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Abstract  16 
 17 
The eastern tropical Pacific (ETP) Ocean is projected to warm faster than the Atlantic or Indian 18 

Oceans in the 21st century, yet this prediction is highly uncertain due to model-observation 19 

discrepancies. The potential impacts of this uncertainty on regional terrestrial hydroclimates are 20 

largely unknown, which is problematic for climate risk assessments. To address this, we 21 

designed novel atmospheric model experiments simulating future global warming with and 22 

without enhanced ETP warming, superimposed upon an idealized El Niño-Southern Oscillation 23 

(ENSO) cycle. Our results show that enhanced ETP warming significantly influences future 24 

terrestrial hydroclimates in several regions across the Americas. In southern Mexico, Central 25 

America and the Amazon region, enhanced ETP warming exacerbates long term drought trends 26 

and extreme drought events, while the opposite is true in south-central South America. Along the 27 

west coast of the continental United States, the effects of enhanced ETP warming manifest as El 28 

Niño-related extreme precipitation anomalies. These findings illustrate how climate impact 29 

projections may be misrepresented in conventional multi-model analysis, which does reflect true 30 

uncertainty of the future tropical Pacific warming pattern. 31 
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 41 
 42 
 Plain Language Summary 43 
 44 
How the tropical Pacific responds to global warming is uncertain because models and 45 

observations do not agree. Models predict an enhanced warming of the eastern tropical Pacific, 46 

yet observations show the opposite trend. This uncertainty may propagate into uncertainty in 47 

regional precipitation patterns, which have consequences for society's ability to adapt to climate 48 

change. We designed two model experiments with (EP) and without (noEP) enhanced eastern 49 

tropical Pacific warming to understand how ocean warming patterns affect precipitation in the 50 

Americas. We found that droughts were intensified in Central America and the Amazon region 51 

in the EP experiment compared to the noEP experiment (i.e., when the tropical Pacific warms up 52 

faster, droughts intensify in those regions), yet reduced in south-central South America. Next, we 53 

looked at changes to extreme events, and found that during El Nino years, drought extremes 54 

were exacerbated more in the EP relative to the noEP experiment in the Amazon, while wet 55 

extremes were exacerbated along the continental U.S. West Coast. These results show how the 56 

uncertainty in future ocean warming patterns can propagate into uncertainty for terrestrial 57 

precipitation trends and changes to extremes. This finding has consequences for society's ability 58 

to adapt to future climate change. 59 

 60 
 61 
Key Points: 62 
 63 

1. Here we show how uncertainty in the future tropical Pacific warming pattern propagates 64 
into future changes to terrestrial hydro-climates. 65 
 66 

2. Enhanced eastern Pacific warming, as simulated by models, exacerbates droughts in 67 
Central America and the Amazon region. 68 
 69 

3. Extreme precipitation events occurring in several regions during El Nino years are 70 
modulated by the background Pacific warming pattern. 71 

 72 
 73 
 74 
 75 
 76 
 77 
 78 
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 79 
 80 
  81 
Introduction 82 

 83 

Precipitation variability is one of the most societally impactful aspects of contemporary climate, 84 

yet it remains one of the most difficult to predict. Persistent droughts can alter regional biomes 85 

(Vicente-Serrano et al., 2013), while short term extreme drought or flooding events can create 86 

severe challenges for agriculture  (Devereux, 2007; Watanabe et al., 2018), water management 87 

(Crochemore, Ramos and Pappenberger, 2016), human health (Harp et al., 2021; Buchwald et 88 

al., 2022), natural hazard safety (Nadim et al., 2006; Hong et al., 2007) and economic production 89 

(Kotz et al., 2022). Despite the importance of understanding precipitation changes for successful 90 

adaption to climate change, projecting the response of precipitation to anthropogenic radiative 91 

forcing is among our greatest scientific challenges.  92 

  93 

Some aspects of the hydrological response to global warming are robust, such as the global 94 

increase in water vapor following the Clausius-Clapeyron relation, which in turn is shown to 95 

increase precipitation and evaporation rates by 2% per degree warming on average (Held and 96 

Soden, 2006). However, this scaling estimate is global and does not specify where precipitation 97 

increases take place. Assuming a static background state of moisture transport and convergence, 98 

a framework of ‘wet gets wetter’ has been proposed, in which areas of global moisture 99 

convergence and net positive precipitation minus evaporation (P-E) such as the tropics receive 100 

more precipitation, whereas areas of moisture divergence and negative P-E experience increased 101 

drought (Manabe and Wetherald, 1975; Allen and Ingram, 2002; Wetherald and Manabe, 2002; 102 

Chou and Neelin, 2004; Held and Soden, 2006). 103 
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  104 

However, several studies have shown that observed precipitation trends are not consistent with 105 

the wet-gets-wetter framework, particularly over land (Xie et al., 2010; Greve et al., 2014; Pfahl, 106 

O’Gorman and Fischer, 2017). The wet-gets-wetter argument is a result of assuming spatially 107 

homogeneous changes in surface temperature, neglecting the spatially varying warming of the 108 

Earth’s surface under external forcing and the circulation changes that such temperature 109 

gradients induce, which may greatly impact the regional precipitation response. 110 

