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Key Points:5

• The familiar three-month lag between ENSO and global mean temperature emerges6

from averaging a seasonally varying relation7

• The seasonally varying relation is phase-locked to the annual cycle, strongest in8

boreal winter, and mostly limited to the tropics9

• Delayed tropical warming outside the Pacific sets the timing of the February peak10

in tropical mean temperature11
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Abstract12

Here we examined the seasonal structure of the El Niño–Southern Oscillation (ENSO)–13

global surface temperature relation in monthly observations for June 1979–May 2026.14

Neglecting seasonality, correlations of Niño-3.4 with global mean surface temperature15

(GMST) and tropical mean surface temperature (TMST) are largest at lags of three and16

two months, respectively; without detrending, GMST correlations are statistically in-17

significant. However, this apparent lag emerges from averaging a seasonally varying, phase-18

locked relation rather than from a season-independent relation. The largest month-dependent19

correlations of Niño-3.4 with GMST and TMST occur in January and February, respec-20

tively, and are related to tropical responses outside of the Pacific, consistent with atmo-21

spheric bridge mechanisms. Zonally averaged ENSO composites show temperature sig-22

nals are mostly limited to the tropics, though global composites show notable exceptions23

over North America, Asia, and Europe. The space–time structure of the ENSO–temperature24

relation provides a new target for climate model assessment.25

Plain Language Summary26

El Niño and La Niña are predictable shifts in tropical Pacific Ocean temperatures27

that affect temperatures around the world. Earlier studies found that global tempera-28

ture changes on average a few months after the Pacific does, but that average delay hides29

an important seasonal pattern. On average, global temperatures react most strongly in30

January, while the tropics peak a month later in February. We also tracked how tem-31

perature changes spread beyond the Pacific during El Niño and La Niña events. Changes32

are mostly limited to the tropics. By February, tropical temperature changes outside the33

Pacific match those from the tropical Pacific. These results can help to anticipate when34

and where El Niño and La Niña events will affect global temperatures.35

1 Introduction36

Global surface temperatures are steadily increasing due to the accumulation of green-37

house gases in the atmosphere from human activities. At the same time, natural forc-38

ings and internal variability drive year-to-year fluctuations about those warming trends.39

Among the natural influences on global temperature, El Niño/Southern Oscillation (ENSO)40

is of particular interest because its substantial contribution to global temperature has41

long been recognized (Angell, 1981) and because it is predictable seasons in advance (L’Heureux42
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et al., 2020). These two properties make ENSO a leading source of skill in physics-based43

and statistical forecasts of global mean surface temperature (GMST; Tippett & Becker,44

2024, 2026). Thus, a better understanding of the influence of ENSO on global temper-45

ature can improve our ability to anticipate short-term global temperature variations and46

to understand observed variability (Raghuraman et al., 2024; Rantanen & Laaksonen,47

2024).48

A notable finding in previous studies is the delayed response of global temperatures49

to ENSO. In an early study, Angell (1981) compared variations of an equatorial eastern50

Pacific sea surface temperature (SST) index with atmospheric temperature variations51

from a 63-station global radiosonde network. That work found that tropical tropospheric52

temperature (0–16 km average), as well as surface temperature, was maximally corre-53

lated with the SST index at about a two-season lag. Angell (2000) used this lagged re-54

lation to account for variability in global temperatures due to ENSO and thereby im-55

prove estimates of temperature trends. Similarly, Lean and Rind (2008) separated forced56

and natural variability in GMST by fitting GMST in a multiple linear regression that57

included as predictors an ENSO index lagged by four months, volcanic aerosols, solar58

irradiance, and anthropogenic forcing. Likewise, Foster and Rahmstorf (2011) fit GMST59

by a multiple linear regression that included as predictors a standardized ENSO index60

lagged by two–five months, aerosol optical depth, total solar irradiance, and a linear trend61

in time. Trenberth et al. (2002) found that the lag correlation between Niño-3.4 and GMST62

was largest at three to four months and concluded that delayed surface warming out-63

side of the tropical Pacific was due to persistent atmospheric circulation changes forced64

from the tropical Pacific.65

The “atmospheric bridge” perspective introduced in the 1990s provides a physi-66

cal framework for how ENSO-forced circulation changes drive remote SST responses via67

changes in radiative and heat fluxes (see Alexander et al., 2002, for a review). In the at-68

mospheric bridge paradigm, the delayed remote response is due to the rapid (on the or-69

der of two weeks) atmospheric adjustment to tropical Pacific SST anomalies followed by70

the slower integration of the resulting flux anomalies by the ocean mixed layer (Klein71

et al., 1999). The atmospheric bridge responses in the tropics (Indian Ocean, South China72

