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ABSTRACT 

 

Earth’s land surface topography, including mountains and ice sheets, is known to 

impact climate on various spatial and timescales through a variety of mechanisms. 

However, the role of mountains in shaping the most basic, large-scale characteristics of 

Earth’s global climate system is debated, and changes in Earth’s mountains have been 

linked to long-term climate change such as the Cenozoic cooling trend. Here I present 

analysis of numerical modeling experiments intended to shed light on the impact of 

mountains on Earth’s climate, as well as the mechanisms by which Earth’s topography 

influences the climate system. 

Removing all land-surface topography from two state-of-the-art Earth System Models 

results in large regional changes to Earth’s surface temperature and precipitation, but 

these changes largely cancel each other out on a global scale. Mountains are found to 

influence key aspects of the climate system, and this dissertation explores the changes to 

two atmosphere-ocean coupled phenomena in particular: one that occurs in the tropics, 

and the other at high Northern latitudes. The El Niño Southern Oscillation is less frequent 

and more regular when mountains are not present, and associated anomalies are much 

larger without mountains probably because deep atmospheric convection is no longer 

orographically moored to the Maritime Continent (Indonesia). The Atlantic Meridional 

Overturning Circulation is much weaker when mountains are not present because of the 

influence that mountains have on the strength and the shape of the winds in the North 

Atlantic and the impact on mixing of warm, salty waters from the subtropical gyre into 

the cooler, fresher waters of the subpolar gyre.  
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Finally, this work reports the changes in our experiments in a specific region – East 

Africa – and compares the changes to modern observations of climate variables in that 

region, and to climate changes induced from other perturbation experiments. This region 

is of particular interest because it contains the majority of hominin fossils that document 

the evolution of our own species, and also records in paleo-archives concurrent changes 

in climate and climate variability. Removing mountains has a much larger impact on East 

African precipitation than quadrupling atmospheric carbon dioxide, opening a 

Panamanian seaway between the tropical Atlantic and Pacific Oceans, or adding one 

million cubic meters per second of freshwater to the North Atlantic over the course of a 

century. The East African precipitation changes imparted by the other perturbation 

experiments are not large enough to distinguish from noise as estimated by historically 

poorly constrained observations of precipitation in East African. 

 



 12 

INTRODUCTION 

0.1 Motivation 

 

Understanding the nature of Earth’s climate system has become one of the defining 

endeavors of our times, exemplified by the massive coordinated international effort led 

by the United Nation’s Intergovernmental Panel on Climate Change (IPCC) to issue 

public Assessment Reports on the state of the science (e.g. Intergovernmental Panel on 

Climate Change 2013). Our core motivation is to understand how climate will change in 

the coming decades to centuries so that we can make better decisions today. Although the 

scale of the current effort to understand climate is unprecedented, the desire to predict 

such changes is as old as civilization. 

This dissertation is guided by a broad question in climate and Earth sciences: How do 

mountains impact Earth’s climate system? Although the effects of mountains on local and 

regional climate have been well understood for a long time (see Kutzbach et al. 1993 for 

an excellent review), many questions remain about the overall impact of orography on the 

basic characteristics of the Earth’s climate system, and the impact of mountains on key 

ocean-atmosphere coupled phenomena. We can divide these questions into three 

categories: questions pertaining to 1) how Earth’s climate has evolved in the past 

(paleoclimate), 2) how Earth’s modern climate functions (climate dynamics), and 3) our 

understanding about how the Earth’s climate will change in response to internal 

variability and anthropogenic forcing. 

 

0.1.1 Paleoclimate 
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Expansive evidence points to Earth having vastly different climates throughout its 

history, with perhaps the strongest evidence of global climate change over the last 60 

million years coming from analysis of deep sea sediments (Zachos et al. 2001). Mountain 

building has been hypothesized to influence Earth’s climate through a variety of 

mechanisms, including chemical effects (weathering of silicate rocks results in a down-

draw of carbon dioxide from the atmosphere) and physical effects (for example by 

blocking the movement of air masses or through altering interactions between the ocean 

and atmosphere, influencing the transport of heat and vapor around the globe) (e.g. 

Kutzbach et al. 1993; Toggweiler and Samuels 1995; Raymo et al. 1988).  

