
 1 

During El Niño, Pacific Warm Pool expands, ocean gains more heat 1 

GREGORY C. JOHNSON1* AND ABIGAIL N. BIRNBAUM1,2 2 

1NOAA/Pacific Marine Environmental Laboratory, 7600 Sand Point Way NE Bldg. 3, 3 

Seattle Washington 98115, USA. 4 

2College of Engineering, Cornell University, Carpenter Hall, Ithaca New York 14853, 5 

USA. 6 

*e-mail: gregory.c.johnson@noaa.gov 7 

for Geophysical Research Letters 8 

Submitted 28 October 2016 9 

Revised 4 December 2016 10 

Key Points: 11 

• Analyses of Argo float temperature and satellite energy flux data illustrate 12 

redistribution and variations of heat storage with ENSO 13 

• Monthly ocean analyses reveal large-scale ocean heat content variations while yearly 14 

analyses reveal variations in Earth’s energy storage 15 

• A 1 °C increase of the Niño3.4 index corresponds to an increase of ~3.4 ZJ in Earth’s 16 

energy storage, modulating the ~114 ZJ/decade trend 17 

18 
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Abstract 18 

El Niño Southern Oscillation (ENSO) effects substantial redistributions of ocean 19 

temperature, both horizontal and vertical, on interannual time-scales, especially in the 20 

Pacific Ocean. Analyses of monthly Argo-based ocean temperature maps illustrate large-21 

scale ocean heat content redistributions with ENSO. They quantify a globally averaged 22 

sea-surface temperature warming of ~0.1°C with a 1 °C increase of the Niño3.4 index (a 23 

moderate El Niño), a substantial perturbation to the 0.13 °C decade-1 trend in sea-surface 24 

temperature. Monthly satellite-based estimates of Earth’s energy imbalance suggest that a 25 

1 °C increase of the Niño3.4 index corresponds to an increase of ~3.4 ZJ in Earth’s 26 

energy storage, more gently modulating the longer-term ~114 ZJ decade-1 trend. Yearly 27 

global ocean heat content estimates based on ocean temperature data, with their reduced 28 

uncertainties compared to monthly maps, reveal interannual variations in Earth’s energy 29 

storage that correspond well with satellite-based estimates. 30 
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1. Introduction 31 

El Niño-Southern Oscillation (ENSO) events involve the redistribution and 32 

modulation of ocean temperature worldwide [D. Roemmich and Gilson, 2011], especially 33 

in the upper few hundred meters of the tropical Pacific Ocean [Meinen and McPhaden, 34 

2000]. When Pacific westerly trade winds relax during El Niño, the western tropical 35 

Pacific warm pool spreads eastward near the surface and shoals in the west, and eastern 36 

equatorial Pacific upwelling is reduced [McPhaden et al., 2006]. Globally averaged 37 

surface temperatures are affected by ENSO, becoming relatively warmer during El Niño 38 

and cooler during La Niña events, which modulates the long-term warming on 39 

interannual time scales [Foster and Rahmstorf, 2011]. Global integrals of top-of-the-40 

atmosphere (TOA) net energy fluxes from satellite data have also suggested a link 41 

between variations in Earth’s energy imbalance and ENSO, with TOA net fluxes 42 

relatively high for several months prior to and low for several months after the 1997–43 

1998 El Niño [Wong et al., 2006] and a similar pattern apparent for the 2009–2010 El 44 

Niño [Loeb et al., 2012]. In contrast, analysis of net fluxes estimated from the time 45 

derivative of situ estimates of 0-500 m global ocean heat content from 2004–2011 46 

suggested that ocean heat gain may be relatively low during El Niño events, and high 47 

during La Niña events [D. Roemmich and Gilson, 2011]. 48 

For direct comparison of ocean and satellite data, rather than taking time-derivatives 49 

of the ocean heat storage anomalies as is done in the studies above, we choose to time-50 

integrate the TOA net flux anomalies, yielding TOA net energy storage anomalies. We 51 

find that for both satellite and ocean-based estimates, variations in Earth’s energy storage 52 

peak in phase with El Niño, and trough with La Niña, resulting in a striking correlation 53 