Sea, and tropical Atlantic) are especially relevant for GMST because they have the same73

sign as the tropical Pacific ENSO signal and, thus, contribute constructively to GMST74

changes.75
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Although the relation between ENSO and global temperature is well established,76

some issues related to the seasonality of the relation remain to be explored fully. For in-77

stance, there is a gap between atmospheric bridge studies that center their analysis on78

the boreal winter ENSO peak and GMST studies that examine lag correlations with all79

months pooled together. Thus, it remains unclear to what extent the three-to-four-month80

lag correlation between ENSO and GMST (e.g., Trenberth et al., 2002; Lean & Rind,81

2008; Foster & Rahmstorf, 2011) holds throughout the year or is the average of a sea-82

sonally varying relation. Similarly, atmospheric bridge studies have left open the ques-83

tion of whether the same mechanisms connecting boreal winter Pacific forcing and re-84

mote SST also operate at other times of the year. In addition to the issue of seasonal-85

ity, increased length and quality of the observational record may allow more robust con-86

clusions than were previously possible. However, with a longer data record, accounting87

for the upward trend in GMST that has been more apparent since the 1980s may be more88

important than was the case in previous work.89

We address some of these gaps here. We computed lag correlations between Niño-90

3.4 and GMST with all months pooled and examined the impact of detrending. We ad-91

dressed seasonality in the relation of ENSO with global temperature by computing month-92

dependent lag correlations. We examined seasonality in the spatial expression of the ENSO–93

global temperature relation through time-varying zonal mean, tropical mean, and global94

ENSO composites. Data and methods are described in Section 2. Results are presented95

in Section 3. A summary and conclusions are given in Section 4.96

2 Data and methods97

Our analysis used monthly data for June 1979–May 2026. The Niño-3.4 index is98

the average SST in the tropical Pacific box 170°W–120°W, 5°S–5°N (Barnston et al., 1997)99

and was computed from ERSSTv5 (Huang et al., 2017a). For surface temperature, we100

used the NOAA global surface temperature version 6.1 (NOAAGlobalTemp; Huang et101

al., 2022) at 5°×5° resolution. Tropical mean surface temperature (TMST) was computed102

as the average over 22.5°S–22.5°N. The tropical regions used in the analysis are shown103

in Fig. S1.104

Monthly anomalies were computed with respect to the full period. Data were de-105

trended by removing full-period linear trends (all months pooled). The temperature ten-106
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dency is the change from the previous month. Warm and cool ENSO composites were107

based on the December–February NOAA Oceanic Niño Index (ONI, version 6) condi-108

tions. Warm ENSO years (denoted by the December year) are 1979, 1982, 1986, 1987,109

1991, 1994, 1997, 2002, 2004, 2006, 2009, 2014, 2015, 2018, 2019, and 2023. Cool ENSO110

years are 1983, 1984, 1988, 1995, 1998, 1999, 2000, 2005, 2007, 2008, 2010, 2011, 2017,111

2020, 2021, and 2022. Composites were formed over a 16-month window beginning in112

June (year 0) prior to the boreal winter ENSO peak and extending through September113

of the following year (year +1). For instance, the 1997/98 El Niño event corresponds to114

the window June 1997 through September 1998.115

Lag correlations C(L) were computed as the correlation between Xt and Yt+L, where116

L denotes the lag in months, L = 0, . . . , 16. Here, Xt and Yt represent, for example,117

the Niño-3.4 index and GMST at month t. The month-dependent lag correlation C(M,L)118

is the correlation between Xt and Yt+L computed using only the months t that fall in119

base calendar month M (M = 1, . . . , 12), so that each year contributes one (Xt, Yt+L)120

pair. For instance, C(12, 2) is the correlation between December Niño-3.4 and GMST121

in the following February. C(M,L) was plotted as a function of the target calendar month122

