfunction (Fig. 3g) shows a 319 

mostly negative trend, implying a weakening of the deep convection with less subduction of cold 320 

surface waters, indirectly inducing a warming effect in the subsurface and deep ocean in the 321 

Atlantic (Brady and Otto-Bliesner, 2011).  For the accelerated warming decades there is an 322 

opposite sign of the streamfunction anomalies (Fig. 3h), suggestive of a stronger AMOC, as 323 

evidenced by negative temperature trends down to about 3000m (Fig. 3j).  The negative zonal 324 

mean temperature trends south of 60°S and at depth (Fig. 3j) are again indicative of a possible 325 

strengthening of AABW formation.  326 

 327 

Though the composites show the net contributions from the three processes noted above (AABW 328 

formation, AMOC, and STCs associated with the IPO), examination of each of the hiatus and 329 

accelerated warming decades shows contributions from each process.  For example, the hiatus 330 

decades show that three of those decades have contributions from all three processes, three have 331 

more dominant contributions from two of the three, and two have a stronger contribution from 332 

one of the processes.  The accelerated warming decades are comparable, with one of those 333 

decades having contributions from all three processes, one decade has a stronger contribution 334 

from two out of three, and five have one out of three.  However, of the three processes, the STCs 335 
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associated with the IPO have the most consistent contribution to the hiatus and accelerated 336 

warming decades. 337 

 338 

Fig. 4 shows differences in mixed layer depth (m) for composite hiatus minus accelerated 339 

warming decades for high latitudes of the Northern and Southern Hemispheres.  Negative 340 

differences in the Labrador Sea in March (Fig. 4a) and in the Weddell Sea in September (Fig. 4b)  341 

indicate shallower mixed layer depth maxima, indicative of reduced deep convection and 342 

weakened AMOC and AABW formation in those locations for hiatus decades, and the opposite 343 

for accelerated warming decades, consistent with the temperature differences discussed above in 344 

Fig. 3. 345 

 346 

4.  External forcing and internally generated variability 347 

The external forcing from increasing GHGs is positive throughout the model simulations and 348 

could be expected to produce mostly warming of the global climate system (Meehl et al., 2012).  349 

However, the interaction of the response to this external forcing with internally generated 350 

variability is particularly evident in the manifestation of regional patterns of surface temperature 351 

change in the Pacific.  For example, Meehl et al. (2009) addressed the relative contributions of 352 

external forcing mainly from increasing GHGs and internally generated variability from the IPO 353 

in the mid-1970s climate shift.  They noted that the SST pattern from the internally generated 354 

IPO, quantified from a long un-forced control run with the Parallel Climate Model (PCM) as the 355 

first EOF of low-pass filtered SSTs, was not independent from the SST pattern from external 356 

forcing (quantified as the second EOF of an ensemble average of 20th century all-forcings 357 

simulations).  Thus they inferred relative contributions using a regression-based technique, and 358 
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determined that the mid-1970s shift had about equal contributions from the tropical Pacific 359 

warming due to the IPO transitioning on its own from a negative to positive phase, combined 360 

with the warming from increasing GHGs.  That example was an attempt to explain an observed 361 

accelerated warming period. 362 

 363 

Though it was discussed in Fig. 3 (and by Meehl et al., 2011) that at least three sets of regional 364 

processes (associated with AABW formation, AMOC, and IPO) likely contribute to hiatus and 365 

accelerated warming decades, here we focus on one of those, the IPO, to illustrate the interaction 366 

of internally generated variability and the externally forced response in the Pacific.   The same 367 

methodology is applied as in Meehl et al. (2009) to the hiatus and accelerated warming decades 368 

in the RCP4.5 simulations of CCSM4.    369 

 370 

Fig. 5a shows the first EOF of low pass filtered (13 year cut-off) Pacific SSTs from the multi-371 

century CCSM4 pre-industrial control run.  This is the usual way that the IPO is defined (e.g. 372 

Meehl and Hu, 2006).  As for the PCM in Meehl et al (2009), the familiar IPO pattern is the 373 

leading mode of unforced decadal timescale variability over the Pacific domain, explaining 374 