 4 

between TOA net energy storage anomalies and the Niño3.4 index. We estimate a global 54 

energy perturbation of 3.4 ZJ (1 ZJ = 1021 Joules) for a 1 °C Niño3.4 anomaly. We 55 

further quantify patterns of ocean warming and cooling with ENSO through analysis of 56 

150 months of global ocean temperature data, illustrating where the ocean stores 57 

additional heat during El Niño. 58 

2. Data 59 

We analyze a monthly gridded ocean temperature and salinity dataset [D. Roemmich 60 

and Gilson, 2009], with a major update through 2014, and monthly updates from January 61 

2015 through June 2016. For this product Argo temperature and salinity data are mapped 62 

only on a 1-degree latitude by 1-degree longitude grid, centered on half-degrees from 63 

64.5°S to 64.5°N. Marginal seas are excluded from the mapping. The vertical coordinate 64 

is pressure, with 58 levels from the surface to 2000 dbar, and vertical resolution 65 

coarsening with increasing pressure. The dataset was downloaded in July 2016 from 66 

http://sio-argo.ucsd.edu/RG_Climatology.html. We also use an updated [Blunden and 67 

Arndt, 2016] global mean annual ocean heat content anomaly time series [Lyman and 68 

Johnson, 2014] for 0–1800 m over 1993.5–2015.5. 69 

We further employ the Energy Balanced and Filled (EBAF2.8) satellite-observed 70 

monthly global estimates of TOA net energy fluxes from CERES (Clouds and the Earth’s 71 

Radiant Energy System). These data were downloaded in July 2016 from 72 

http://ceres.larc.nasa.gov/products.php?product=EBAF-TOA. 73 

As a gauge of the amplitude and phase of the El Niño Southern Oscillation (ENSO) 74 

we use the monthly Niño3.4 index, which is the temperature anomaly relative to 30-year 75 

monthly mean values recalculated at 5-year intervals in the Niño 3.4 area (a rectangle 76 
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bounded by 5ºS and 5°N in latitude and 170°W and 120°W in longitude). The Niño3.4 77 

index was also downloaded in July 2016 from 78 

http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/detrend.nino34.as79 

cii.txt. 80 

3. Analysis 81 

For our analysis of the Argo gridded dataset, we first use the location, temperature, 82 

practical salinity, and pressure (p) values to compute, using TEOS-10 (http://www.teos-83 

10.org/index.htm) [IOC et al., 2010], absolute salinity (SA), and conservative temperature 84 

(Θ) at every gridpoint and time. At each gridpoint we fit, to the 150-month time-series of 85 

SA and Θ, by least-squares regression to the following equation: 86 

87 
 88 

where t is the time in years, <> indicates a time average, and Niño3.4 is the time-varying 89 

Niño3.4 index. The regression coefficients give: am, the mean value, at, the linear 90 

temporal trend relative to the central date of the time-series, as1 and ac1, the annual 91 

harmonics, as2 and ac2, the semi-annual harmonics, and an, the linear response to the 92 

Niño3.4 index. We interpret the mean values from this fit as representative of the time-93 

mean state, and the mean values plus the Niño3.4 response coefficients as representative 94 

of moderate (with a Niño3.4 index of 1°C) El Niño conditions. We study changes of Θ 95 

and ocean heat content (Q) anomalies on pressure surfaces and within pressure layers, 96 

respectively. Here Q = ∫1/g⋅cp⋅Θdp where cp = 3991.8680 J kg-1 °K-1 is the specific heat 97 

of seawater for use with Θ, ∫dp indicates an integral over the layer versus pressure, and g 98 

is the acceleration due to gravity. We also globally volume-integrate monthly values of 99 



 6 

ocean heat content anomaly (OHCA), and fit a linear temporal trend relative to the 100 

central date of the resulting time-series along with annual and semi-annual harmonics. 101 

We do not regress these global volume-integrated OHCA values against the Niño3.4 102 

index to allow for a comparison against that index. 103 

We similarly analyze the monthly TOA net energy flux data, fitting a mean value, 104 

annual, and semi-annual harmonics to those values from July 2002 through February 105 

2016. We choose that starting date because it is the first month when both CERES Terra 106 

and Aqua Satellites were online. Prior to July 2002, when CERES Aqua was not yet 107 

operational, TOA net energy storage anomalies and the Niño3.4 index are not as well 108 

correlated. We fit only the mean to the TOA net energy fluxes compared to a mean and a 109 

trend to the OHCA values because the former are the time derivatives of the latter 110 

