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Key points:   12 
1. Tropical Pacific wind-driven ocean circulation intensified transitioning to hiatus. 13 
2. Decadal anomalies of SST and ocean circulation display strong seasonality.  14 
3. Seasonality due to variations in wind stress and zonal temp. advection. 15 
 16 
Abstract 17 
Equatorial Pacific changes during the transition from a non-hiatus period (pre-1999) to 18 
the present global warming hiatus period (post-1999) are identified using a combination 19 
of reanalysis and observed data sets. Results show increased surface wind forcing has 20 
excited significant changes in wind-driven circulation. Over the last two decades, the core 21 
of the Equatorial Undercurrent intensified at a rate of 6.9 cm s-1 decade-1. Similarly, 22 
equatorial upwelling associated with the shallow meridional overturning circulation 23 
increased at a rate of 2.0 x 10-4 cm s-1 decade-1 in the central Pacific. Further, a seasonal 24 
dependence is identified in the sea surface temperature trends and in subsurface 25 
dynamics. Seasonal variations are evident in reversals of equatorial surface flow trends, 26 
changes in subsurface circulation, and seasonal deepening/shoaling of the thermocline. 27 
Anomalous westward surface flow drives cold-water zonal advection from November to 28 
February, leading to surface cooling from December through May. Conversely, eastward 29 
surface current anomalies in June-July drive warm-water zonal advection producing 30 
surface warming from July to November. An improved dynamical understanding of how 31 
the tropical Pacific Ocean responds during transitions into hiatus events, including its 32 
seasonal structure, may help to improve future predictability of decadal climate 33 
variations.  34 
 35 
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1 Introduction 39 
 Global average surface air temperature (SAT) has been significantly increasing 40 
since the industrial revolution [Hartmann et al., 2013], although this overall global 41 
warming trend has been punctuated by periods of weaker/stalled warming or cooling. 42 
Sometimes lasting several decades, breaks in twentieth century warming have been called 43 
global warming “hiatuses” in the literature [e.g., Meehl et al., 2011; Kosaka and Xie, 44 
2013; England et al., 2014]. This has reignited debate on the validity of anthropogenic 45 
climate change among skeptics and confusion among the public.  46 

Examples of hiatuses include a period of time from the 1940s to the 1970s and 47 
currently from about 2000 to the present (Figure 1a). In particular, the current global 48 
warming hiatus has been the subject of significant scientific scrutiny. For example, a 49 
growing body of literature has shown increased ocean heat uptake over the last decade 50 
[Meehl et al., 2011; Katsman and van Oldenborgh, 2011; Meehl et al., 2013; Guemas et 51 
al., 2013]. Yet uncertainty remains on the mechanisms driving the transition from a non-52 
hiatus period to a global warming hiatus period [Solomon et al., 2010, 2011; Kaufmann et 53 
al., 2011]. Since future hiatus periods are likely to disrupt future warming trends 54 
[Easterling and Wehner, 2009; Hansen et al., 2011] it is important to ascertain the impact 55 
that a hiatus has on the global climate system. 56 
 Recent research has focused on the Pacific Ocean as a potential player in 57 
modulating global warming trends due to its immense volume [Meehl et al., 2011; Brown 58 
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et al., 2015; Dai et al., 2015]. Specifically, studies have shown periods of hiatus 59 
correspond well with negative phases of the Pacific Decadal Oscillation (PDO) [Meehl et 60 
al., 2011; Kosaka and Xie, 2013; England et al, 2014], an internal mode of climate 61 
variability [Mantua et al., 1997;  Power et al., 1999; Folland et al., 2002]. During a 62 
negative (positive) phase, this ENSO-like pattern of climate variability is characterized 63 
by cooler (warmer) tropical Pacific sea surface temperatures (SST) and stronger (weaker) 64 
trade winds. The 1990s saw the beginning of an easterly trend in the trade winds and as a 65 
result the first decade of the 21st-Century has been dominated by anomalously intense 66 
trades, which are normally associated with a negative PDO (Figures 1b & 1c).  67 

A growing body of research has indicated that a negative phase PDO, which has 68 
significant impacts on tropical Pacific SST, heat content, and atmospheric/ocean 69 
circulations, forces regional climate anomalies in North America, and is a contributing 70 
mechanism to the current global warming hiatus [e.g., Kosaka and Xie, 2013; England et 71 
al., 2014; McGregor et al., 2014]. It remains largely unclear though how the eastern 72 
Pacific has remained cool even with increased global radiative forcing. 73 