33.9% of the variance for that region.  To quantify the forced patterns, Fig. 5b and c show the 375 

first and second EOFs, respectively, of the low pass filtered ensemble average RCP4.5 runs with 376 

CCSM4 for the years 2006-2100.  By computing the average of the five ensemble members, the 377 

presumption is that most of the signal is from the external forcing, having averaged out much of 378 

the internally generated climate variability.  The associated PC time series (not shown) also share 379 

characteristics with the PCM results in Meehl et al. (2009), with the dominant EOF1 (Fig. 4b) 380 

explaining 94.5% of the variance being mostly the trend, and EOF2 with 2.2% of the variance 381 
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representing an IPO-like pattern.  In fact, the pattern correlation of the forced EOF2 in Fig. 5c 382 

with the internally generated IPO in Fig. 5a is +0.73, confirming the result from the earlier PCM 383 

model that the internally-generated variability associated with the IPO is not totally independent 384 

from at least some component of the externally forced response.  This leads us to apply the same 385 

method used by Meehl et al. (2009) to infer the relative contributions of the three patterns in Fig. 386 

5 to hiatus and accelerated warming decades. 387 

 388 

Fig. 6 shows, for the five CCSM4 RCP4.5 ensemble members with the eight hiatus decades 389 

highlighted in gray, the pattern correlation time series for each of the three patterns in Fig. 5 390 

projected on to the SSTs in each of the ensemble members.  This is similar to what was done in 391 

Meehl et al. (2009) and involves taking each pattern in Fig. 5 and performing pattern correlations 392 

between those patterns and the annual mean patterns of SSTs in each of the ensemble members.  393 

The first feature of Fig. 6 is that the three pattern correlation time series are related and roughly 394 

track each other.  This illustrates the interplay between the internally generated and externally 395 

forced patterns in the RCP4.5 simulations.  Examination of the eight hiatus decades shows that in 396 

seven out of eight, there is a transition from positive to negative IPO (or less positive), and 397 

correspondingly less forced warming (mostly negative trends for those time periods).  In the 398 

decade when the IPO shows the opposite transition, there is a weakening of the AMOC and 399 

AABW formation (not shown), thus indicating, as discussed in Fig. 3, that these other processes 400 

also contribute to the globally averaged signal.  But in most cases, as the tropical Pacific SSTs 401 

transition to negative anomalies with the IPO, there is less power in the positive SST trends from 402 

the forced patterns.   In other words, the IPO tends to overcome the tendency for the tropical 403 
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Pacific SSTs to want to warm from external forcing, and produces negative SST trends there 404 

(Fig. 1a). 405 

 406 

Fig. 7 is a similar plot to Fig. 6 but highlights the seven accelerated warming decades.  Fig. 7 407 

shows that six out of seven accelerated warming decades show a transition from negative to 408 

positive IPO (or less negative), and correspondingly more forced warming (mostly positive 409 

trends).  For the one IPO transition early in ensemble member 2 that goes opposite to the others, 410 

there is a strengthening of AABW formation of over 10% (not shown) that produces the 411 

dominant contribution of the three processes discussed above to that accelerated warming 412 

decade.  As noted earlier, any of the three processes (AABW formation, AMOC or IPO) can 413 

make a contribution to either a hiatus or accelerated warming decade.  But of the three, the IPO 414 

in the Pacific, interacting with the response to external forcing, is more consistent in contributing 415 

to those globally averaged signals.   416 

 417 

A more detailed depiction of the SST signatures of the IPO, AABW and AMOC  is shown in 418 

Fig. 8.   Indices for AMOC and AABW as well as the PC time series of EOF1 from the control 419 

run that represents the IPO are regressed on to SSTs from the 300 year control run (since there is 420 

no externally forced trend in the control run, EOF1 is the IPO, as opposed to EOF2 in the forced 421 

runs where EOF1 is the externally forced trend, see Meehl et al., 2009).  Use of the control run 422 

ensures variability is only internally generated without any changes in external forcing.  423 