M + L.123

The statistical significance of lag correlations was assessed using block bootstrap124

resampling (12-month June–May blocks; 1000 samples) to account for serial correlation.125

Standard bootstrap resampling was used for tendencies because no serial correlation was126

evident. The statistical significance of ENSO composite anomalies was assessed using127

a permutation test (1000 samples). For global composites, p-values were adjusted for mul-128

tiple comparisons using the Benjamini–Hochberg false discovery rate (BH-FDR) proce-129

dure at α = 0.15, and we reported the largest p-value of the points passing the BH-FDR130

procedure.131

3 Results132

Correlations of Niño-3.4 with GMST and TMST are largest at lags of three and133

two months, respectively (Fig. 1a). When trends are not removed, none of the lag cor-134

relations of Niño-3.4 with GMST are statistically significant (5% level). In contrast, sta-135

tistically significant lag correlations of Niño-3.4 with TMST extend to a lag of nine months.136

Detrending increases the lag correlations substantially—the GMST correlation with Niño-137
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Figure 1. Lag correlation of Niño-3.4 with (a) global and tropical mean surface temperature

(GMST and TMST) and (b) GMST and TMST tendencies. Filled circles indicate statistical

significance at the 5% level. Results for detrended time series are shown in dark colors.

3.4 at a three-month lag increases from 0.20 to 0.48, and the TMST correlation with Niño-138

3.4 at a two-month lag increases from 0.50 to 0.79. Niño-3.4 is significantly correlated139

with GMST tendencies only at zero lag and with TMST tendencies only at lags zero and140

one (Fig. 1b), which is consistent with the atmospheric bridge paradigm of radiative and141

heat fluxes responding quickly to circulation anomalies (Klein et al., 1999). The tendency142

lag correlations for detrended and raw data are indistinguishable because differencing143

the data effectively detrends it. Spatially averaged correlations show the same time-lag144

structure. Area-weighted global averages of the gridpoint correlation peak at a lag of three145

months for detrended temperatures (Fig. S2) and at zero lag for temperature tenden-146

cies (Fig. S3).147

Month-dependent lag correlations of Niño-3.4 with GMST and TMST are phase148

locked to the annual cycle and are strongest for target months during boreal fall and win-149

ter (Fig. 2). Peak lag correlations for June–January base months are larger than those150

in Fig. 1a (no detrending). For June–February base months, peak correlations with Niño-151

3.4 are larger for longer lags, which is explained by the high persistence of Niño-3.4 dur-152

ing this time of the year and the increase in variance as base months move into boreal153

winter. Detrending increases lag correlation values and extends statistical significance154

while maintaining much of the overall seasonality structure (Fig. S4). Averaging the month-155
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Figure 2. Month-dependent lag correlations of Niño-3.4 with (a) global mean surface temper-

ature (GMST) and (b) tropical mean surface temperature (TMST). The x-axis shows the target

month (base month plus lag), and each line corresponds to a different base month (June–May)

and spans 16 months. Open and filled dots indicate statistical significance at the 5% and 1%

levels, respectively. Vertical dotted lines mark the target months December–February.

dependent lag correlations over base months approximately recovers the all-months lag156

correlations (Fig. S5).157

Statistically significant lag correlations between Niño-3.4 and GMST are mostly158

limited to January and February target months and peak in January for June–December159

base months (Fig. 2a). For June–February base months, correlations of Niño-3.4 with160

TMST peak in February (Fig. 2b), with values that are larger than the ones in Fig. 1a,161

where all months are pooled together (month-dependent correlations with detrended data162

are similar but stronger; see Fig. S4). Statistically significant lag correlations between163

Niño-3.4 and TMST extend into the boreal summer following the ENSO peak. For March–164

May base months, lag correlations of Niño-3.4 with GMST and TMST mostly decay with165

increasing lag as they pass through the boreal spring persistence barrier. For both GMST166

and TMST, lag correlations with Niño-3.4 for the May base month show slight rebounds167

in the following boreal winter but are substantially lower than those with a June base168

month, which reflects that May is only marginally past the boreal spring persistence bar-169

rier (Torrence & Webster, 1998).170

To identify the sources of seasonality in the month-dependent relations with GMST,171

we computed warm and cool ENSO composites of detrended zonal-mean surface tem-172
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Figure 3. Composites of (a, c) zonal (sinusoidal spacing in latitude) and (b, d) tropical merid-

ional mean surface temperature anomalies from June (year 0) through September (year +1)

during warm and cool ENSO years. White and black dots indicate statistical significance at the