Previous modeling experiments where Earth’s mountains were removed do not 

reduce Earth’s global surface temperature as much as the observed Cenozoic cooling 

trend (e.g. Barron 1985a; Barron and Washington 1984b; Manabe and Broccoli 1990b; 

Hay et al. 1990a; Ruddiman and Kutzbach 1989a; Kitoh 2002). However, most such 

modeling studies have used mixed-layer oceans, not full ocean models, and may have 

missed important effects of mountains on ocean-atmosphere coupled processes.  

 

0.1.2 Climate Dynamics 

Earth’s land surface topography is a fundamental boundary condition of the 

climate system. Mountains are well known to impact atmospheric winds (e.g. Broccoli 

and Manabe 1992), which drive much of the ocean’s circulation (e.g. Toggweiler and 

Samuels 1995). We can therefore expect mountains to exert an influence on key ocean-

atmosphere coupled phenomena such as the El Niño Southern Oscillation (ENSO) and 

the Atlantic Meridional Overturning Circulation (AMOC). Exploring such influences is 
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important for solidifying our basic physical understanding of these phenomena that have 

far-reaching climatic impacts. 

 

0.1.3 Projecting Future Climate 

Projections of future climate rely on numerical models that are constantly evaluated 

and improved through comparison with modern and proxy-derived “paleo” observations. 

The models also benefit greatly from idealized modeling experiments that help us 

understand the role of boundary conditions such as land-surface topography. Poor 

representation of mountains in coupled climate models has been implicated in model 

biases such as the too-warm ocean currents off the west coast of South America (e.g. 

Philander et al. 1996; Wittenberg et al. 2006). It is of great interest to make sure that the 

mountains in our models are behaving as they do in reality so that biases introduced by 

mountains do not skew projections. 

 

0.2 Previous Work: Mountains and Climate Models 

The impact of elevated terrains on tropospheric circulation, weather and climate has 

been of interest to scientists from diverse fields for many years. Meteorologists and 

climate scientists have long associated high topography with perturbations in mid-latitude 

tropospheric flow (e.g. Charney and Eliassen 1949; Bolin 1950) and monsoon circulation 

patterns (e.g. Banerji 1930). Geologists and paleo-oceanographers, focused on longer 

timescales in which terrain elevations can vary significantly, have associated uplift of 

terrains with planetary-scale cooling and glaciation since the 19th century (Dana 1895; 

Chamberlin 1899). Paleo-anthropologists have linked hominin evolution to changes in 
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East African environmental conditions since at least Charles Darwin’s Decent of Man 

was published in 1871. 

With the advent of General Circulation Models (GCMs), scientists can run 

sensitivity experiments varying earth’s topography in systematic ways to elucidate its 

effect on atmospheric circulation. Early experiments were carried out by the pioneers of 

climate modeling, who were meteorologists and climate scientists from NCAR (Mintz 

1968; Kasahara and Washington 1969; Kasahara et al. 1973) and NOAA’s Geophysical 

Fluid Dynamics Laboratory (Manabe and Terpstra 1974; Hahn and Manabe 1975). These 

studies, which carried out numerical time integrations over periods of one to four months, 

showed that elevated terrains have a significant impact on standing waves in the mid-

latitudes and that they are crucial for producing the surface pressure contrasts associated 

with monsoonal circulation, as well as precipitation patterns in the mid-latitudes.  

 Manabe and Holloway 1975 examined seasonal variation with a GCM experiment 

that simulated a three-year period in order to examine the hydrologic cycle and to 

compare the resulting Köppen climate map with actual climate distributions. Like 

previous experiments these authors used a topography field based on known mountain 

heights and smoothed to fit the resolution of the model. Unlike the previous experiments 

that focused more on atmospheric dynamics, this study emphasized the impact of 

orography on climate. This experiment, along with the results from the Manabe and 

Terpstra 1974 winter simulation and the Hahn and Manabe 1975 summer simulation, led 

the authors to hypothesize that the Tibetan Plateau plays an important role in maintaining 

mid-latitude aridity. 
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Since these early experiments were carried out, many attempts have been made to 

resolve the relative importance of the mechanisms by which topography impacts 

tropospheric circulation using regional models (Held 1983; Trenberth 1983; Trenberth 

and Chen 1988). Rodwell and Hoskins 1996, 2001 used a primitive equation model to 

show that latent heating associated with the Asian monsoon creates Rossby waves that 

interact with the mid-latitude westerlies to enhance descending air in sub-tropical 

anticyclones to the west, and also causes air to descend to the east through a Kelvin wave 

response. The debate between the relative roles of topographically induced mechanical 

and thermal forcing and their interactions, which started in the 1950s, continues today 