The AMOC index is defined as the maximum of the meridional overturning streamfunction 424 

below 500 meters depth in the Atlantic.  The AABW index is defined as the minimum of the 425 
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global meridional streamfunction between 60 to 80°S (for the regressions, the sign of the AABW 426 

index is reversed such that stronger AABW formation is a larger positive number). 427 

 428 

The regression patterns in Fig. 8 show that the positive phase of the IPO (Fig. 8a), a strong 429 

AMOC (Fig. 8b), and a strong AABW formation (Fig. 8c) all exhibit similar SST patterns in the 430 

Pacific that resemble the positive phase of the IPO.  Thus, the three processes all can contribute 431 

to a pattern with an IPO signature in the Pacific, though there are some interesting regional 432 

differences.  Stronger AMOC is associated with a narrower band of positive SST anomalies in 433 

the equatorial Pacific than the other two, possibly linked with processes in the Atlantic as 434 

described by Hu et al (2013).  In any case, it can be seen that any of the three processes can 435 

contribute to a similar large-scale SST anomaly pattern in the Pacific that can then interact with 436 

the externally forced response as described above.  The processes are thus not independent, 437 

which means they are physically related and can work in various combinations to produce 438 

similar responses for hiatus and accelerated warming decades. 439 

 440 

5. Conclusions 441 

Previous studies have shown that globally averaged surface air temperature trends in some 442 

decades show little warming trend (termed hiatus decades, e.g., the early 2000s), while others are 443 

characterized by a rapid increase of temperatures (termed accelerated warming decades, e.g., the 444 

1970s).  Here it is shown that such decades, seen in observations, are common in future climate 445 

simulations with a global coupled climate model (CCSM4), and are a natural product of 446 

interactions of internally generated decadal climate variability and external forcing.  A five 447 

member ensemble from the RCP4.5 simulations with CCSM4 is analyzed to study the relative 448 
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roles of internal variability and external forcing to hiatus and accelerated warming decades.   The 449 

net energy imbalance at the top of the atmosphere is about 1 Wm-2 during all decades considered, 450 

including the hiatus and accelerated warming decades.  This indicates that the increase in GHGs 451 

in RCP4.5 is maintaining a fairly steady decadal net energy imbalance with excess heat being 452 

trapped in the system.   453 

 454 

From the five ensemble members, a total of eight hiatus decades and seven accelerated warming 455 

decades were chosen.  Hiatus periods of longer duration (up to 15 years for a zero globally 456 

averaged temperature trend) also occur in the RCP4.5 simulations, suggesting that the current 457 

observed hiatus could continue for several more years. 458 

 459 

Composite linear trends of SSTs show roughly opposite patterns, with greater cooling (warming) 460 

in the tropics and the tropical Pacific in particular, with the latter characterized by a negative 461 

(positive) phase of the IPO in the hiatus (accelerated warming) decades.  Analysis of heat content 462 

trends also shows opposite signals, with the upper 300m of the global oceans warming less than 463 

the deeper ocean layers in the hiatus decades, but with more rapid warming of the upper 300m in 464 

the accelerated warming decades compared to the deeper ocean layers.  Zonal mean meridional 465 

overturning streamfunction and temperature trends show that for the accelerated warming 466 

decades, there are weaker STCs in the Pacific with stronger AMOC and AABW formation, 467 

opposite to what is seen in the hiatus decades.   468 

 469 

Analysis of each of the hiatus and accelerated warming decades shows that such decades can 470 

have contributions from AABW formation, AMOC, or STCs associated with the IPO either by 471 
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themselves or in combination with the others.  Indeed, all have global SST signatures similar to 472 

the IPO, demonstrating that they are not independent.   However, of the three processes, the 473 