 111 
In general, land warms faster than the sea surface, polar regions warm faster than the subtropics, 112 

and the Northern Hemisphere has warmed more than the Southern Hemisphere over the 113 

industrial era (Lenssen et al., 2019; Gulev et al., 2021; Morice et al., 2021). In addition, the 114 

ocean has experienced heterogeneous warming rates throughout the observational record as the 115 

subpolar North Atlantic, the east/central equatorial Pacific and the Southern Ocean show flat or 116 

cooling trends in recent decades (Dong and Lu, 2013; Keil et al., 2020; Dong et al., 2022) while 117 

the Indian Ocean has experienced accelerated warming since 1950 (Hu and Fedorov, 2019; 118 

Zhang et al., 2019). These unequal warming rates cause anomalous surface temperature 119 

gradients which in turn alter the large-scale atmospheric circulation and ultimately the transport 120 

and convergence of moisture and subsequent precipitation. 121 

  122 

The future pattern of sea surface temperature (SST) changes in the tropical Pacific is of 123 

particular concern as this region contains the largest convective zone on the planet and has been 124 

widely recognized as a key driver of global weather and climate variability as early as Walker  125 

(Walker, 1925). More recently, using the Green’s function, the radiative response to surface 126 

warming in the western tropical Pacific has been identified as a key driver of global climate 127 
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sensitivity (Dong et al., 2019; Bloch-Johnson et al., 2024). Yet, how the tropical Pacific will 128 

respond to anthropogenic radiative forcing is uncertain (DiNezio, Clement and Vecchi, 2010; 129 

Seager et al., 2019; Heede and Fedorov, 2021; Wills et al., 2022). Over the satellite era, the 130 

eastern tropical Pacific has experienced a lack of warming, while adjacent ocean regions have 131 

warmed, resulting in accelerated trade winds along the equatorial Pacific (Dong and Lu, 2013; 132 

Kosaka and Xie, 2013; Heede and Fedorov, 2023a). This multi-decadal trend is thought to be a 133 

combination of natural variability, a transient response to greenhouse gas forcing (typically 134 

dubbed the ‘ocean dynamical thermostat’ mechanism: Clement et al. 1996; Sun and Liu 1996; 135 

Heede et al. 2020; Heede and Fedorov 2023a), anthropogenic aerosols (Hwang et al., 2024; 136 

Watanabe et al., 2024)and Southern Ocean cooling (Dong et al., 2022; Kang et al., 2023). 137 

However, such a trend pattern is rarely captured by historical simulations produced by  global 138 

coupled climate models (Seager et al., 2022; Wills et al., 2022). On the contrary, models predict 139 

an enhanced eastern Pacific warming, emerging in the 21st century (Heede and Fedorov, 2021; 140 

Wu et al., 2021; Ying et al., 2022), and this is argued to be caused by a slowdown of tropical 141 

circulation (Vecchi and Soden, 2007) and a slowdown in the oceanic subtropical cells (Heede, 142 

Fedorov and Burls, 2020). Whether and when the observed trend will reverse and an enhanced 143 

eastern Pacific warming emerge is, however, uncertain, given the inability of the same models to 144 

capture the observed trends. Overall, this uncertainty hinders robust projections of global 145 

dynamical changes driven by tropical Pacific warming trends, and limits our ability to 146 

understand the full potential spectrum of future rainfall projections with consequences for 147 

societal adaptation. 148 

 149 
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While the sensitivity of precipitation trends in the Americas to Pacific warming patterns has been 150 

investigated in general (Seager and Vecchi, 2010), the consequences of the current model-151 

observational discrepancy have not been quantitatively investigated from a climate impacts 152 

focused perspective. While studies have considered large-scale climatic and precipitation 153 

responses to various ocean warming patterns in the tropical Pacific (Zhang et al., 2019; Fosu, He 154 

and Liguori, 2020), much less attention has been paid to the terrestrial and regional precipitation 155 

responses, which is more important for assessing climate impacts. The agreement on enhanced 156 

eastern Pacific warming in CMIP6 models means that the spread among models, and the 157 

resulting science using these models, does not capture the true uncertainty associated with the 158 

tropical Pacific warming response with perilous consequences for society’s ability to plan for a 159 

wider range of possible future hydroclimatic changes. In this study, we present results from a set 160 

of novel climate model experiments that addresses this issue, and in which the climate impacts 161 

specifically associated with enhanced eastern Pacific warming can be evaluated while keeping 162 

other factors unchanged.   163 

  164 

An ubiquitous challenge in projecting precipitation is that precipitation is highly variable across 165 

space and time (Meehl, Wheeler and Washington, 1994; Pendergrass et al., 2017; He and Li, 166 

2019; Schwarzwald et al., 2021). For many human and natural systems, including agriculture 167 

and water management, the seasonality and timing of precipitation is just as important as the 168 

total amount.  That is, changes in total precipitation can result in very different outcomes if the 169 

increased precipitation is delivered in extreme events or smaller more frequent events (Livneh et 170 

al., 2024) and delivered as snow or rain (Lesk, Coffel and Horton, 2020). Thus, to achieve 171 
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relevant information about precipitation changes in response to global warming, it is necessary to 172 

understand changes in the variability of precipitation in addition to long term averaged trends. 173 