5% and 1% levels, respectively. Dashed lines in panels b and d show Indian (green), South China

Sea (purple), tropical Pacific (red), South America (orange), tropical Atlantic (blue), and Africa

(olive) regional boundaries.

perature anomalies (Figs. 3a, c) over a 16-month window spanning the ENSO develop-173

ment and decay life cycle. For the most part, statistically significant zonal-mean anoma-174

lies are concentrated in the tropics, with only scattered significant anomalies at extra-175

tropical latitudes. Early in the ENSO cycle, statistically significant zonal-mean anoma-176

lies are concentrated near the equator. Beginning in November, they extend southward177

to about 20°S, where they persist through July, while their northward extent reaches about178

20°N briefly in October and again in February. The broad February signal, which remains179

fairly strong near the equator and extends farther northward than in December and Jan-180

uary, is consistent with the peak correlation of TMST and Niño-3.4 that occurs in Febru-181

ary. Near-equatorial anomalies fade by May/June following the boreal winter peak as182

the ENSO cycle ends. Off-equatorial tropical anomalies persist longer, especially in the183

warm ENSO composites.184

Tropical meridional mean composites (Figs. 3b, d) decompose by longitude the trop-185

ical zonal mean signals (Figs. 3a, c). The dominant ENSO signal in tropical meridional186

mean surface temperature is the expected direct one in the central-eastern tropical Pa-187
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Figure 4. Area-weighted regional mean composites of temperature as a function of month for

(a) the tropics, tropical Pacific, and all remote regions combined, and (b) the five remote regions.

Open and filled dots indicate statistical significance at the 5% and 1% levels, respectively. See

Fig. S1 for region domains.

cific, where it persists for nearly 12 months. Significant anomalies in the Indian region188

appear in late boreal fall (October/November) and persist for nearly a year. In the South189

China Sea region, warm ENSO anomalies last from December to September, while cool190

ENSO anomalies are shorter-lived and more spatially limited. South American regional191

anomalies are widespread by November and last until the following June, with warm-192

phase anomalies lasting longer than the cool-phase ones. In the tropical Atlantic, the warm-193

phase signal has a broad longitudinal extent in February that persists for several months,194

while the cool-phase signal is mostly not statistically significant. Warm ENSO anoma-195

lies in the tropical Atlantic region expand eastward into Africa in February, at the same196

time as anomalies in the Indian and South China Sea regions have their maximum lon-197

gitudinal extent.198

To quantify when and how much remote regions contribute to tropical mean anoma-199

lies, we computed area-weighted regional mean composites (Fig. 4). Warm ENSO TMST200
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composites peak in February, while cool ones show a less well-defined peak in January–201

February (Fig. 4a). We find that surface temperatures outside the tropical Pacific are202

responsible for the timing of the TMST peak. Early in the ENSO cycle (June–September),203

nearly all tropical surface temperature anomalies come from the tropical Pacific. How-204

ever, as tropical Pacific anomalies peak in November/December and decay, the contri-205

bution of remote regions grows, matches the tropical Pacific contribution, and peaks in206

February. The February peak in remote regions is more pronounced for warm ENSO events207

than for cool ones. The warm ENSO temperature composites for all remote regions peak208

in February, except for South America, which peaks in March (Fig. 4b). Tropical Atlantic209

and South China Sea anomalies develop later than those in other regions, especially for210

cool events, although the values for cool events are largely not statistically significant211

in these two regions. Contributions of remote regions to the warm ENSO peak in Febru-212

ary are roughly comparable across regions except for Africa, where large values reflect213

the broad extent of the warm anomalies previously noted in Fig. 3b.214

Although zonal mean ENSO-related temperature anomalies are mostly confined215

to the tropics, some prominent signals appear outside of the tropics (Fig. 5). During warm216