(Boos and Kuang 2010; Molnar et al. 2010; Wu et al. 2012; Rajagopalan and Molnar 

2013; Boos and Kuang 2013). The Tibetan Plateau’s most important impact is now 

thought to be the result of mechanical blocking of cool, dry air to the north and the warm 

air, heated by monsoonal condensation, over India, as opposed to radiative heating of the 

surface of this elevated terrain. 

Geologists began to show interest in climate models in the mid-1970s when it 

became clear that the relatively quick glacial cycles are driven by Milankovich forcing, 

and that there has been a very long-term cooling trend throughout the Cenozoic. 

Numerous GCM experiments were run by climate scientists at NCAR with different 

paleogeographies, including reduced topography, in order to explain Cenozoic cooling 

(Barron and Washington 1984b; Barron 1985a)  (e.g. Barron and Washington, 1984; 

Barron 1985), and this group was later joined by W. W. Hay, a geologist (Barron et al. 

1989; Hay et al. 1990a,b). Experiments with paleogeography and reduced topography 

were also carried out by Rind and Chandler 1991 using the GISS GCM. These studies 
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consistently pointed to the need for an additional forcing factor -- most likely CO2 -- in 

order to explain Cenozoic cooling.   

Toward the end of the 1980s several marine geologists and an oceanographer 

hypothesized that an increase in chemical weathering of silicate minerals, caused by 

large-scale surface uplift in the Himalayan and Andean mountains, could be the missing 

factor that explains the late Cenozoic cooling trend (Raymo et al. 1988). The classic 

Manabe studies on climate sensitivity to elevated terrains were revisited using NCAR’s 

CCM model with prescribed soil moisture and snow cover, carrying out integrations for 

January and July insolation (Ruddiman et al. 1989; Kutzbach et al. 1989; Ruddiman and 

Kutzbach 1989b). Their results were similar to the previous Manabe studies, with 

approximately linear effects with progressively greater surface elevation. The 

climatology produced by their experiment generally agrees with the geologic record, but 

the amplitude of changes was not enough to account for the Cenozoic cooling trend. 

In the early 1990s, Manabe revisited his group’s earlier work in order to further 

examine the relationship between orography and mid-latitude aridity using the GFDL 

Global Climate Model, which had prescribed sea-surface temperatures and sea ice 

(Manabe and Broccoli 1990; Broccoli and Manabe 1992). In addition to testing the effect 

of removing topography, these authors compared the effect of prescribing soil moisture 

versus letting it vary in order to evaluate the land-atmosphere feedback (Broccoli and 

Manabe 1992). These papers support the hypothesis that mid-latitude aridity is caused by 

the impact of uplifted terrains on atmospheric circulation patterns, not because of the 

physical distance from water sources. Mid-latitude mountains effectively focus 

precipitation by guiding westerly storms along specific storm tracks, thus creating regions 
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with heavy precipitation and regions of aridity in the mid-latitudes. Without mountains, 

water can move deep into continental interiors through a soil-feedback effect through 

which soil water is evaporated, evapotranspired, and re-precipitated progressively farther 

inland.  

Throughout the 90s further experiments were run by Ruddiman and others using 

models that include more components in addition to the atmosphere in order to capture 

relevant feedbacks. Kutzbach et al. 1993 used a modified version of NCAR’s CCM1 

model with full topography, half-topography and no topography, which included a 50m-

thick mixed layer ocean for calculating sea-surface temperatures and sea-ice thickness, 

interactive land hydrology with a full seasonal cycle, and improved parameterization for 

radiation and vertical diffusion. The poleward transport of heat by the oceans was 

prescribed with modern values. The model was run for 25 years, and the last five years 

were used for analysis; the model did not reach equilibrium. Similar to their previous 

efforts, they concluded that uplift contributed significantly to Cenozoic climate change. 