 174 

One of the largest drivers of global precipitation variability is the El Niño Southern Oscillation 175 

(ENSO), whose atmospheric component modulates the east-west Walker cell and the north-south 176 

Hadley circulation (Bjerknes, 1969; Ropelewski and Halpert, 1987; Mason and Goddard, 2001). 177 

During the positive ENSO phase (El Niño), the Walker circulation slows and shifts eastward. 178 

This moves moisture convergence to the central Pacific, creating droughts in the Maritime 179 

Continent and Australia and increased precipitation in areas of South America (Mason and 180 

Goddard, 2001; Lenssen et al., 2020). Through teleconnections created by changes in 181 

atmospheric planetary waves originating from the tropics, regions beyond the tropics also 182 

experience precipitation anomalies associated with ENSO (Deser et al., 2017; Yeh et al., 2018; 183 

Lenssen et al., 2020). 184 

  185 

Because ENSO is a coupled phenomenon with multiple oceanic and atmospheric feedback 186 

processes interacting, understanding how ENSO responds to global warming remains 187 

challenging and highly uncertain. While CMIP6 models generally predict a stronger ENSO in 188 

response to global warming (Fredriksen et al., 2020; Cai et al., 2022), large model differences as 189 

well as a comprehensive mechanism for driving these changes is lacking (Heede and Fedorov, 190 

2023b). While the characteristics of ENSO and associated teleconnections itself may change in 191 

response to global warming (e.i. O’Brien and Deser, 2022; Maher et al., 2023), global warming 192 

and changes in the pattern of warming across the tropical Pacific discussed above may also alter 193 

ENSO teleconnections and impacts. For example, more water vapor in the atmosphere is 194 
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expected to create a more vigorous rainfall response to ENSO events (Yun et al., 2021) as well 195 

as an eastward shift of the El Niño convection because of the higher absolute SST (Zhou et al., 196 

2014). These complex dynamical interactions make it difficult to determine if future changes to 197 

ENSO-related impacts assessed in fully coupled climate model projections are a result of an 198 

enhanced eastern Pacific warming, global warming, or changes to the ENSO amplitude itself 199 

(Bonfils et al., 2015). Given the uncertainty in both the eastern Pacific warming and ENSO 200 

amplitude, it is important to isolate and understand the impacts associated with each. 201 

  202 

The purpose of this study is to specifically address both the role of enhanced eastern tropical 203 

Pacific warming and its interaction with ENSO in driving future changes in mean and extreme 204 

precipitation over land, thereby bringing the issue of the tropical Pacific into a mitigation and 205 

adaptation relevant context. In the modeling framework (Section 2), we conduct two sets of 206 

atmospheric general circulation model (AGCM) experiments that follow the SSP5-85 emission 207 

scenario from 2015-2100 with (EP) and without (noEP) prescribed enhanced eastern Pacific 208 

warming (Fig 1a, b). In addition, we prescribe an idealized ENSO cycle that is superimposed 209 

upon each of the background warming patterns (Fig 1c,d). We first consider large-scale changes 210 

to hydroclimates across the Americas and the difference between the EP and noEP experiments. 211 

We then illustrate how these changes manifest regionally and seasonally, and finally, we analyze 212 

how the interaction between ENSO and the mean state modulates ENSO related extreme events. 213 

Our goal is to place the ocean warming pattern uncertainty in a climate impacts framework and 214 

hence our results are focused on describing terrestrial hydroclimatic changes observed in 215 

response to the imposed SST patterns. We refer to previous literature for additional analysis and 216 

in-depth theory regarding the underlying dynamical teleconnection mechanisms, which drive 217 
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tropically-induced changes in atmospheric moisture convergence (Seager and Vecchi, 2010; 218 

Seager, Naik and Vecchi, 2010; Bonfils et al., 2015; Watterson, 2023) 219 

 220 

 221 

2 Methods 222 

2.1 Experimental design 223 

Our experimental design consists of three A-GCM experiments with prescribed SST, with 5 224 

ensemble members apiece. The three experiments are: a future with global warming and 225 

enhanced eastern Pacific warming (“EP”), a future with global warming but without enhanced 226 

Pacific warming (“noEP”), and a control simulation without time-evolving global warming 227 

(“Control”). SST anomalies associated with an idealized repeating ENSO cycle are 228 

superimposed in each experiment to investigate ENSO impacts as a function of background state 229 

changes. Our experiments are conducted with the atmosphere-land model components of 230 

Community Earth System Model version 2, namely Community Atmosphere Model version 6 231 

(CAM6) coupled to Community Land Model (CLM) version 5.0 (Danabasolu et al. 2020). Five 232 

ensemble members are generated for each experiment by altering the initial atmospheric 233 

temperatures by the order of 10-14 K (Kay et al., 2015).  234 

 235 

For the two warming experiments, the prescribed SSTs contain three components: the observed 236 

seasonally-varying climatology, an idealized repeating ENSO cycle, and a linearly increasing 237 

‘global warming’ SST pattern as described below. For the Control experiment, the prescribed 238 

SSTs are identical to those in the EP and noEP experiments except that the global warming trend 239 

component is omitted.  For the EP and noEP experiments, atmospheric radiative forcing follows 240 
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the SSP5-85 scenario and in the Control experiment, atmospheric radiative forcing conditions are 241 

fixed at year 2000 levels. As such, the Control experiment provides a baseline climatology from 242 

which effects due to both the Pacific warming pattern and global warming can be distinguished. 243 