England et al. [2014] describe an intensification of wind-driven circulation in the 74 
tropical Pacific during the hiatus, which would drive increased equatorial upwelling in 75 
the central and eastern Pacific, thus sustaining cool SSTs. Additionally, Kosaka and Xie 76 
[2013] and Trenberth et al. [2014] show a seasonal dependence in surface variables 77 
associated with global “hiatus modes”. Here, we focus on the seasonal response of 78 
surface climate anomalies and subsurface ocean circulation anomalies in the tropical 79 
Pacific to increased wind stress forcing associated with a PDO phase transition into a 80 
hiatus period. 81 
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Thanks to satellite altimetry, the Argo program, and the Tropical Atmosphere 82 
Ocean/Triangle Trans-Ocean Buoy Network (TAO/TRITON) moored buoys in the 83 
tropical Pacific, the most recent PDO phase change is perhaps the best-observed decadal 84 
climate shift in history. This study utilizes extensive ocean reanalysis and observational 85 
data sets to bring further clarity to how tropical Pacific Ocean circulation has responded 86 
to strengthening trade winds, how these changes maintain cool SSTs at the surface, and 87 
how these responses vary seasonally. Understanding the seasonal variability of the 88 
circulation is critical in determining the role the Pacific Ocean plays in the current hiatus 89 
and would improve predictability of future events. Our analysis aims to shed light on the 90 
interplay between surface and subsurface variability in the tropical Pacific Ocean during 91 
the period 1990-2009. 92 

In the following section we outline the reanalysis products and observational data 93 
used in this study. We then present our results illustrating how tropical Pacific surface 94 
and subsurface anomalies have changed in the last two decades. An analysis into the 95 
seasonal cycle of these phenomena is then performed, followed by a summary and 96 
discussion of our results in the context of tropical Pacific climate variability and the 97 
current global warming hiatus. 98 
2 Data and Methods  99 
2.1 Reanalysis products and observational data 100 
 In the past decade, there has been a growing interest in using ocean syntheses 101 
(model dynamics coupled with sparse observational data to produce a complete ocean 102 
description) to improve our understanding of decadal climate variability and our ability to 103 
predict climate on decadal time scales [e.g., Smith et al., 2007; Keenlyside et al., 2008; 104 
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Pohlmann et al., 2009; Köhl, 2014]. Of the variety of methods utilized to assimilate 105 
observed data into global ocean models, the adjoint method provides a description of the 106 
ocean circulation that exactly obeys the model equations for dynamical principles 107 
[Wunsch and Heimbach, 2006]. Reanalysis products that employ this assimilation method 108 
are therefore valuable for research in the dynamics of decadal climate variability. 109 

We use the second German contribution to Estimating the Circulation and 110 
Climate of the Ocean system (GECCO2), a reanalysis product that runs from 1948 to 111 
2011 (iteration 28) and is based on the Massachusetts Institute of Technology general 112 
circulation model [Marshall et al., 1997]. This reanalysis product utilizes a 4D-var, 113 
adjoint method of data assimilation that improves upon its predecessor (GECCO) by 114 
featuring higher horizontal and vertical resolution and additional physics [Köhl, 2014]. 115 
GECCO2 was forced twice per day by the National Center for Environmental Prediction 116 
climatology for the entire run. Additionally, satellite measured monthly mean wind stress 117 
fields were included beginning in the early 1990’s [Köhl and Stammer, 2008]. The native 118 
output grid is 1/3˚ with meridional refinement near the equator and 1˚ zonal spacing; 119 
however, the data has been linearly interpolated to a 1˚x1˚ for ease in processing. All 120 
figures derived from the GECCO2 data use this interpolated grid with the exception of 121 
Figure 8. We use GECCO2 products for SST, sea surface height (SSH), and zonal and 122 
meridional components of wind stress/currents. Model heat budget terms for GECCO2 123 
were not saved or made available to the public. Therefore, we estimated zonal 124 
temperature advection using finite differencing of monthly means. Additionally, SAT 125 
was taken from the Goddard Institute for Space Studies Temperature Analysis 126 
(GISSTEMP) [Hansen et al., 2006, 2010]. GISSTEMP is available from 1880-present 127 
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and uses the base period 1951-1980 to calculate anomalies. Finally, the PDO Index was 128 
taken from the National Climatic Data Center, which is available from 1854-present. 129 
 To determine the robustness of our findings, we compared all GECCO2 derived 130 
results with National Oceanic and Atmospheric Administration’s Extended Reconstructed 131 
Sea Surface Temperatures Version 3b (ERSST), which is available on a 2˚x2˚ grid from 132 
1854-present [Smith et al., 2008]. We also compared our findings with SST, zonal wind 133 
stress, and ADCP zonal current velocity observations taken by the TAO/TRITON 134 
moorings at 5˚S-5˚N, 147˚E-95˚W [McPhaden et al., 1998]. It is important to note that 135 
TAO/TRITON temperature profiles were among the observational data sets assimilated 136 
into GECCO2 [Köhl and Stammer, 2008]; however, a 30-year 4D-var assimilation may 137 
not necessarily reproduce SST accurately. Therefore, we include our results using 138 
TAO/TRITON measurements. In our comparisons, GECCO2 data was resampled to be 139 
temporally and spatially consistent with a given TAO/TRITON product. With the 140 
exception of Figure 1a, all figures were generated using GECCO2 data unless otherwise 141 
specified in the figure title. 142 
2.2 Trend analysis 143 
 Our analysis period for this study is from January 1990 to December 2009. All 144 
anomalies and trends are calculated for GECCO2 variables relative to the 1980-2009 145 
climatology. To estimate trends in our data we use a simple linear regression technique. 146 
In Section 3.1, we report the slope of the linear fit for the 20-year analysis period at each 147 
grid point in units per decade (Figures 2, 4 insert, 5b, 6b, & 6d). In Section 3.2, 148 
time/longitude plots are generated by linearly regressing a time series of each calendar 149 
month over the 20-year period (i.e., collect all Januaries from 1990-2009 and linearly 150 
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regress). The slope of the linear fit is then reported for each calendar month at each 151 
longitude (Figures 7, 8, 11, & 12). In these figures, we limit trends in surface wind stress 152 
and surface currents to only the zonal component because it dominates the overall trend 153 
in the vector fields (not shown).   154 