Feedbacks in the newer model increased the amplitude of the topographic effect, but 

additional forcing was still necessary to explain the extent of the cooling trend. At least 

half-topography was necessary to produce realistic monsoon circulation in Asia. Global 

average temperatures cooled by 1.5°C with topography. 

 

In 1997 Ruddiman edited a volume titled, “Tectonic Uplift and Climate Change,” 

which includes a number of experiments that build upon the group’s CCM1 work 

(Ruddiman 1997). These papers address the impact of orography and CO2 on the global 

hydrologic cycle (Kutzbach et al. 1997) and the biosphere (coupling the CCM1 model the 

BIOME model) (Ruddiman et al. 1997). Additionally, Prell and Kutzbach 1997 examined 
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how orography impacts the sensitivity of the monsoon to changes in solar insolation. 

Although these publications add detail that was not present in the group’s earlier 

publications, the conclusion that uplift alone cannot account for Cenozoic cooling did not 

change.  

In the same volume Prell and Kutzbach 1997 investigated atmosphere-ocean 

responses to topography using a fully coupled GISS GCM over 40 years, with and 

without the topography of southern Asia. This work yielded broadly similar results to the 

previous studies with regard to Asia, but results in other parts of the world were not as 

consistent. Global average temperatures warmed by 0.09°C with topography; this 

experiment did not support the idea that uplift alone causes the Cenozoic cooling trend. 

Kitoh 1997 used Japan’s Meteorological Research Institute’s global ocean-

atmosphere coupled GCM with a slab ocean to test the effect on mountain uplift on 

surface temperatures, and arrived at very similar conclusions to Kutzbach et al. 1997 -- 

uplift does not appear to explain all of the Cenozoic cooling trend, but including the 

ocean in experiments amplifies the impact. Global average temperatures cooled 2.9 °C 

with topography, which the authors attributed to an increase in low-level clouds over the 

subtropical eastern oceans. Kitoh 1997, however, offered a correction to the continental 

surface temperatures for the lapse-rate effect, suggesting that the average temperature of 

the interior of continents rises when elevation increases. 

Five years later, Kitoh 2002 repeated the experiment with a mixed-layer ocean 

using MRI GCM1 integrated for a 150 year period, and compared the results with an 

AGCM. Global average temperatures cooled 2.24 °C with topography, although 

continental interiors were warmer after the authors corrected for the lapse-rate effect. 
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Kitoh 2002 concluded that the CGCM was more sensitive to terrain uplift than the 

AGCM due to the sea-surface temperature changes. 

Kitoh has continued to examine the details of the effects of elevated terrain on 

Asian climate (Kitoh 2004a; Lee et al. 2013; Abe et al. 2013; Lee et al. 2015b) and 

ENSO (Kitoh 2007). With low mountains, Kitoh 2007 found that the Pacific warm pool 

is located over the central Pacific because of weak Pacific trade winds, and that ENSO is 

stronger, longer and more periodic. This model was integrated for a 50-year period. 

Other recent studies have used AGCMs to understand the role of topography, 

focusing on regional effects. Richter and Mechoso 2006 ran an experiment with UCLA’s 

AGCM and found that subtropical stratocumulus clouds were significantly reduced when 

South American orography is removed. Takahashi and Battisti 2007a,b determined that 

Andean-driven subsiding air over the western Pacific and the resulting lowering of sea-

surface temperatures is sufficient to explain why the ITCZ’s average position is north of 

the equator, as well as the geometry of the South Pacific convergence zone. Another 

group of authors Ehlers and Poulsen 2009; Insel et al. 2010 systematically varied the 

height of the Andes using RegCM3 to show that the Andes have a significant impact on 

South American water vapor transport by causing a northerly “Low Level Jet” to form on 

the eastern flank of the Andes, increasing rain on the eastern flank of the Andes while 

transporting vapor south and out of the Amazon basin, as well as by blocking westerly 

winds. 

The influence of mountains on the Atlantic Meridional Overturning Circulation 

(AMOC) has been investigated by three groups since 2011 (Schmittner et al. 2011; Sinha 

et al. 2012; Maffre et al. 2017). These studies found that mountains are necessary to 
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maintain a vigorous AMOC and proposed different mechanisms to explain why. All 

authors emphasized the role of the Rocky Mountains in blocking water vapor that derives 

from the Pacific Ocean from reaching the Atlantic Ocean, and thereby making the North 

Atlantic saltier. 