 244 

The linearly increasing global warming component is obtained by calculating the SST trend over 245 

the period 2015-2100 from a fully coupled simulation of CESM1 under the RCP 8.5 emissions 246 

scenario. We use this pattern as representative of a typical CMIP SST warming pattern in 247 

response to global warming (Heede and Fedorov, 2021), where the eastern tropical Pacific 248 

warms more than other tropical ocean regions. We refer to the first experiment as EP (enhanced 249 

eastern tropical Pacific warming) in which the eastern equatorial warming pattern from the 250 

original experiment is retained (Fig. 1a). The second experiment is called noEP (no eastern 251 

tropical Pacific enhanced warming), in which the eastern equatorial Pacific warming signal is 252 

replaced by a uniform tropical warming pattern (Fig. 1b). All trends are linear in time, so that the 253 

magnitudes of the patterns in Figs. 1a and 1b increase by a fixed amount at each time step over 254 

the years 2015-2100 (as illustrated in Fig. 1d). While the two experiments differ in how much the 255 

tropical Pacific warms, they are virtually identical in their global mean climate sensitivity, and 256 

hence the response in the hydrological cycle can be considered a direct response to the different 257 

patterns of warming rather than a response to differing rates of global warming. 258 

 259 

While other studies using dynamically coupled ocean pacemaker experiments (Zhang et al., 260 

2019) are designed to obtain the most realistic response to a given regional SST anomaly pattern, 261 

our modeling framework is meant to isolate the terrestrial precipitation impacts strictly in 262 

response to tropical Pacific SST warming patterns. Therefore, we have designed our experiments 263 
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so that only SST patterns in the tropical Pacific are altered while SSTs in the remaining ocean 264 

basins are unchanged (e.g., the so-called Tropical Ocean – Global Atmosphere TOGA set-up; see 265 

for example(Deser et al., (2017)). While this approach does not allow us to investigate the 266 

dynamical ocean response to the imposed SST anomaly, it does allow us to isolate the 267 

precipitation response directly arising from changes in the tropical Pacific and not from 268 

secondary effects of other ocean warming patterns formed in response to the imposed SST. As 269 

such, our experiments should be considered a sensitivity experiment answering the question: 270 

Does the projected tropical Pacific warming pattern and its interaction with the ENSO cycle 271 

matter for terrestrial hydroclimate change? 272 

 273 

2.1.1 Idealized ENSO cycle 274 

The prescribed idealized ENSO cycle is amplitude-symmetric and consists of one strong and one 275 

weak El Niño and La Niña per decade (Fig. 1d-e). Each prescribed idealized ENSO event 276 

follows a gaussian function lasting exactly one year with a peak in December, similar to typical 277 

ENSO events in observations. Strong and weak idealized ENSO events correspond to maximum 278 

Niño3.4 anomalies of approximately ±2 and ±1 °C, respectively.  The spatial pattern of ENSO is 279 

obtained from the leading global EOF of detrended SSTs during 1950-2020 from the ERSSTv5 280 

(Huang et al., 2017) instrumental reconstruction (Fig. 1c). The seasonal SST climatology is 281 

based on the HadISST gridded reconstruction from 1982-2002  (Rayner et al., 2003). 282 

 283 

Our motivation for imposing this highly idealized ENSO cycle is to isolate strictly the effects of 284 

the superposition of ENSO-like interannual SST variations on a varying background state 285 

without considering changes to ENSO itself. If we attempted to mimic a more realistic ENSO 286 
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cycle including, for example, weaker but longer lasting La Nina events, and eastern Pacific 287 

versus central Pacific events, it would be difficult to distinguish the effects on terrestrial 288 

hydroclimates arising from the ENSO background superposition from changes to the ENSO 289 

cycle itself without an excessively large number of ensemble members. As such, the goal of 290 

imposing an idealized ENSO cycle onto the EP and noEP experiments is to conduct a sensitivity 291 

study investigating how sensitive ENSO teleconnections are to a change in the background state, 292 

and as such should not be regarded as an attempt to be as realistic as possible. 293 

 294 

2.2 Analysis methods 295 

In order to highlight how tropical Pacific warming patterns affect the hydroclimate in the 296 

Americas, we apply the following analysis to the EP and noEP experiments: 297 

1) For each grid cell and each ensemble member, we calculate the linear trends over the 298 

period 2015-2100 for precipitation (combined large-scale and convective), sea level 299 

pressure (SLP) and 250mb and 850mb winds for all months. We then mask out all grid 300 

cells where all 5 ensemble members do not agree on the sign of the trend. Next, we 301 

compute the difference between the ensemble averages of the EP and noEP experiments 302 

and conduct a Student t-test for each grid cell and mask out grid cells where the 303 

differences are not statistically different at the 95% confidence interval using all 5 304 

ensemble members. 305 

2) To highlight the underlying large-scale dynamics driving changes in terrestrial 306 

precipitation, we next compute trends in upper-levels wind divergence (250 mb) 307 

following the same procedure as in 1) to illustrate spatial changes in tropical convection 308 

between the EP and noEP experiments. Next, we calculate integrated water vapor 309 



    Heede et al., 2024
  

 13 

divergence to illustrate how changes in moisture divergence drive the observed changes 310 

in precipitation. The integrated moisture divergence  ∇ ∙ 𝑄 is calculated on monthly 311 

output following Trenberth and Guillemot (1998) and Xu et al. (2016): 312 

∇ ∙ 𝑄 = ∇ ∙
1
𝑔' 𝑞𝒗𝑑𝑝

!"