(neglecting variations in energy storage by the land, deeper ocean, atmosphere, and ice 111 

and snow). Furthermore, we omit the Niño3.4 index in the regression to the monthly 112 

TOA net energy flux data. That omission allows for further exploration of interannual 113 

variability, particularly the connection between Earth’s energy storage anomalies and 114 

ENSO. We then remove the resulting fit from the TOA net energy flux data and time-115 

integrate the residuals to obtain a time-series of monthly TOA net energy storage 116 

anomalies that can be compared directly with the OHCA values. 117 

4. Results 118 

TOA net energy storage anomalies from the time integrals of CERES TOA net 119 

energy flux data after removal of a mean and seasonal cycle from July 2002–Feb 2016 120 

are correlated at 0.72 with the Niño3.4 index over that same time period (Fig. 1a). 121 

Correlation is maximum at zero time-lag, with a 1 °C Niño3.4 index value equivalent to a 122 
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3.4 ZJ ocean heat gain. Positive net TOA energy flux is the signature of a warming 123 

climate, vital to understanding changes in the climate system including its response to 124 

radiative forcing and sea level rise [Rhein et al., 2013]. Variations in the rate of warming 125 

are also of high interest. 126 

To put these results into context, a recently estimated [Johnson et al., 2016] 2005–127 

2015 time-averaged TOA net energy flux of 0.71 (±0.10)  W m-2 applied over the surface 128 

area of Earth based on in situ observations (mostly Argo data) is equivalent to an energy 129 

gain of about 114 ZJ decade-1, and the standard deviation of Niño3.4 is 0.79 °C over 130 

January 1950–June 2015. Hence, even when Niño3.4 values are twice their standard 131 

deviation, the perturbation in net energy storage would be about 5.4 ZJ, or 5% of the 132 

decadal increase. ENSO thus modulates the mean long-term average energy storage rate 133 

over shorter time-scales, but not does overwhelm it. Since sea levels rise as the oceans 134 

warm, ENSO events also temporarily modulate globally averaged sea level rise rates, 135 

with contributions of similar magnitude from land water storage related to these events 136 

[Piecuch and Quinn, 2016]. However, sea level variations during some ENSO events 137 

appear to be more influenced by land water storage, for example the 2010–2011 La Niña 138 

[Fasullo et al., 2013]. Some studies have even suggested that ENSO-related sea level 139 

variations are dominated by land water storage effects [Cazenave et al., 2012]. In 140 

contrast, the rise in global surface temperatures is much more strongly modulated by 141 

ENSO [Foster and Rahmstorf, 2011]. 142 

Analyzing monthly variations of global volume-integrated OHCA using in situ data 143 

from the Argo array alone is more tenuous [Kevin E. Trenberth et al., 2016]. The 144 

correlation of monthly Argo estimates of volume-integrated OHCA from January 2005 145 



 8 

through February 2016 (with seasonal cycle and trend removed) with TOA net energy 146 

storage anomalies is only 0.36 (Fig. 1b), and the slope of a regression using the TOA 147 

values as the independent variable is 1.65. This exceedance of unity is to be expected 148 

when regressing the relatively noisy in situ monthly global OHCA estimates against the 149 

more precise CERES TOA net energy storage anomalies. Over seasonal time scales 150 

oceanic heat storage is the primary buffer for variations in Earth’s energy imbalance, 151 

although atmospheric heat storage does play a secondary role [K. E. Trenberth et al., 152 

2001]. Inclusion of monthly changes in atmospheric heat storage might increase the 153 

correlation slightly, but could not possibly account for even a small fraction of the large 154 

monthly changes in ocean heat content. 155 

In contrast, the better constrained global annual volume-integrated 0–1800 m OHCA 156 

values [Johnson et al., 2016] and yearly means of TOA net energy storage anomalies for 157 