STCs associated with the IPO have the most consistent contribution to the hiatus and accelerated 474 

warming decades. 475 

 476 

Results shown here are examples of the interplay in the Pacific between external forcing and 477 

internally generated decadal climate variability from the IPO.  The warming from external 478 

forcing adds to the positive phase of the internally generated IPO to contribute to the decades 479 

characterized by accelerated warming, while cooling in the tropical Pacific from the negative 480 

phase of the IPO overcomes the warming from external forcing and thus contributes to hiatus 481 

decades.   Each of the three internally generated processes can produce a similar SST anomaly 482 

pattern in the Pacific that can then interact with the externally forced response to contribute to 483 

hiatus or accelerated warming decades. 484 

 485 

 486 

 487 

 488 

 489 

 490 

 491 

 492 

 493 

 494 
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Figure captions: 653 

 654 

Fig. 1:  a) Composite average SST linear trends for decades when there is a hiatus of global 655 

warming as defined in the text;  Stippling indicates 5% significance computed from a two sided  656 

t test; b) same as (a) except for accelerated warming decades.   657 

 658 

Fig. 2:  a)   Composite mean global linear trends for decades when there is a hiatus of global 659 

warming as defined in the text (red bars), and mean linear trends for all other decades (green 660 

bars) for top of atmosphere (TOA) net radiation at left (W m-2, positive values denote net energy 661 

entering the system);   right part of figure depicts decadal trends of global ocean heat content    662 

(1023 J decade-1) for the upper ocean (surface to 300 m), and two deeper ocean layers (300-750m, 663 

and 750-3000m) for the composite hiatus decades (red bars) and average for all other decades 664 

(green bars);  Error bars denote 5% significance;  b)  same as (a) except for accelerated warming 665 

decades.  666 

 667 

Fig. 3:  a) and b):  Zonal mean long term average global ocean meridional overturning 668 

streamfunction from CCSM4 (Sverdrups);  c)   Composite linear trend anomalies for hiatus 669 

decades relative to the ensemble mean linear trends of other decades for  meridional overturning 670 

streamfunction (Sverdrups decade-1)  for the upper Pacific Ocean (note different vertical scale 671 

from part a);  d) same as (c) except for accelerated warming decades;  e)  same as (c) except for 672 

zonal mean temperature (°C decade-1) for the Pacific Ocean;  f) same as (e) except for 673 

accelerated warming decades;  g)  meridional overturning streamfunction trends (Sverdrups 674 

decade-1) for the Atlantic Ocean for hiatus decades;  h) same as (g) except for accelerated 675 
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warming decades;  i) same as (e) except for the Atlantic (°C decade-1) for hiatus decades;  j)  676 

same as (i) except for accelerated warming decades.  Stippling in all panels indicates 5% 677 

significance computed from a two sided t test.   678 

 679 

Fig. 4:  Differences in maximum mixed layer depth (m) for composite hiatus minus accelerated 680 

warming decades for high latitudes of the a) Northern, and b) Southern Hemispheres.  Negative 681 

differences in the Labrador Sea in March and in the Weddell Sea in September indicate 682 

weakened AMOC and AABW formation in those locations. 683 

 684 

Fig. 5:  a) The first EOF of 13 year low pass filtered SSTs for the Pacific Ocean domain shown 685 

from a 300 year period of the unforced CCSM4 control run (the model’s IPO);  b) first EOF of 686 

13 year low pass filtered SSTs for the ensemble mean RCP4.5 simulations from CCSM4 687 

indicating the dominant forced response pattern;  c) same as (b) except for second EOF. 688 

 689 

Fig. 6:  Time series of pattern correlations from projecting the first EOF from the control run 690 

(the model’s IPO in Fig. 5a) on to the low pass filtered SST data from the five ensemble 691 

members of RCP4.5 from CCSM4 (solid lines), and similarly by projecting the first (dotted) and 692 

second (dashed) EOFs from the ensemble mean RCP4.5 experiments (Fig. 5b and c, 693 

respectively) on to the low pass filtered SST data from the five ensemble members of RCP4.5.   694 

Gray shading indicate the eight hiatus decades.  Linear trend lines are drawn for each of the 695 

pattern correlation time series within the gray shaded periods, red for the IPO, green and blue for 696 

EOF1 and EOF2 of the ensemble average RCP4.5 simulations, respectively.   697 

 698 
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Fig. 7:  Same as Fig. 6 except for the accelerated warming decades. 699 