Seasonal subsurface trends in temperature and current velocities are calculated by 155 
collecting all occurrences of December-March and July-November and linearly 156 
regressing from 1990-2009. The slopes are then reported for each depth, 157 
latitude/longitude (Figures 9 & 10). Statistical significance for trends was determined 158 
using the Mann-Kendall test [Kendall, 1975], which tests the null hypothesis of trend 159 
absence in a time series against the alternative of trend. The Mann-Kendall test has the 160 
added benefit of being less affected by outliers sometimes contained in observations. If a 161 
Student’s t test is applied to the same data, our results do not change. 162 
3 Results  163 
3.1 Surface and subsurface trends 164 
 Figure 1a shows SAT anomalies averaged globally, while Figure 1b depicts area 165 
averaged zonal wind stress anomalies in the equatorial Pacific Ocean. Although there is 166 
an overall warming trend in SAT anomalies, there are two major periods of hiatus from 167 
about 1940 to the mid-1970s and from about 2000 to the present. Interestingly, the former 168 
exhibits a slight cooling trend from 1940-1970 while the latter is associated with no 169 
apparent trend. When compared to Figure 1b, the most recent hiatus corresponds closely 170 
to a general strengthening of easterly wind anomalies in the equatorial Pacific. This 171 
easterly trend seems to begin well before the present hiatus period sometime around 172 
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1993. Conversely, the 1940-1970 hiatus is characterized by a general westerly trend in 173 
the wind stress that extends from about 1950-1970.  174 

It is therefore apparent that not only do the two hiatuses described above exhibit 175 
slightly different SAT trends, they also occur during opposite trends in equatorial Pacific 176 
wind stress. While the slowdown of radiative forcing is an important cause of the 1940s-177 
1970s warming hiatus [e.g., Solomon et al., 2011], the PDO plays an important role in the 178 
current hiatus [Morotzke and Foster, 2015]. Determining the mechanisms that drive the 179 
different SAT characteristics of hiatus periods is a complicated matter involving globally 180 
coupled ocean-atmosphere interactions and is an active area of research beyond the scope 181 
of this study. The background trends in the wind stress, however, correlate well with 182 
PDO phase transitions in the mid-to-late 1970s and again in the mid-to-late 1990s. By 183 
correlating the PDO Index with the zonal wind stress time series we get a correlation 184 
coefficient of 0.48. Thus, strong easterly winds and periods of hiatus tend be associated 185 
with negative phases of the PDO, which is consistent with previous studies [e.g., Kosaka 186 
and Xie, 2013; England et al., 2014]. The remainder of the results will attempt to 187 
describe the 1990s PDO phase transition from a non-hiatus (positive PDO) period into 188 
the resulting hiatus (negative PDO) period in the context of this background 189 
strengthening of easterly wind stress and the resulting impact on the equatorial Pacific 190 
surface and subsurface.  191 
 Figure 2 depicts the 1990-2009 trends in SST and surface wind stress in the 192 
tropical Pacific. Stippling indicates the SST trend is significant at the 95% for a Mann-193 
Kendall test. The wind stress trend vector is only plotted where the zonal and meridional 194 
component are both statistically significant at 95%. As anticipated by Figure 1b, there are 195 
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easterly trends throughout much of the central tropical Pacific associated with a phase 196 
transition from a positive PDO in the 1990s to a negative PDO in the 2000s. Similarly, 197 
the SST trends reflect this phase transition with largely negative trends along the 198 
equatorial strip.  199 
 Figure 3a shows how the Pacific cold-tongue has varied during the transition to 200 
the present hiatus period. This is accomplished by averaging monthly SST anomalies 201 
5˚S-5˚N over the basin from 1990-2010 and plotting them as a time/longitude plot. Over 202 
this time period the edge of the equatorial cold-tongue (outlined by the 27.5˚C isotherm) 203 
has shifted westward by 20.2 degrees of longitude in response to the increased zonal 204 
wind stress, which is significant at 99% for a Mann-Kendall test (Figure 3a). Intensified 205 
trade winds would lead to an anomalous build up of SSH in the west equatorial Pacific 206 
warm pool region (Figure 3b) [e.g., Merrifield et al., 2012]. The SSH build up is 207 
associated with a deepened thermocline. We estimated the depth of the thermocline as the 208 
depth of the 20˚C isotherm and averaged over 5˚S-5˚N, 140˚E-180˚W (purple box, Figure 209 
4). A monthly time series of this area average shows the thermocline has been 210 
anomalously depressed over the west equatorial Pacific by 22.8 m over the 20-year 211 
period as estimated by linear regression. Averaging over 5˚S-5˚N, 170˚W-130˚W in the 212 
central basin (red box, Figure 4), there is an anomalous shoaling of less than a meter over 213 
the 20-year period. While the thermocline shoaling in the central Pacific is not 214 
significant, the thermocline deepening in the western is significant at 99%. We then use 215 
the zonal gradient in the depth of the thermocline to estimate the zonal subsurface 216 
pressure gradient along the western and central equatorial strip. By taking the difference 217 
of the purple box and the red box in Figure 4, we show an upward trend in the zonal 218 
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gradient that is significant at 99% for a Mann-Kendall test. This would suggest that even 219 
though the shoaling trend in the central Pacific is small, the deepening in the western 220 
Pacific is strong enough to significantly intensify the zonal subsurface pressure gradient. 221 
Similar trends are evident in the 20˚C depth based only on observations between the first 222 
decade of the 21st century relative to the 1980s and 1990s [McPhaden et al., 2011]. 223 
 To better observe how trends in the zonal gradient of the thermocline along the 224 
equator have impacted subsurface currents and heat content, the linear trend from 1990-225 
2009 in subsurface temperatures and the zonal, meridional, and vertical components of 226 
the current velocity (U, V and W respectively) were calculated and reported at each grid 227 
point (Figures 5b, 6b, & 6d). Stippling and the plotted current vectors represent 228 
significance at 95% for the subsurface temperature trends current velocity trends. 229 
Climatological cross-sections are included in Figures 5a, 6a, and 6c for reference.  230 