2005–2015 are correlated at 0.60 (Fig. 1b), with a regression slope of 0.83 (again using 158 

the TOA values as the independent variable). This relation is much closer to unity, 159 

consistent with the tighter correlation and the dominant role of the upper ocean in energy 160 

storage in the climate system [Johnson et al., 2016]. Annual volume-integrated OHCA 161 

uncertainties decrease with time as the Argo array fills in, demonstrating the value of a 162 

global Argo array in climate studies (Fig. 1a). Pre-2005 volume-integrated annual 0–1800 163 

m OHCA values, estimated during a period when Argo was not yet even sparsely global, 164 

have large uncertainties, are noisy, and deviate from both TOA net energy storage 165 

anomalies and the Niño3.4 index. 166 

While noisy for global integrals (Fig. 1b; [Kevin E. Trenberth et al., 2016]), the 167 

monthly Argo maps are quite well suited to looking at spatial patterns of variability 168 
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associated with ENSO [D. Roemmich and Gilson, 2011] and decadal trends [Dean 169 

Roemmich et al., 2015]. By fitting a seasonal cycle, a trend, and a linear response to the 170 

Niño3.4 index [K. E. Trenberth and Stepaniak, 2001] to a monthly ocean temperature 171 

climatology [D. Roemmich and Gilson, 2009], we quantify that global area-averaged 172 

ocean temperature anomalies associated with ENSO reach about 0.1°C in the upper 173 

60 dbar (Fig. 2) for Niño3.4 = 1 °C relative to ENSO neutral conditions. Hence, when 174 

Niño3.4 values are twice their standard deviation, the perturbation in sea-surface 175 

temperature would be about 0.16 °C, roughly 133% of the decadal increase of 176 

0.12 °C decade-1. Hence ENSO has over an order of magnitude smaller effect on 177 

variations in the global energy storage relative to its long-term rate of increase than on 178 

globally averaged surface temperature variations relative to their long term warming rate 179 

[Foster and Rahmstorf, 2011]. 180 

The surface warm anomalies during El Niño decrease rapidly with increasing depth 181 

(Fig. 2) until reaching zero by about 120 dbar (1 dbar ~ 1 m). The anomalies are negative 182 

from 120–440 dbar, with a peak anomaly reaching almost -0.05°C at 180 dbar. Deeper 183 

than 440 dbar, the ocean warms in the global average during El Niño, with peak 184 

amplitude of about 0.007°C near 600 dbar. This phenomenon is documented in a 185 

previous analysis of a shorter time series [D. Roemmich and Gilson, 2011], but 150 186 

months of data including a recent strong El Niño [Blunden and Arndt, 2016] motivates an 187 

analysis of spatial patterns of the linear response of OHCA to the Niño3.4 index in three 188 

pressure layers: the near-surface from 0–120 dbar, the subsurface from 120–440 dbar, 189 

and intermediate depths from 440–1975 dbar. 190 

The OHCA response to El Niño in the tropical Pacific near-surface 0–120 dbar layer 191 
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(Fig. 3a) is as expected, with warm waters shifting from west to east, and from north to 192 

south, in zonally elongated patterns [Meinen and McPhaden, 2000]. The dominant 193 

feature is a warming in the eastern tropical Pacific, just south of the equator, with a 194 

maximum of about 0.9 GJ m-2 (1 GJ = 109 Joules) located around 3°S, 125°W. There is 195 

also a secondary near-equatorial zonally elongated warming in the northeastern tropical 196 

Pacific with a maximum of about 0.7 GJ m-2 at around 10°N, 120°W. The western 197 

tropical Pacific cooling patch north of the equator is smaller in area, with a minimum of 198 

about -0.8 GJ m-2 just east of the Philippines. In the subsurface 120–440 dbar layer (Fig. 199 

3b) the response is qualitatively similar to that above, except that cooling dominates, as in 200 

the global average (Fig. 2). Western tropical Pacific cooling is the strongest signal, with 201 

minima < -1 GJ m-2 both east of the Philippines and the Solomon Islands. Eastern tropical 202 

Pacific warming in this layer has a maximum value of > 0.4 GJ m-2 in the Southern 203 

Hemisphere, smaller than that in the near-surface layer above. In the intermediate 440–204 

1975 dbar layer (Fig. 3c), the response is again similar to the layers above, although 205 

attenuated and with warming once again dominant in the global average (Fig. 2). 206 