 700 

Fig. 8:  Regression of indices of a) IPO, b) AMOC and c) AABW on annual mean SSTs from 701 

500 year control run. 702 
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 722 

 723 

Fig. 1:  a) Composite average SST linear trends for decades when there is a hiatus of global 724 

warming as defined in the text;  Stippling indicates 5% significance computed from a two sided  725 

t test; b) same as (a) except for accelerated warming decades.   726 

 727 
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 732 

Fig. 2:  a)   Composite mean global linear trends for decades when there is a hiatus of global 733 

warming as defined in the text (red bars), and mean linear trends for all other decades (green 734 

bars) for top of atmosphere (TOA) net radiation at left (W m-2, positive values denote net energy 735 

entering the system);   right part of figure depicts decadal trends of global ocean heat content    736 

(1023 J decade-1) for the upper ocean (surface to 300 m), and two deeper ocean layers (300-750m, 737 

and 750-3000m) for the composite hiatus decades (red bars) and average for all other decades 738 

(green bars);  Error bars denote 5% significance;  b)  same as (a) except for accelerated warming 739 

decades.  740 
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 741 

Fig. 3:  a) and b):  Zonal mean long term average global ocean meridional overturning 742 
streamfunction from CCSM4 (Sverdrups);  c)   Composite linear trend anomalies for hiatus 743 
decades relative to the ensemble mean linear trends of other decades for  meridional overturning 744 
streamfunction (Sverdrups decade-1)  for the upper Pacific Ocean (note different vertical scale 745 
from part a);  d) same as (c) except for accelerated warming decades;  e)  same as (c) except for 746 
zonal mean temperature (°C decade-1) for the Pacific Ocean;  f) same as (e) except for 747 
accelerated warming decades;  g)  meridional overturning streamfunction trends (Sverdrups 748 
decade-1) for the Atlantic Ocean for hiatus decades;  h) same as (g) except for accelerated 749 
warming decades;  i) same as (e) except for the Atlantic (°C decade-1) for hiatus decades;  j)  750 
same as (i) except for accelerated warming decades.  Stippling in all panels indicates 5% 751 
significance computed from a two sided t test. 752 
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 753 
 754 

   755 
 756 
Fig. 4:  Differences in maximum mixed layer depth (m) for composite hiatus minus accelerated 757 

warming decades for high latitudes of the a) Northern, and b) Southern Hemispheres.  Negative 758 

differences in the Labrador Sea in March and in the Weddell Sea in September indicate 759 

weakened AMOC and AABW formation in those locations. 760 
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 761 

Fig. 5:  a)  The first EOF of 13 year low pass filtered SSTs for the Pacific Ocean domain shown 762 
from a 300 year period of the unforced CCSM4 control run (the model’s IPO);  b) first EOF of 763 
13 year low pass filtered SSTs for the ensemble mean RCP4.5 simulations from CCSM4 764 
indicating the dominant forced response pattern;  c) same as (b) except for second EOF. 765 
 766 



37 
 

 767 

Fig. 6:  Time series of pattern correlations from projecting the first EOF from the control run 768 
(the model’s IPO in Fig. 5a) onto the low pass filtered SST data from the five ensemble members 769 
of RCP4.5 from CCSM4 (solid lines), and similarly by projecting the first (dotted) and second 770 
(dashed) EOFs from the ensemble mean RCP4.5 experiments (Fig. 5b and c, respectively) on to 771 
the low pass filtered SST data from the five ensemble members of RCP4.5.   Gray shading 772 
indicate the eight hiatus decades.  Linear trend lines are drawn for each of the pattern correlation 773 
time series within the gray shaded periods, red for the IPO, green and blue for EOF1 and EOF2 774 
of the ensemble average RCP4.5 simulations, respectively.   775 
 776 

 777 
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 780 

Fig. 7:  Same as Fig. 6 except for the accelerated warming decades. 781 
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 787 

Fig. 8:  Regression of indices of a) IPO, b) AMOC and c) AABW on annual mean SSTs from 788 

500 year control run. 789 

 790 