The rich history of experiments designed to test the role of elevated terrain on 

atmospheric circulation and climate, with the continual improvement in model resolution 

and process inclusion, has shown that these terrains have a significant impact on the 

global climate system and that feedbacks play an important role in how the system 

responds to their addition or removal.  

 

0.3 Overview of Pancake Earth Experiments 

This dissertation aims to increase our understanding of how Earth’s land-surface 

topography – a fundamental boundary condition of Earth’s climate system – impacts key 

climatic processes using two state-of-the-art Earth System Models (ESMs). The 

experiments described within do not attempt to understand a particular time in Earth’s 

history; indeed, the “PANCAKE” Earth that we explore in these experiments, where 

Earth’s continents, in modern configuration, are all uniformly at zero meters above sea-

level, never existed in the past. These experiments are highly idealized and are meant to 

reveal fundamental characteristics of the relationship between climate and orography. 

 

0.3.1 Experimental Conception and Execution 

 The PANCAKE experiments were conceived of by Joellen L. Russell and Ronald 

J. Stouffer in 2012. Stouffer oversaw the changes made to the GFDL-ESM2Mb and 
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GFDL-ESM2G models necessary to run these experiments (including making changes to 

parameterizations in the atmosphere related to gravity wave drag due to land-surface 

topography), which were carried out by Sergey L. Malyshev (ESM2Mb) and John P. 

Krasting (ESM2G). These models are state-of-the-art Earth System Models that 

participated in the Coupled Model Intercomparison Project Phase 5 (CMIP5) and the 

IPCC’s 5th Assessment Report (Taylor et al. 2007). The models have been verified 

extensively and their biases such as a “double-ITCZ” are well known (Dunne et al. 2012, 

2013). Various metrics of the climate system derived from these models, such as the 

strength of the AMOC and the strength of ENSO-related anomalies, tend to bound 

observational values (Guilyardi 2006; Wittenberg et al. 2006; Dunne et al. 2012; Kim and 

Yu 2012; Dunne et al. 2013; Bellenger et al. 2014).  

The CONTROL and PANCAKE simulations were run by Sergey L. Malyshev 

and John P. Krasting.  Andrew T. Wittenberg contributed to early analysis of the results. 

Zachary Naiman led further analyses with guidance by Joellen L. Russell, Ronald J. 

Stouffer, and co-authors of the manuscripts herein. 

 

0.3.2 Experimental Design 

The experimental design is described in detail by Naiman et al. 2017 and can be 

found in Appendix A section A.3. We removed all of the land-surface topography from 

two Earth System Models (ESMs), leaving most other parameters unchanged including 

river routing, the albedo of high latitude land masses (Greenland and Antarctica), global 

surface pressure, and sea-level. We ran our simulations for at least 500 years, and most 

analyses compare years 401-500 with the same years from our CONTROL simulations.  
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0.3.3 Analytical Approach 

 Although we had various hypotheses about how removing the mountains from the 

Earth System Models ESM2Mb and ESM2G would impact their simulated climates, these 

experiments were largely exploratory. In fact, the large regional changes that characterize 

the changes in our PANCAKE simulations relative to control largely cancel out on a global 

level. Naiman et al. 2017 and Appendix A section A.4 report that global surface 

temperatures change by less than <1°C, and global precipitation and evaporation changes 

by less than 1%. In this sense, these experiments did not reveal any processes that may 

explain the Cenozoic cooling trend as some of our hypotheses had predicted.  

 Our approach to analyzing the changes in the Pancake experiments was to focus on 

coupled ocean-atmosphere phenomena, namely ENSO and AMOC, as it is precisely these 

phenomena that were not well studied by previous modeling experiments, mostly because 

of their computing restraints (see Naiman et al. 2017 and Appendix A section A.2 for a 

more detailed discussion).  After examining the influence of mountains on ENSO and 

AMOC, we compare the results from our PANCAKE experiments with those of other large 

perturbation modeling studies in a specific region – East Africa – and derive conclusions 

that may impact our understanding of East Africa’s past and future climates.  

 

0.4 Overview of Appendices 

 Here we provide a brief overview of each appendix. 