Cooling in the eastern Indian Ocean with El Niño in all layers (Fig. 3) is consistent 207 

with shrinking of the Indo-Pacific warm pool during El Niño [Wang and Mehta, 2008]. 208 

The western Indian Ocean warms slightly in all layers. The zonally elongated warming at 209 

around 8°S across much of the basin indicates a northward shift of the thermocline ridge 210 

that forms the northern edge of the westward-flowing South Equatorial Current during El 211 

Niño [Lumpkin and Johnson, 2013], likely related to variations in the Indonesian 212 

Throughflow [Sprintall et al., 2014]. 213 

The Pacific warms off the west coasts of the Americas and cools slightly in the center 214 
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of the subtropics in all layers (Fig. 3), similar to the sea-surface temperature signature of 215 

the warm phase of the Pacific Decadal Oscillation (PDO) [Newman et al., 2016]. The 216 

large area of slight warming in the subpolar South Pacific, centered at about 45°S, 217 

130°W, is likely owing to an atmospheric Rossby Wave train associated with eastern 218 

tropical Pacific warming during El Niño [Ciasto et al., 2015]. The meridional dipole off 219 

Japan, with warming to the north and cooling to the South in the subsurface and 220 

intermediate layers, suggests a weakening of the Kuroshio extension. However, this 221 

change may be more related to the PDO, which is sometimes referred to as decadal 222 

ENSO, although the interaction is more complex [Newman et al., 2016]. 223 

Subtropical waters of the South Atlantic and western North Atlantic warm in the 224 

near-surface layer with El Niño, while the tropics cool (Fig. 3). In the subsurface layer 225 

the cooling extends to the eastern tropics and subtropics, whereas in the intermediate 226 

layer, the whole area mostly warms. In these two deeper layers, the North Atlantic 227 

Current warms strongly (along with most of the western boundary current extensions), 228 

whereas the subpolar North Atlantic cools in all layers. The subpolar cooling is owing to 229 

cold conditions during 2015, coincident with the strong El Niño, but likely caused by 230 

other factors [Duchez et al., 2016]. Finally, in the intermediate layer, much of the 231 

Southern Ocean south of the Antarctic Circumpolar Current appears to warm with El 232 

Niño. 233 

The global area-averaged decadal (January 2005–June 2016) ocean temperature trend 234 

with the seasonal cycle and Niño3.4 response removed (Fig. 2) shows surface-intensified 235 

warming exceeding 0.12 °C decade-1 at its surface maximum, and remains positive over 236 

the entire pressure range of 0–1975 dbar. The spatial pattern of OCHA trend over 0–237 
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1975 dbar (Fig. 4) is similar to that previously reported for 2006–2013 [Dean Roemmich 238 

et al., 2015], although there are differences, especially in the tropical Pacific and the 239 

subpolar North Atlantic. The latter region shows a stronger cooling in the present 240 

analysis, owing to the recent very cold conditions there [Duchez et al., 2016] which were 241 

not included in the previous study. Here the western tropical Pacific decadal trend is 242 

towards cooling and the eastern tropical Pacific warms, whereas the opposite pattern 243 

holds for the 2006–2013 analysis [Dean Roemmich et al., 2015]. The previous analysis 244 

also removes ENSO, although with a different technique, so again the different time 245 

periods may cause the differences. Elsewhere, the patterns look similar: The Indian 246 

Ocean warms in the north, but cools at latitudes near Madagascar. As reported previously 247 

[Wu et al., 2012], all the subtropical western boundary current extension waters warm 248 

more than their surroundings: the Gulf Stream, Kuroshio, Brazil, East Australia, and 249 

Agulhas currents. There is a strong Southern Hemisphere warming centered at about 250 

40°S. Roughly 9/10 of net global warming trend presented here is found in the Southern 251 

Hemisphere, similarly to results from three different analyses for January 2006–252 

November 2015 [Wijffels et al., 2016]. 253 

5. Discussion 254 

Decade-long records of OHCA and TOA net energy storage allow the removal of a 255 

reliable seasonal cycle, and exploration of the global heat budget in relation to ENSO. 256 

Previous studies based on shorter records or earlier observation systems have come to 257 

various conclusions on the phase relation between TOA net energy flux and ENSO [Loeb 258 

et al., 2012; D. Roemmich and Gilson, 2011; Wong et al., 2006]. Here we demonstrate a 259 

strong zero-time lag correlation between TOA net energy storage and Niño3.4, with 260 
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Earth’s energy storage anomalies (specifically within the ocean) peaking in phase with El 261 