Longitude/depth cross-sections of the equatorial Pacific are characterized by 231 
strong, climatological westward flow from 5-20m and even stronger return flow eastward 232 
in the form of the Equatorial Undercurrent (EUC) at around 125-175 m (Figure 5a). In 233 
Figure 5b, there is a pool of warming temperature trends seemingly “trapped” at 75m-234 
200m at 140˚E-170˚W, while a La Niña-like pattern of decreasing SST trends dominate 235 
the cross-section from the surface to about 85m in the central/east regions. The mixed 236 
layer cooling in the central Pacific (165˚E-150˚W) overrides the subsurface warming, and 237 
coincides with strong westward surface flow trends. These structures are consistent with 238 
intensified westward advection of cold water. Additionally, the subsurface warming in 239 
the western Pacific (Figure 5b) is consistent with a similar heat anomaly described by 240 
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England et al. [2014] in a numerical simulation of the ocean driven by observed surface 241 
winds.  242 

The cooling trends in the central and eastern equatorial Pacific surface waters are 243 
indicative of a shoaling thermocline, while the warming trends in the western subsurface 244 
indicates thermocline deepening. This is consistent with the increasing trend observed in 245 
the zonal gradient of the thermocline (Figure 4). Significant strengthening in the zonal 246 
slope of the thermocline would lead to anomalous subsurface pressure gradients that 247 
accelerate the EUC from about 170˚E to 140˚W over the 20-year period (Figure 5b). The 248 
core of the climatological EUC is found around 85-127m, 150˚W-130˚W and has an 249 
average magnitude of 37 cm s-1 in the reanalysis (Figure 5a). The most significant trends 250 
in the zonal component of the subsurface currents lie further west and are deeper around 251 
105-155m, 180˚-160˚W and have an average magnitude of 6.9 cm s-1 decade-1 (Figure 252 
5b). GECCO2 underestimates the strength of the observed zonal current in the 253 
background state [e.g., Johnson et al., 2002], but the linear trend estimated from 254 
GECCO2 is similar to that observed by TAO/TRITON moored buoys for the same period 255 
(see Figure 13).  256 
 To investigate the cross-equatorial structure, Figure 6 describes latitude/depth 257 
cross-sections in the central and west Pacific (180˚-120˚W and 140˚E-180˚ respectively). 258 
In the central Pacific, the average climatological rate of upwelling on the equator is 1.3 x 259 
10-3 cm s-1 and occurs between 50-85m, while the most significant upwelling trends occur 260 
at the same depths and have an average value of 2.0 x 10-4 cm s-1 decade-1 (Figures 6a & 261 
6b). This upwelling trend integrated from 170˚-120˚W and 0.5˚S-0.5˚N produces a 262 
volume transport trend of 11.1 Sv decade-1 from 1990-2009, which is in good agreement 263 
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with the 9 Sv change in vertical transport across the late 90s transition from a positive to 264 
negative PDO reported by McPhaden and Zhang [2004]. Increased upwelling could 265 
therefore be contributing to the cooling trends observed in the mixed layer and at the 266 
surface in Figures 2 and 5b.  267 