!#$%
 313 

 314 

Where q is specific humidity, v is the horizontal velocity vector, g is the gravitational 315 

constant, Ps is 1000 mb, and Pmin is 25 mb. We then evaluate the trends over time of 316 

moisture divergence ∇ ∙ 𝑄 following same procedure as step 1). 317 

 318 

3) We select 5 regions of interest in which we conduct a regional hydroclimate analysis. 319 

Three regions are selected visually from step 1) as regions that have a statistically 320 

significant precipitation trend between the EP and noEP experiments (Southern Mexico, 321 

Central America, Central Amazon and South-Eastern South America). An additional 2 322 

regions, U.S. West coast and Southern Chile are selected based on differences between 323 

the two experiments with regards to extreme precipitation (see section 4). The regional 324 

extent of the 5 regions are as follows: 325 

a. U.S. West Coast (236° E to 240° E, 36° N to 47° N) 326 

b. Southern Mexico (255° E to 265° E, 25° N to 25° N) 327 

c. Central America (272° E to 282° E, 19° N to 20° N) 328 

d. Central Amazon (295° E to 315° E, 10° S to 0° N) 329 

e. South-Central South America (300° E to 315° E, 32° S to 17° S) 330 

f. Southern Chile (283° E to 288° E, 55° S to 45° S) 331 

 332 
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Precipitation trends are averaged spatially within these regions, and a histogram is 333 

computed for 12-month smoothed timeseries across all 5 ensemble members of the EP, 334 

noEP and Control experiments to illustrate differences in the annual distributions 335 

between the EP and noEP experiments relative to the control experiment. Next, a 10-year 336 

smoothed time series is plotted to illustrate trends over time. Finally, trends are computed 337 

for each month of the year to illustrate the seasonal manifestation of the differences 338 

between the EP and noEP experiments and these are compared with the climatology from 339 

the Control experiment. 340 

 341 

4) We quantify how the mean state of the tropical Pacific affects the distribution of end-of-342 

century (2050-2100) boreal winter (DJFM) precipitation in the five regions of interest. As 343 

before, we determine anomalies in both the EP and noEP runs relative to the control 344 

climatology—not, say, relative to an earlier period within the EP and noEP runs. The 345 

empirical distribution of regional rainfall is then calculated over El Niño, La Niña, and 346 

neutral years, 2050-2100. We choose a 50-year period to improve estimates of the 347 

distribution as the results are qualitatively similar for shorter end-of-century periods. 348 

 349 

5) We then compare these end-of-century distributions to extreme quantiles from the control 350 

simulation to determine the role of the tropical Pacific mean state on seasonal extremes 351 

under global warming. Extreme dry and wet seasons are defined as the 2.5th and 97.5th 352 

percentiles of the DJFM regional precipitation in the control simulation calculated across 353 

all years and therefore all ENSO phases. The proportion of seasons with end-of-century 354 
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seasonal extreme precipitation is thus calculated as the ratio of seasons exceeding this 355 

threshold over the total number of seasons.  356 

 357 

3. Results 358 

3.1 21st century precipitation trends in the Americas 359 

The two experiments, noEP and EP, have broadly similar patterns of changes in precipitation and 360 

large-scale circulation (Fig. 2). In particular, the wetting along the west coast of Canada, Alaska, 361 

and central Argentina, and the drying trends in southern Mexico and Central America as well as 362 

the central Amazon region are robust responses to global warming that are relatively insensitive 363 

to the pattern of warming in the eastern tropical Pacific Ocean. However, there are some crucial 364 

differences between the two experiments (Fig. 2c) – namely a stronger drying trend along the 365 

Pacific coast of southern Mexico and Central America, and the Amazon region, in response to 366 

enhanced eastern Pacific warming. Meanwhile the edges of this deep tropical drying trend shift 367 

equatorward, such that the continental United States and subtropical South America are wetter on 368 

average in the EP experiment compared to noEP. In other words, in the noEP experiment, the 369 

drying trends extend farther poleward, while in the EP experiment, the drying trend is intensified 370 

in the deep tropics.  371 

 372 

While the Aleutian Low in the north Pacific is intensified in both warming experiments, it is 373 

intensified much more and shifted further eastward in EP compared to noEP (Fig. 2c). In the 374 

Southern Hemisphere midlatitudes, positive SLP anomalies are observed in both experiments, 375 

but in the EP experiment an intensification and eastward shift of the anticyclonic trend centered 376 

on the southern tip of South America is apparent (Fig 2b). Despite changes in extra-tropical SLP 377 
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patterns, the long-term trends in terrestrial precipitation are generally not statistically different 378 

between the two experiments beyond latitudes of 30°	N	and	30°	S. 379 

 380 

To understand the dynamics driving exacerbated drying trends in the tropical American regions 381 

in the EP experiment, we examine the trends in moisture divergence and upper-level wind 382 

divergence (Figs. 3-4). The easterly trades in the tropical Pacific weaken in both experiments 383 