Niño. This result is consistent with a recent analysis of global sea level variations 262 

[Piecuch and Quinn, 2016]. While this net energy storage modulation can be large on 263 

interannual time-scales, for the 2005–2015 period the trend in Niño3.4 is about 0.054 °C 264 

per year, implying only a 0.01 W m-2 bias owing to ENSO variability for a recent 265 

0.71 W m-2 TOA net energy flux estimate [Johnson et al., 2016]. Thus ENSO appears to 266 

have a much smaller impact on long-term global energy storage trends than it does on 267 

long-term global surface temperature trends [Foster and Rahmstorf, 2011]. However, 268 

some potentially spurious local correlations such as the implied ocean cooling of the 269 

subpolar North Atlantic during El Niño remain. Longer records will reduce uncertainties 270 

further. 271 

While it is not possible to investigate decadal modes of variability from time-series 272 

that are not much longer than a decade, these modes, such as the PDO [England et al., 273 

2014] and the North Atlantic Oscillation [Marshall et al., 2001], are also important in 274 

modulating climate. For example, the phase of the PDO, which may have been influenced 275 

by anthropogenic aerosols in the 2000s [Smith et al., 2016], appears to modulate the 276 

decadal rate of global surface temperature rise [Kosaka and Xie, 2013], sea level rise 277 

[Hamlington et al., 2013], and even global energy uptake, with the latter a prediction 278 

from climate models [Xie et al., 2016]. They suggest a decreased rate of global ocean 279 

warming (as well as surface temperature and sea level increases) during the transitions 280 

from the warm to the cool phase of the PDO, as occurred around 1998. The 2014 281 

transition to a warm phase of the PDO may reverse that effect. Extending CERES and 282 

Argo records over decadal time-scales, augmented by Deep Argo as it develops [Johnson 283 
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et al., 2015], will allow the decadal modulations of Earth’s energy imbalance, predicted 284 

by climate models, to be estimated directly from observations. 285 
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Figures 399 

 400 

Figure 1. Relations among global volume-integrated ocean heat content anomalies 401 

(OHCA), globally averaged Top-of-Atmosphere (TOA) net energy storage anomalies in 402 

ZJ (1 ZJ = 1021 J), and the Niño3.4 index (in °C) on monthly and annual time-scales. (a) 403 

Time-series of the Niño3.4 index (thick orange line, right axis) with TOA net energy 404 

storage anomalies from time-integrated CERES net TOA energy flux anomalies (thin 405 

blue line, left axis) and yearly OHCA (blue o’s, thin dot-dashed line, with standard error 406 

of the mean range bars, left axis). (b) Scatter plot of monthly 0–1975 dbar (small blue 407 

circles) and yearly 0–1800 dbar (large orange circles) OHCA compared with TOA net 408 

energy storage anomalies averaged over the appropriate months or years, respectively. 409 

Slopes of the fits of these data using TOA net energy storage anomalies as the 410 

independent variable (colored lines) and a slope of unity (black line) are displayed. 411 

Seasonal cycles have been removed from all variables.412 
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 413 

Figure 2. Global area-averaged ocean temperature response to El Niño and decadal trend 414 

vs. pressure. The response (black line) is for moderate El Niño (Niño3.4 = 1 °C) minus 415 

neutral (Niño3.4 = 0 °C) conditions (black line). The decadal trend (grey line) has the 416 

seasonal cycle and Niño3.4 regression removed.417 
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 418 

Figure 3. Maps of ocean heat content anomalies (OHCA) in GJ m-2 (1 GJ = 109 Joules) 419 

for El Niño (Niño3.4 = 1 °C) minus neutral conditions integrated over three pressure 420 

layers: (a) near-surface, 0–120 dbar, (b) subsurface, 120–440 dbar, and (c) intermediate, 421 

440–1975 dbar.422 
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 423 

Figure 4. Map of ocean heat content anomaly (OHCA) trends (W m-2) integrated from 0–424 

1975 dbar. The seasonal cycle and a Niño3.4 linear regression have been removed. 425 