In the west Pacific climatological cross-section, the currents right on and just 268 
south of the equator are dominated by northward flow from 45-200m (Figure 6c). In 269 
Figure 6d these currents are significantly intensified by about 0.92 cm s-1 decade-1 from 270 
1990-2009 just south of and on the equator. There appears to be a stronger southern 271 
hemisphere component (5˚S-10˚S) to the warming subsurface trends observed in Figure 272 
5b. Additionally, these temperature trends seem to roughly line up with the strongest 273 
intensifying trends of the subducting branch of the meridional overturning circulations, 274 
which can be found at around between 15˚S-5˚S in the central Pacific (Figure 6b) and 275 
between 4˚S and the equator in the western Pacific (Figure 6d). Combined with the 276 
increased equatorward flow, this enhanced subduction may imply the presence of 277 
enhanced meridional temperature advection seen in previous studies [e.g., England, 2014; 278 
Yang et al., 2014]. 279 
3.2 Seasonality and observational comparison 280 

To better understand how the above results vary seasonally, a series of 281 
time/longitude plots were generated. Figure 7a shows trends in SST and the zonal wind 282 
stress for each calendar month for 1990-2009 averaged over 2.5˚S-2.5˚N and from 140˚E-283 
80˚W. Figures 7b and 7c show trends in SSH and the depth of the 20˚C isotherm 284 
respectively (D20); both with the same trend in zonal surface current overlaid and 285 
averaged over the same latitude intervals. The convention for D20 trends is such that 286 
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positive values represent a deepening trend and negative values represent a shoaling 287 
trend. The dark gray stippling indicates trend significance at 90%, while light gray 288 
represent 80% significance. For the zonal wind stress and zonal surface current trends, 289 
the black vectors represent 90% significance and light gray vectors are 80% significance. 290 
We limit trends in surface wind stress and surface currents to only the zonal component 291 
because it dominates the overall trend in the vector fields (not shown). To the left of each 292 
time/longitude section the corresponding seasonal cycle of the wind stress/current trends 293 
averaged from 160˚E-150˚W is plotted in blue, while the mean 1990-2009 means 294 
seasonal cycle in the same box for the respective variable is in green.  295 

In Figure 7a, the decreasing trend observed in Figure 2 is most pronounced from 296 
December-May (DJFMAM) while weak cooling or warming trends are found from June-297 
November, (JJASON). This result is consistent with studies by Kosaka and Xie [2013] 298 
and Trenberth et al. [2014]. There is evidence that the SST trends are responding to an 299 
enhancement of the mean seasonal cycle of the zonal wind stress as indicated by the 300 
significant easterly wind stress trends (blue line) during NDJFMA, which is typically a 301 
time of relatively strong climatological easterly flow (green line). Additionally, the 302 
easterly wind stress trends are weakest in MJJASO when the mean trades are also at their 303 
weakest (Figure 7a, side panel). The relationship described above for wind stress trends 304 
holds most consistently for the central Pacific, while the trend in the seasonal SST cycle 305 
holds from 160˚E-90˚W.  306 

Surface currents near the equator are primarily driven by the wind stress, as the 307 
Coriolis force is very small. An enhancement of the seasonal cycle of the wind stress 308 
should therefore correspond to an enhancement in the seasonal cycle of surface currents 309 
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and zonal temperature advection (Figures 7b, 7c, & 8). Trends in SSH reflect the 310 
weakening and strengthening of the zonal wind stress as water is piled up in the west 311 
during DJFMAM and is allowed to slosh back during JJASON (Figure 7b). The surface 312 
currents also respond to the waxing and waning of the wind stress. Strong 313 
westward/eastward trends in equatorial flow from 160˚E to about 120˚W are dominant 314 
during times of strong/weak easterly wind stress. Additionally, trends in SST persist for 315 
about three months after the most significant trends in surface currents. The westward 316 
equatorial flow trends in NDJF would tend to build SSH in the west Pacific and decrease 317 
SSH in the central/east Pacific. We observe this as positive SSH trends from 140˚E-318 
160˚E and negative SSH trends from 180˚-80˚W in DJFMAM (Figure 7b). Additionally, 319 
the westward flow would advect climatologically cold-water westward and increase 320 
subsurface upwelling in the central Pacific, setting up the SST trends observed in 321 
DJFMAM (Figures 7a, 6b, & 8). As the westward flow trend weakens and disappears in 322 
February, the cold SST and low SSH trends persist for three months before responding to 323 
an eastward surface current trend in June-July.   324 

During these months the climatological surface flow is westward at an average 325 
rate of 9.15 cm s-1, while the trend in the zonal current is eastward at 6.13 cm s-1 decade-1 326 
(Figures 7b & 7c side panels). The eastward trend would tend to significantly slow down 327 
the mean equatorial flow, reducing the build up of water in the western basin as well as 328 
decreasing the removal of water in the east. Consequently, SSH increases in the 329 
central/east Pacific and decreases in the west Pacific over the 20-year period (Figure 7b). 330 
In addition, the eastward surface current trends would generate a tendency toward warm-331 
water advection in the west Pacific eastward, increasing SST in JJASON (Figures 7a & 332 
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8). Similarly, the positive SST and SSH trends persist three to four months after the 333 
eastward flow weakens in July. The abrupt reversal in surface current trends is surprising 334 
and may be explained by the fact that the zonal wind stress trends always have relatively 335 
strong easterly component from 170˚E to about 120˚W during the 20-year period (Figures 336 
1b & 7a). A west-to-east reversal in the surface current trends is therefore likely due to 337 
the weakening of the easterly wind stress from April to August. Ultimately, the trends in 338 
the zonal surface current are acting to enhance the mean seasonal cycle seen in the left 339 
panels of Figures 7b and 7c. 340 