(Fig 3). This weakening is amplified in the EP experiment, resulting in a greater eastward shift of 384 

the Walker cell with anomalous deep convection (Fig. 4c) and moisture convergence (Fig 3c) in 385 

the central Pacific, and anomalous moisture divergence over the Maritime continent, Central 386 

America and the Amazon region. Furthermore, an anomalous divergence of upper-level winds in 387 

the central Pacific and a convergence of upper-level winds in the Amazon region is observed, 388 

which acts to suppress convection and precipitation in this region (Fig 4c). 389 

 390 

Not surprisingly, these differences in circulation and precipitation trends over the Americas 391 

between the EP and noEP experiments largely resemble the pattern of anomalies observed during 392 

El Niño events (Lenssen et al. 2020). Importantly, however, these trends appear as long-term 393 

trends averaged across all months and all phases of ENSO, enabling us to evaluate the statistics 394 

of hydrological changes in all seasons. The following section describes the projected regional 395 

hydroclimate changes over the Americas and their dependence on the pattern of warming in the 396 

eastern Pacific in more detail.  397 

 398 

 399 

 400 
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3.2 Regional and seasonal precipitation trends across the Americas 401 

Both south-central Mexico and Central America experience a shift in annual precipitation 402 

towards drier conditions (Fig. 5) which is exacerbated in the EP experiment, but the seasonality 403 

of changes differs across these regions illustrating the interaction between the long-term Pacific 404 

warming trend and the mean climatology. In southern Mexico, the difference between EP and the 405 

noEP experiments is manifested primarily in October and November (Fig. 5c), while for Central 406 

America, the changes span the full calendar year (Fig. 5d). The central Amazon region is notable 407 

since the difference between the EP and noEP experiments is evident both as a mean shift 408 

towards drier conditions and a significant increase in extreme dry years in the EP experiment. 409 

For this region, the difference between the experiments is greatest in the February through 410 

August (Fig. 6f). In southeastern South America, the difference between EP and noEP is 411 

opposite with a long-term drought trend emerging in the noEP experiment, but not in the EP 412 

experiment, reflecting the equatorward shift of drying trends described in section 3.1. 413 

 414 

Along the US west coast (Fig. 5a) and in southern Chile (Fig. 6g), differences between the EP 415 

and noEP experiment are not evident in the mean trend. However, in the US west coast region, 416 

the EP experiment results in more wet year extremes compared with the noEP experiment (Fig. 417 

5a) whereas for southern Chile, the EP experiment results in more dry year extremes compared 418 

with the noEP experiment (Fig. 6i).  419 

 420 

3.3 Changes in extreme precipitation stratified by ENSO phase 421 

Next, we focus on the projected changes in extreme precipitation (defined as the frequency of 422 

events exceeding the 95th percentile of the Control simulation) in the two warming experiments 423 
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during the DJFM and their dependence on ENSO phase. We are focusing on DJFM in this 424 

section because the ENSO signal is strongest during this time. Fig. 7 shows that the frequency of 425 

wet extremes during DJFM in Canada and Alaska occur in all 3 ENSO phases (Neutral, El Nino 426 

and La Nina). For the continental United States, however, wet extremes are more frequent during 427 

El Nino years than ENSO neutral years, and nearly absent during La Nina years. For Central 428 

America and the Amazon region, dry extremes occur almost exclusively during El Nino years. 429 

Conversely, wet extremes in the Amazon region occur during La Nina years. 430 

 431 

Fig. 8 shows the locations where there are statistically significant differences in extreme 432 

precipitation between the EP and noEP experiments for each ENSO phase. During ENSO neutral 433 

years, significant differences are limited to wet extremes over Canada, with fewer extreme wet 434 

winters in EP compared to noEP (Fig. 8a,b). Despite the imposed symmetry in the ENSO cycle, 435 

the largest significant differences in extreme precipitation between EP and noEP occur mainly 436 

during El Nino years, with more extreme dry DJFM seasons in the Amazon and Central 437 

American regions and fewer in South-Central South America (Figs. 8e,f). The EP experiment 438 

also leads to more wet extremes along the US West coast and less wet extremes in Arctic 439 

Canada. During La Nina years, the EP experiment causes fewer wet extremes in the Central 440 

Amazon region relative to the noEP experiment. 441 

 442 

To complement the spatial analysis, we examine future (2050-2100) changes in DJFM 443 

precipitation distributions during El Nino years vs. La Nina years in the EP and noEP 444 

experiments relative to the Control  in each selected region (Fig. 9). Notably, we see that for the 445 

U.S. West Coast, the most prominent difference between the two warming experiments occurs 446 
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during El Niño years, with the EP experiment showing a shift toward more frequent wet 447 

extremes relative to the noEP experiment (compare solid orange vs. blue curves in Fig. 9a); La 448 

Nina years are relatively insensitive to the pattern of eastern tropical Pacific warming 449 

(comparing dashed orange vs. blue curves in Fig. 9a). For Central America, the EP experiment is 450 

drier than noEP in both La Nina and El Nino years (compare dashed and solid curves in Fig. 9b), 451 

but because El Nino years are generally drier than La Niña years, the dry extremes (relative to 452 