ENSO, strong warm anomalies are present in December over western and central Canada,217

extending into portions of Alaska and the northern Midwestern US. Also during warm218

ENSO, positive temperature anomalies are present over Southern Africa in December–219

April, extending northward and into East Africa in February–April; an approximately220

opposite pattern is present during cool ENSO. In November of warm ENSO years, pos-221

itive anomalies span much of Central Europe, while December warming is weaker and222

limited to parts of Germany and Poland (see Fig. S6 for a zoom). During cool ENSO,223

significant negative anomalies appear on the west coast of North America in December,224

February, and March; a broad region of negative anomalies covers the interior of Asia;225

and positive anomalies are centered over the Arctic Ocean. Australia exhibits sporadic226

anomalies that are positive during El Niño and negative during La Niña conditions.227

4 Summary and conclusions228

The influence of ENSO on global mean surface temperature (GMST) is substan-229

tial and predictable. Short-term ENSO-related changes in GMST (0.1–0.2°C per event;230

Tippett & Becker, 2026) are comparable in magnitude to a decade or more of the long-231

term trend (∼0.2°C decade−1; IPCC, 2021) and can be forecast seasons in advance. Here,232
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Figure 5. Warm ENSO (top two rows) and cool ENSO (bottom two rows) composites of

detrended surface temperature anomalies for November–April. Shading indicates statistically

significant anomalies after BH-FDR control (all six maps per phase together) at the 15% level;

pmax is the largest p-value passing BH-FDR control.
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we build on prior studies by explicitly examining detrended temperatures, comparing the233

Niño-3.4 relation to both global and tropical mean surface temperatures (TMST), and234

analyzing the seasonality of the relation and the spread of heating anomalies across the235

globe.236

When all months are pooled, we find that the correlation between Niño-3.4 and GMST237

maximizes at a three-month lag (Fig. 1), similar to the results of Trenberth et al. (2002).238

That study, using data for 1950–1998, found an overall stronger correlation than we find239

for 1979–2026. We find similar results to theirs for the common period (1979–1998), and240

correlations for 1999–2026 are substantially lower (not shown). The stronger trend in241

GMST over the more recent period 1999–2026 results in ENSO explaining less variance242

and likely accounts for the overall weaker correlation found here. Linearly removing long-243

term climate change trends from the data leaves the ENSO relation as the primary sig-244

nal and substantially increases the correlation. We also find that Niño-3.4 has a much245

stronger relation to TMST than to the global mean, with the detrended Niño-3.4 explain-246

ing about 60% of the variance of detrended TMST months later. The tendency of GMST,247

that is, the month-to-month change, is significantly correlated with Niño-3.4 at zero lag248

only, which is consistent with the atmospheric bridge and the timescale of Rossby wave249

development and propagation.250

Month-dependent lag correlations are an effective tool for diagnosing seasonality251

(DelSole et al., 2026) and have been used extensively in ENSO studies to quantify the252

spring persistence/predictability barrier (Liu et al., 2018; Tian et al., 2019; Tippett &253

L’Heureux, 2020; Torrence & Webster, 1998). Here month-dependent lag correlations254

show that the relations of Niño-3.4 with GMST and TMST are phase-locked to the an-255

nual cycle and strongest for target months during boreal fall and winter (Fig. 2). This256

temporal correlation structure means that lag correlations are primarily a function of257

target month rather than lag. Averaging the month-dependent lag correlations over base258

months recovers the oft-cited result that GMST lags Niño-3.4 by about three months,259

demonstrating that this apparent lag emerges from averaging over a seasonally varying,260

phase-locked mechanism rather than from a season-independent lag operating through-261

out the year.262

ENSO life cycle composites show that statistically significant zonal mean surface263

temperature anomalies are mostly confined to the tropics (Fig. 3a). ENSO-related trop-264
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ical meridional mean temperature anomalies outside the tropical Pacific emerge at dif-265

ferent times in the ENSO cycle, consistent with atmospheric bridge mechanisms, and in-266

phase anomalies cover nearly the entire tropical band in January/February/March (Fig.267

3b). Regional composites show that during warm ENSO events, tropical regions outside268

of the Pacific do not contribute significantly to TMST until October; by February, the269

average anomaly in the remote regions is nearly twice that in the tropical Pacific (Fig.270