Although the boreal summer and fall trends in SST and SSH are insignificant, 341 
they do elicit a significant trend of D20 (Figure 7c). In December, trends of D20 are 342 
largely negative from about 170˚W-120˚W. Over the following five months the shoaling 343 
D20 trends steadily shift eastward, and as a result, the increasing trend in the zonal 344 
gradient of D20 is most pronounced in boreal winter and spring (Figures 4 & 7c). The 345 
opposite case occurs in May when positive (deepening) D20 trends are located 346 
throughout the entire west and central Pacific from 140˚E-160˚W. The deepening 347 
thermocline then propagates eastward from June-November, flattening the trend in the 348 
zonal gradient of D20. 349 
 A full heat budget analysis was not possible using the GECCO2 data set as the 350 
required budget terms were not saved. Instead, we provide a qualitative illustration of the 351 
trend in zonal advection of temperature anomalies from 2.5˚S-2.5˚N during 1990-2009. 352 
Figure 8 shows the trends in zonal temperature advection in ˚C month-1 decade-1 353 
estimated by finite differencing of monthly means and linear regression. The trend 354 
significance in the two components of zonal temperature advection was previously 355 
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reported in Figures 7. Thus, we leave off stippling in Figure 8 for clarity, as the plot is 356 
rather noisy. In particular, the temperature gradient east of about 130˚W is too noisy to 357 
produce a confident interpretation; therefore, we limit our analysis to west of this 358 
longitude. In NDJF, there is a trend towards enhanced westward cold-water advection on 359 
the order of -0.2 to -0.3˚C month-1 decade-1 from about 160˚E-150˚W, which is consistent 360 
with the negative SST trends observed in the following three months (Figures 7a & 8). 361 
During times of increasingly eastward flow (June-July), there is a trend towards eastward 362 
warm-water advection on the order of 0.11˚C month-1 decade-1. The weakening of the 363 
climatologic surface flow seen in Figures 7b & 7c would reduce cold-water advection 364 
during boreal summer and produce a tendency toward warm-water advection, which is 365 
consistent with the positive SST trends seen in Figure 7a for the following 2-3 months. 366 

Trends of D20 have significant impacts on subsurface circulation intensity from 367 
1990-2009 (Figures 4 & 5). Therefore, we should expect seasonal variations in trends of 368 
D20 to have significant impacts on the seasonal cycle of these subsurface circulations, 369 
particularly in the zonal direction (Figure 7c). Figure 9 shows a longitude/depth cross-370 
section for the trend in DJFMAM and JJASON from 1990-2009. As in Figure 5b, 371 
stippling and vectors represent significance at 95% for a Mann-Kendall test. During 372 
DJFMAM, there is a strong westward trend in the flow near the surface centered on the 373 
dateline, which is consistent with the wind-driven westward equatorial surface flow seen 374 
in Figures 7b & 7c. Westward trends in the surface layer are also consistent with the 375 
westward advection of cold-water seen in Figure 8 and cooling SST trends in the 376 
central/east Pacific (Figure 9a). The subsurface warming trends, first seen in Figure 5b, 377 
persist throughout the year, which is consistent with the positive D20 trends shown in 378 
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Figure 7c. East of 170˚W, however, the subsurface temperature trends follow the 379 
seasonal variation of the D20 trends with cooling in DJFMAM when the thermocline 380 
shoals and warming in JJASON when the thermocline deepens.  381 

The dominant trend in currents below 50m is a pronounced strengthening of the 382 
EUC from 180˚-140˚W on the order of 9 cm s-1 decade-1. This is generally consistent with 383 
a stronger zonal gradient in D20 during this time of the year (Figures 4 & 7c). Overall, 384 
Figure 9a depicts an intensifying zonal wind-driven circulation. In contrast, during 385 
JJASON the D20 zonal gradient trend, while not zero, is substantially weaker and not 386 
significant compared to the DJFMAM trend (Figure 7c). Recall from Figure 5b, the most 387 
significant annual mean trend of the EUC is 6.9 cm s-1 decade-1. The trend in the EUC 388 
during DJFMAM is greater than the annual mean trend while the JJASON trend is much 389 
less (4 cm s-1 decade-1), indicating that the most significant increase in the strength of the 390 
EUC occurs in the boreal winter and spring.  391 