Control) are also more prominent during El Niño compared to La Nina. For the central Amazon 453 

region, the difference between the EP and noEP experiments is amplified during El Niño years, 454 

which accounts for the most extreme dry years. In two cases, the noEP experiment shifts El Nino 455 

conditions more than the EP experiment. In southern Mexico, there’s a shift towards wetter 456 

extremes during El Nino years for the noEP experiment (Fig. 9b), while for south-central South 457 

America, there is a shift towards drier conditions during El Nino (Fig. 9e.). Southern Chile, 458 

however, shows a shift towards drier conditions during El Nino years in both the EP and noEP 459 

experiments, but with more dry extremes in the EP experiment (Fig. 9f). 460 

 461 

Overall, these results show that, despite imposing ENSO symmetry in the SST forcing, most 462 

differences of precipitation extremes between the EP and noEP experiment occurs during El 463 

Nino events, illustrating how the background Pacific warming can modulate ENSO precipitation 464 

extremes without changes to ENSO amplitude itself. 465 

 466 

4 Discussion  467 

This study has investigated how enhanced eastern equatorial Pacific SST warming projected by 468 

CMIP-class models (but not found in observations to date) significantly modulates future 469 
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precipitation trends and variability across the Americas using a set of idealized AGCM 470 

experiments with CAM6. Similar to El Niño, an increase in deep convection and moisture 471 

convergence in the Pacific caused by enhanced eastern Pacific warming drives moisture 472 

divergence from the tropical American regions and an anomalous convergence of moisture in the 473 

Atlantic at 30°N and 30°S. The resultant difference in the spatial patterns of precipitation trends 474 

in the Americas between the experiments with and without enhanced eastern Pacific warming 475 

(EP vs. noEP) is a contraction and intensification of tropical drying trends: southern Mexico, 476 

Central America and the central Amazon region become drier on average in the EP experiment, 477 

while the continental US and the south-central part of South America become wetter. The 478 

differences in precipitation manifest heterogeneously seasonally and spatially.  For instance, the 479 

difference between EP and noEP in Central America manifests as a year-round shift of the full 480 

distribution whereas differences in southern Mexico differences are largest in October and 481 

November, and in the central Amazon region the differences are largest in February through 482 

August.  483 

 484 

In addition to driving long-term changes in mean precipitation, the EP and noEP warming 485 

experiments also modulate extreme precipitation, especially during El Nino years. For example, 486 

dry extremes during El Niño are exacerbated greatly in Central America and the central Amazon 487 

region in the EP experiment, while they are reduced in south-central South America (southern 488 

Brazil, Paraguay, Uruguay, and northern Argentina). This illustrates that the superposition of the 489 

ENSO cycle with different background warming patterns in the tropical Pacific can modulate the 490 

occurrence of extreme precipitation events over land, even in the absence of changes in ENSO 491 

amplitude. 492 
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 493 

These results are qualitatively similar to previous multi-model studies of forced hydroclimate 494 

trends (Seager and Vecchi, 2010; Watterson, 2023) and of forced changes to ENSO 495 

teleconnections (Beverley et al., 2021; O’Brien and Deser, 2022), suggesting that the findings 496 

are not specific to our chosen AGCM. However, known biases in simulating convective and 497 

large-scale precipitation in AGCMs should be kept in mind when evaluating these results.  498 

 499 

The idealized ENSO cycle prescribed in our study was chosen to evaluate the effect of the mean 500 

state change on ENSO teleconnections in the absence of changes to ENSO variability itself. 501 

Therefore, by design, it does not sample the full range of potential historical and projected ENSO 502 

events (Maher et al. 2023), including ENSO asymmetry and diversity (Capotondi et al., 2015), 503 

and multi-year ENSO events (Okumura, DiNezio and Deser, 2017; Sanchez and Karnauskas, 504 

2021). Thus, a complete range of potential future ENSO related impacts cannot be gauged from 505 

our experimental design. Yet, the simplicity of our design allows us to isolate how ENSO 506 

interacts with the mean state in future warming scenarios. This provides a basis for future studies 507 

evaluating extreme events associated with other changing ENSO characteristics, perhaps 508 

complemented by pacemaker experiments. 509 

 510 

Our findings have important implications for adaptation and mitigation considerations, as the 511 

presence or absence of enhanced eastern Pacific warming in the 21st century influences the 512 

severity and location of droughts and changes the distribution of extreme precipitation events in 513 

complex ways. By design, the EP and noEP experiments are constrained to be identical except 514 

for their tropical Pacific warming patterns; thus, we have used  a “climate storyline” approach, 515 
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that explicitly considers potential uncertainties and systematic model biases in the response of 516 

the physical climate system to greenhouse gas forcing (Shepherd, 2019). We suggest this 517 

approach be used in regions beyond the Americas to better represent the full range of uncertainty 518 

in future tropical Pacific-driven changes in hydroclimate. The method can also be applied to 519 

understand the impacts of warming patterns in other ocean basins. 520 

 521 

Our findings tell a cautionary tale about relying on multi-model ensemble projections to 522 

understand the full range of regional precipitation responses to global warming, particularly 523 

when the ensemble is not in agreement with the observed system. Hence, we have illustrated the 524 

pressing importance of improving simulations of the coupled ocean-atmosphere response to 525 

anthropogenic forcing as well as better understanding uncertainties in climate impacts not 526 

reflected in the spread of IPCC-class models. 527 

 528 
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5 Figures 790 
 791 
 792 
 793 