 

0.4.1 Appendix A 
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 Appendix A, Impact of mountains on mean tropical circulation and interannual 

variation in two Earth System Models, was published by the Journal of Climate in 2017 

(Naiman et al. 2017). It reports a dramatic change to ENSO, which is more regular, has 

much larger anomalies, and has a lower frequency when mountains are not present, and 

analyzes the mechanisms that drive the change. We find that changes to surface winds in 

the equatorial region and throughout the tropics – a direct result of removing the mountains 

– impact equatorial currents and lead to the extreme ENSO anomalies that traverse the 

entire Indo-Pacific basin on interannual timescales. The large longitudinal movement of 

warm ocean anomalies and deep atmospheric convection is interpreted to be the result of 

unmooring of deep convection to the orography associated with the Maritime Continent 

(especially Borneo and Papua New Guinea). This radical change to the nature of tropical 

precipitation results in a time-average Walker Circulation that is significantly (>40%) 

weaker when mountains are not present. This is a cautionary tale for paleoclimate scientists 

who might observe time-averaged records and assume that a weakening of the Walker 

Circulation is related to weaker, not stronger ENSO anomalies.  

 

0.4.2 Appendix B 

Appendix B, the manuscript Mountains and the ocean’s overturning circulation, is 

intended for submission to Geophysical Research Letters in spring of 2018. This 

manuscript is the fourth study in seven years to examine the relationship between the 

ocean’s overturning circulation and Earth’s mountains. Although all studies found a 

similar, robust conclusion – that removing Earth’s mountains results in a large decrease or 

shut-down of the AMOC – we cannot attribute this change to changes in water vapor 
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transport between the Pacific and Atlantic oceans as in the previous studies (Schmittner et 

al. 2011; Sinha et al. 2012; Maffre et al. 2017) because the North Atlantic in PANCAKE 

has smaller precipitation and river fresh water fluxes than in CONTROL. We attribute the 

influence of mountains on the AMOC to be the result of the speed and shape of the winds 

in the North Atlantic. When mountains are present, winds are slower and flow southwest 

to northeast across the North Atlantic; when mountains are not present, they are stronger 

and more zonal. Removing mountains results in less mixing of sub-tropical waters into the 

sub-polar gyre, increasing the salinity of the sub-tropical gyre and decreasing the salinity 

of the sub-polar gyre, resulting in a weaker AMOC. 

 

0.4.3 Appendix C 

Appendix C, Response of East African climate to global climate forcings in a family 

of Earth System Models, is intended to be submitted to the Journal of Climate in spring of 

2018. This study compares the climate in East Africa from a number of perturbation 

experiments: removal of Earth’s land-surface topography, quadrupling of atmospheric 

carbon dioxide, opening of a Central American Seaway, “hosing” of the North Atlantic 

with a million cubic meters of freshwater per second (1 Sv) for a century. Additionally, we 

compare the changes in precipitation and surface air temperature in these experiments with 

the range in observational values over the last century. We find that only the PANCAKE 

experiments produced a change in East African precipitation large enough to distinguish it 

from the noise in observational values. The biases in our CONTROL simulations of 

African precipitation and surface air temperature are found to be of the same magnitude of 

the differences between various observationally based products. We conclude that 
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discrepancies between our CONTROL simulations of East African climate and the 

observed climate in that region are not large given the disagreement between 

observationally based products, and that future projections of climate change in East Africa 

due to anthropogenic forcing should not be disregarded. Additionally, attempts to 

understand the driving mechanisms behind Africa’s Late Cenozoic climate changes should 

consider changes in both regional and far-field orography. 

 

0.5 Conclusions and Future Work 

 The analyses of the GFDL PANCAKE experiments that comprise this dissertation 

were able to provide constructive information for all three realms of scientific query 

discussed above: paleoclimate, climate dynamics, and the projection of future climates.  

 The most important conclusions derived from these analysis for the paleoclimate 

community are: 1) Removing all of the land-surface topography from two Earth System 

Models did not change the Earth’s surface air temperature or hydrologic budget to a degree 

large enough to consider new mechanisms that may have driven the Cenozoic cooling 

trend; 2) Late Cenozoic orography in the region of the Maritime Continent and West 

Pacific Warm Pool (ie. uplift of Papua New Guinea and Borneo) may have influenced 

tropical Pacific climate and East African climate in the late Mesozoic through modern 

times; 3) Paleoclimate scientists should be cautious about interpreting time-averaged proxy 

records that may hide large changes in variability. 