Figure 10 is the same as Figure 9 except for meridional cross-sections of the 392 
central and west Pacific. During DJFMAM, the central Pacific is experiencing strong 393 
cooling from the surface to about 100m on the equator and around 10˚N (Figure 10a). On 394 
the equator and near 2˚S there are significant current trends showing increased upwelling 395 
that could be contributing to the equatorial cooling. During JJASON, however, the strong 396 
cooling in the central equatorial Pacific gives way to warming trends along the equator 397 
while the cooling trends persist around 10˚N. These equatorial variations occur in spite of 398 
stronger trends in upwelling during JJASON compared to DJFMAM. This suggests that 399 
seasonal variations in central equatorial Pacific temperature trends are dominated by 400 
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seasonal variations in the trends of D20 and zonal temperature advection, which show a 401 
similar seasonal cycle (Figures 7c, 8, 10a, & 10b). 402 

In the west Pacific, significant warming trends occur throughout much of the 403 
subsurface during DJFMAM and JJASON, with a slight southern hemisphere asymmetry. 404 
The persistent warming trends could be due to the consistent deepening trends observed 405 
in D20 (Figure 7c); however, it is possible that the intensified subduction and 406 
equatorward flow seen in the annual mean trend is increasing meridional advection of 407 
warm water from 1990-2009 and significantly contributing to the subsurface warming 408 
trends (Figures 6d, 10c, &10d). 409 

All of the above GECCO2 SST results were compared with ERSST data and were 410 
generally consistent. For brevity we include only the time-latitude average of SST trends 411 
in the equatorial Pacific (Figures 11). Like GECCO2, the observations also support a 412 
seasonal variation in the SST trend with cooling most prominent in DJFMAM and 413 
diminishing to neutral or warming conditions in JJASON. It should be noted that the 414 
magnitude of GECCO2 SST trends is slightly higher for a given trend relative to ERSST. 415 

Similarities between GECCO2 and TAO/TRITON SST trends are to be expected 416 
because TAO/TRITON vertical temperature profiles were among the data assimilated 417 
into GECCO2 [Köhl and Stammer, 2008]. Nevertheless, a 30-year 4D-var assimilation 418 
may not necessarily reproduce observed SST accurately. Thus, time-latitude averages of 419 
SST and zonal wind stress trends measured by the TAO/TRITON array were generated 420 
and compared to GECCO2 (Figure 12). There exist large data gaps in the TAO/TRITON 421 
SST and zonal wind stress products due to instrument failure, particularly in the 422 
west/central Pacific. Therefore, it was necessary to resample GECCO2 data to be 423 
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temporally and spatially consistent with TAO/TRITON data. When comparing Figures 424 
12a and 12b there is a strong spatial correlation in the magnitude and timing of SST 425 
trends between the resampled GECCO2 data and TAO/TRITON. Moorings east of 426 
170˚W demonstrate a strong seasonality in the 20-year cooling trends that is consistent 427 
with both ERSST and GECCO2. Moorings west of 170˚W do not show such a striking 428 
seasonal dependence, which is also consistent with the notion that the majority of the 429 
seasonal cycle observed in GECCO2 was found in the central/east Pacific. The trend in 430 
the zonal wind stress is also generally consistent in the central Pacific with the most 431 
easterly trends occurring in boreal winter and the weakest in the summer. 432 

Figure 13b shows the trend in ADCP-measured zonal current velocity taken by 433 
equatorial TAO/TRITON moorings. There is an eastward trend to the EUC at 165˚E, 434 
170˚W, 140˚W, and 110˚W with the strongest component ranging from 11 cm s-1 decade-435 
1 at about 200m to 16 cm s-1 decade-1 about 100m from west to east. Figure 13a shows the 436 
trend in GECCO2-derived zonal currents, resampled to be spatially consistent with the 437 
available TAO/TRITON ADCP data. GECCO2 shows a positive trend in the EUC from 438 
1990-2009  at 165˚E, 170˚W, and 140˚W, but it fails to reproduce the anomalous 439 
eastward flow at 110˚W (Figure 13b). Additionally, GECCO2 tends to underestimate the 440 
observed trend in the zonal current velocity with maximum values of about 5 cm s-1 441 
decade-1 and 10 cm s-1 decade-1, west-to-east. This depth difference, however, is 442 
consistent with the shoaling of the EUC from west to east in tandem with the 443 
thermocline. In general, GECCO2 consistently captures the observed structure of current 444 
variability, but has a weaker trend than observed during the transition to the hiatus period. 445 
4 Summary and Discussion 446 
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The response of equatorial Pacific surface and subsurface dynamics to a 447 
consistent increase in zonal wind stress during the transition from a non-hiatus (positive 448 
PDO) to the present hiatus period (negative PDO) was quantified using an ocean 449 
reanalysis product. Comparisons to observational data from ERSST and TAO/TRITON 450 
moorings were generally consistent with GECCO2 results. It was found that surface 451 
waters have been anomalously advected further westward over the past 20 years along 452 
the equatorial Pacific. Associated changes to SSH and zonal thermocline depth gradients 453 
were associated with a more vigorous wind-driven subsurface circulation consistent with 454 
previous studies using models that were not constrained with observations [e.g., England 455 
et al., 2014].  456 