 794 
 795 
 796 
Figure 1. EP and noEP warming patterns, and idealized ENSO cycle. a) and b) SST anomalies 797 
averaged from 2080 to 2100 in the noEP and EP experiments, respectively. c) maximum positive phase of 798 
the EOF pattern applied in the idealized ENSO cycle. d) Niño3.4 SST timeseries in the EP (orange), 799 
noEP (blue) and 2000control (gray) experiments after removing the climatological seasonal cycle from 800 
the 2000control. e) same as d) but including the climatology 801 
 802 
  803 
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   804 
 805 
Figure 2. Precipitation (color shading) and sea-level pressure (SLP; contours) trends from 2015-2100 806 
based on all months for the a) EP experiment, b) noEP experiment and c) their difference (EP – noEP). 807 
Hatching in a) and b) indicates regions where not all ensemble members agree on the sign of the 808 
precipitation trend; hatching in c) indicates regions where the difference between the precipitation trends 809 
in the EP and noEP experiments is not statistically significant at the 95% confidence interval based on a 810 
Student’s t-test. The orange boxes indicate areas used for regional plots. In a) and b), the SLP contour 811 
interval is 0.50 hPa (negative values dashed, positive values solid) and the 2.00 hPa contours are 812 
highlighted in red. In c), the SLP contour interval is 0.25 hPa and the 0.75 hPa contours are highlighted 813 
in red. 814 
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 815 

 816 
Figure 3. As in Fig. 2 but for column-integrated moisture divergence (color shading) and 850mb winds 817 
(vectors). In a) and b), the reference vector is 2 m/s and in c), the reference vector is 1 m/s.  818 
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 819 

 820 
Figure 4. As in Fig. 2 but for upper level (250 mb) wind divergence  (color shading) and 250mb winds 821 

(vectors)  In a) and b), the reference vector is 4 m/s and in c) the reference vector is 2 m/s.  822 
 823 
 824 
 825 
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 826 

 827 

 828 
 829 
 830 
Figure 5. Regional overview of precipitation responses in the EP and noEP experiments for the U.S. 831 
West Coast, Mexico and Central America (regions outlined in Fig. 1c). Left: histogram of monthly 832 
precipitation from 2015 to 2100  (mm/day) after applying a 12-month running mean to the data. The 833 
vertical grey dashed lines represent the minimum, median and maximum values of the 2000control 834 
simulation across the 5 ensembles. Middle: monthly precipitation timeseries from the individual ensemble 835 
members (thin curves) and the ensemble mean after applying a 10-year running mean (thick curves). 836 
Right: precipitation trend from 2015 to 2100 for each month, with grey bars representing the climatology 837 
from the 2000control experiment. In all panels, the noEP experiment is shown in blue and the EP 838 
experiment is shown in orange. 839 
 840 
 841 
 842 
 843 
 844 
 845 
 846 



    Heede et al., 2024
  

 35 

 847 

 848 

 849 
 850 
 851 
Figure 6. As in Fig. 5 but for the Central Amazon region, Central-Eastern South America and 852 
Southern Chile.  853 
 854 
 855 
 856 
 857 
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 858 
 859 
Figure 7. Frequency of 2050-2100 extreme DJFM precipitation in EP and noEP experiments during 860 
three phases of ENSO. The empirical probability of extreme wet and dry DJFM in 2050-2100 during La 861 
Niña (left column), Neutral (middle column) and El Niño (right column) for the EP (first row) and the 862 
noEP (second row) experiments. Wet extremes are defined as a DJFM below the 2.5th percentile of the 863 
2000control and dry extremes are defined as DJFM above the 97.5th percentile of the 2000control. 864 
Regions that do not have probabilities of wet or dry DJFM extremes statistically different from the 865 
2000control are shaded in grey.  866 
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 868 
 869 
 870 
Figure 8. The difference in the probability of dry and wet extreme DJFM between the EP and noEP 871 
experiments (2050-2100). The difference in the empirical probability of dry extremes (top row) and wet 872 
extremes (bottom row) as calculated as the difference of EP-noEP as shown in Figure 7. Red colors 873 
indicate an extreme DJFM is more likely under the EP experiment. The differences are shown for La 874 
Niña years (left column), for neutral years (middle column), and for El Niño years (right column). Areas 875 
that do not show a statistically significant difference in the rate of precipitation extremes between the EP 876 
and noEP experiments are shaded in grey.  877 
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 880 
 881 
Figure 9. Distribution of boreal winter precipitation anomalies during El Nino and La Nina in the 882 
EP and noEP experiments. Distribution of DJFM precipitation anomalies during 2050-2100 in the EP 883 
(orange) and noEP (blue) experiment relative to the Control experiment for El Nino (solid curves) and La 884 
Nina (dashed curves) . The vertical grey lines indicate the mean, 2.5th and 97.5th percentiles of the 885 
Control experiment. 886 
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