4a). This feature appears to explain the February peak in the month-dependent lag cor-271

relations. For cool ENSO, it is November before the remote tropical anomaly is signif-272

icant, and the anomaly in remote regions approximately matches that of the Pacific. Thus,273

although tropical Pacific anomalies are present from June onward, significant remote trop-274

ical anomalies appear only in boreal fall and winter, which suggests that the atmospheric275

bridge mechanisms connecting the tropical Pacific to remote regions operate mainly in276

those seasons rather than throughout the year.277

Outside the tropics, there are some well-known temperature signals in the higher278

latitudes (Halpert & Ropelewski, 1992), including a strong warm anomaly during El Niño279

in December over North America (Becker & Tippett, 2024; Ropelewski & Halpert, 1986;280

Tippett et al., 2026) and a cool anomaly over interior Asia in January during La Niña281

(Luo et al., 2021), as seen in Fig. 5. The warm anomalies over Europe in November and,282

to a lesser extent, December are consistent with the documented early-winter ENSO tele-283

connection to the North Atlantic–European sector (King et al., 2018). The zonal mean284

composites suggest poleward propagation of temperature anomalies in the northern ex-285

tratropics throughout the winter and spring, although these anomalies are not statisti-286

cally significant.287

The distinctive space–time structure of the ENSO temperature response (e.g., Fig.288

3) suggests directions for future work. First, the extent to which climate models repro-289

duce the observed seasonal evolution and spatial structure of these anomalies, includ-290

ing their zonal and meridional mean patterns, remains to be assessed. Such comparisons291

could help identify which aspects of ENSO teleconnections are robustly represented and292

which are not. Second, whether and how these patterns change in a warming climate could293

be examined in climate projections (McGregor et al., 2022).294

–13–



manuscript submitted to Geophysical Research Letters.
This version is a non-peer reviewed preprint submitted to EarthArXiv

Open Research Section295

NOAAGlobalTemp version 6.1 data are available from Huang et al. (2026) at https://296

www.ncei.noaa.gov/products/land-based-station/noaa-global-temp. NOAA Ex-297

tended Reconstructed SST V5 (ERSSTv5) data are available from Huang et al. (2017b).298

Seasonal values of the Oceanic Niño Index are available from NOAA Climate Prediction299

Center (2026).300

Conflict of Interest301

The authors declare no conflicts of interest.302

Acknowledgments303

We thank Michelle L. L’Heureux for helpful discussions and suggestions. EJB acknowl-304

edges support from NSF (2223262). The authors also acknowledge the use of AI tools,305

including OpenAI’s ChatGPT and Anthropic’s Claude, to assist with code and manuscript306

editing.307

References308
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Figure S1. The tropical regions used in the composite analysis.

Figure S2. Lag correlation (all months) of Niño-3.4 with detrended surface temperature.

White and black dots indicate statistical significance at the 5% and 1% levels, respectively. The

area-weighted global mean of the correlation is shown in the title, with the lag of maximum value

in bold.
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Figure S3. Lag correlation (all months) of Niño-3.4 with surface temperature tendencies.

White and black dots indicate statistical significance at the 5% and 1% levels, respectively. The

area-weighted global mean of the correlation is shown in the title, with the lag of maximum value

in bold.
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Figure S4. Month-dependent lag correlations of Niño-3.4 with (a) detrended global mean

surface temperature (GMST) and (b) detrended tropical mean surface temperature (TMST).

The x-axis shows the target month (base month plus lag), and each line corresponds to a dif-

ferent base month (June–May) and extends 16 months. Open and filled dots indicate statistical

significance at the 5% and 1% levels, respectively. Vertical dotted lines mark the target months

December–February.
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Figure S5. Lag correlations (all months) and averages of month-dependent lag correlations

of Niño-3.4 with (a) global mean surface temperature (GMST) and (b) tropical mean surface

temperature (TMST). Dark (light) colors show detrended (undetrended) results.
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Figure S6. As in Fig. 5 but zoomed in on Europe. Warm ENSO (left) and cool ENSO (right)

composites of detrended surface temperature anomalies for November–April. Shading indicates

statistically significant anomalies after BH-FDR control applied to the global map (all six maps

per phase together) at the 15% level.
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