The trends discussed in this study bear resemblance to longer centennial time 457 
scale trends reported elsewhere. For example, Drenkard and Karnauskas [2014] show a 458 
20th-century deepening and westward shift of the EUC core that is similar to Figure 5b 459 
using a different reanalysis product. Yang et al. [2014] also show a long-term 460 
strengthening over 1900-2008 of tropical Pacific interior flow associated with a spin up 461 
of Pacific subtropical cells that is comparable to Figure 6. Nevertheless, the trends 462 
reported here are larger than the longer time scale trends, most likely because they are 463 
due to more energetic processes operating on shorter decadal time scales associated with, 464 
for example, the PDO.  Some of the physical processes involved in these two time scales 465 
may be similar, though an analysis to determine the degree of correspondence is beyond 466 
the scope of this study. Additional investigation is also needed to clarify whether the 467 
trends we described are associated with changes in ENSO statistics [McPhaden et al., 468 
2011]. For example, the SST trends in Figure 2 are reminiscent of a central Pacific La 469 
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Niña pattern [e.g., Ashok et al., 2007; Lee and McPhaden, 2010], which has been the 470 
focus of major research efforts in recent years [e.g., Capotondi et al., 2014; Amaya and 471 
Foltz, 2014]. 472 

A major finding of this study is that the seasonal variations during this transitional 473 
period are driven by seasonal variations in zonal advection trends of climatologic surface 474 
waters and the seasonal deepening/shoaling of the thermocline that influence equatorial 475 
upwelling. These surprising reversals in current trends and enhanced/weakened upwelling 476 
combine to cause anomalous cooling in DJFMAM and anomalous warming in JJASON. 477 
Changes in the surface currents appear to be driven by variations in the strength of the 478 
easterly wind stress. A further consequence of the seasonal reversal of the anomalous 479 
surface current is a seasonal variation in the strength of zonal and meridional wind-driven 480 
subsurface circulations along the equator. The seasonal spinning up and slowing down of 481 
these subsurface circulations has important impacts on the redistribution of heat in the 482 
tropical Pacific Ocean. A quantitative analysis using a model with a consistent and 483 
complete heat budget is needed to evaluate this further and should be the focus of future 484 
studies. 485 

During the recent hiatus, the global mean SAT trend showed a pronounced 486 
seasonality, positive during the boreal winter and negative during summer [Cohen et al., 487 
2012]. In the limit that the tropical Pacific is the driving force behind the hiatus, Kosaka 488 
and Xie [2013] suggested that seasonal differences in Northern Hemisphere 489 
teleconnections induced by tropical Pacific SST anomalies cause the seasonality of global 490 
mean SAT trend. Our results differ from their work in that we show a pronounced 491 
seasonal variation in the La Niña-like pattern in the tropics, which may cause a seasonal 492 
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variation in tropical atmospheric cooling. The seasonality of decadal variability has not 493 
been rigorously investigated. The results of these two studies motivate further research 494 
into decadal seasonal variations and how such variability impacts remote climates and 495 
projects onto global SAT trends. 496 

Pinpointing the missing heat associated with the global warming hiatus is crucial 497 
to our understanding of such events [e.g., Balmesda et al., 2013; Chen and Tung, 2014; 498 
Kintisch, 2014; England et al., 2014]. While uncertainties regarding the magnitude [Karl 499 
et al., 2015] and the mechanisms driving the beginning and end of a hiatus remain, its 500 
impact on climatically significant regions such as the tropical Pacific can be identified. 501 
This study takes an important step toward increasing our understanding of the region and 502 
may help to improve our ability to predict both regional and remote climate variability 503 
associated with transitions into future hiatuses. Hiatus periods are likely to affect future 504 
decadal warming trends [Easterling and Wehner, 2009; Hansen et al., 2011], so 505 
continuing to improve our understanding of their causes and consequences and should be 506 
a high priority for additional research.  507 
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 696 
Figure 1  GISS global averaged surface air temperature anomalies (a), zonal wind stress 697 
anomalies averaged 5˚S-5˚N, 180˚-150˚W (b), and the Pacific Decadal Oscillation (PDO) 698 
Index (c). The upper panel runs from January 1900 to December 2011, while both (b) and 699 
(c) from January 1948 to December 2011. Blue time series are annual (a), monthly, 700 
negative (c) data (b). Red time series are 3- (a) and 1-year (b) running means and positive 701 
PDO values (c). Wind stress anomalies were scaled by 100. 702 
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 781 
Figure 13  TAO/TRITON mooring ADCP measurements of the zonal current velocity 782 
trend at 0˚ latitude (a) and GECCO2 derived zonal current velocity trends at 0.5˚ latitude 783 
(b). Red vectors represent eastward trends (cm s-1 decade-1), while blue represents 784 
westward trends. The maximum current trend vector represents 16.0 cm s-1 decade-1 and 785 
10.1 cm s-1 decade-1 for (a) and (b) respectively.  786 
 787 
 788  789 
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