 Our understanding of climate dynamics has been bolstered by the PANCAKE 

experiments. Whereas previous studies attributed the role of mountains to maintaining a 

vigorous AMOC to blocking of water vapor transport from the Pacific to the Atlantic 
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Ocean by the Rocky Mountains, we found that mountains have a more important impact 

on the North Atlantic by slowing winds and giving them a concave-up “U” shape across 

the basin. Without mountains, AMOC decreases by >10 Sv in both of our models, even as 

precipitation and river input to the North Atlantic decrease. 

 These studies may also help us with evaluating future climate predictions. On one 

hand, Appendix C (Naiman et al 2017) contributes information about an important model 

bias that may impact future model development – the model’s representation of the Andes 

with peak elevations lower than in reality does not appear to be the sole cause of the warm 

SST biases off the western coast of South America. Additionally, Appendix C uses the 

results from PANCAKE and other strongly perturbed simulations, along with observations 

of precipitation and surface air temperatures in East Africa, to show that the noise in 

observations is large compared to the regional climate changes associated with very large 

perturbations. This lends credence to model predictions that East Africa will become wetter 

due to anthropogenic forcing, and may help policy makers in East Africa to make decisions 

about the future. 

 We still have much to learn about the influence of mountains on Earth’s climate 

system. Future studies should continue to use models to derive knowledge about the role 

of specific mountain ranges on the coupled climate system. One particularly enticing 

question that has come out of this dissertation is: How does the orography in the region of 

the Maritime Continent -- Papau New Guinea and Borneo -- impact ENSO and East 

African precipitation? Additional experiments might examine how ocean bathymetry – 

orography under the sea – impacts ocean-atmosphere dynamics, and how different 
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orographic configurations in Earth’s history may have contributed to the associated climate 

regime. 
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Abstract 

Two state-of-the-art Earth System Models (ESMs) were used in an idealized experiment 

to explore the role of mountains in shaping Earth’s climate system. Similar to previous 

studies, removing mountains from both ESMs results in the winds becoming more zonal, 

and weaker Indian and Asian monsoon circulations. However, there are also broad changes 

to the Walker circulation and the El Niño Southern Oscillation (ENSO). Without 

orography, convection moves across the entire equatorial Indo-Pacific basin on interannual 

timescales. The ENSO has a stronger amplitude, lower frequency and increased regularity. 

A wider equatorial wind zone and changes to equatorial wind stress curl result in a colder 

cold tongue and a steeper equatorial thermocline across the Pacific basin during La Niña 

years. Anomalies associated with ENSO warm events are larger without mountains, and 

have greater impact on the mean tropical climate than when mountains are present. Without 

mountains the centennial-mean Pacific Walker circulation weakens in both models by 

~45%, but the strength of the mean Hadley circulation changes by <2%. Changes in the 

Walker circulation in these experiments can be explained by the large spatial excursions of 

atmospheric deep convection on interannual timescales. These results suggest that 

mountains are an important control on the large-scale tropical circulation, impacting ENSO 

dynamics and the Walker circulation, but have little impact on the strength of the Hadley 

circulation.



 50 

A.1. Introduction  

Land-surface topography is a fundamental boundary condition of Earth’s climate 

system. As such, there is a >40-year history of numerical modeling experiments that 

examine the role of orography in shaping broad features of the climate system. Previous 

studies have used a paleo approach in which orographic height and location correspond to 

best estimates of continental configurations and orography from specific periods in Earth’s 

history (e.g. Barron and Washington 1984); a regional approach, in which the height of 

specific orography is varied (Xu et al. 2004; Takahashi and Battisti 2007b,a; Boos and 

Kuang 2010; Feng and Poulsen 2014; Maroon et al. 2015; Singh et al. 2016); and a global 

approach, in which the height of all of Earth’s land-surface topography is varied 

systematically (Manabe and Terpstra 1974; Kutzbach and Guetter 1989; Kutzbach et al. 

1993; Manabe and Broccoli 1990; Kitoh 1997, 2004b; Abe et al. 2004; Kitoh 2007; 

Schmittner et al. 2011; Sinha et al. 2012).  

Early idealized studies that varied global orography in general circulation models 

were limited by computing resources, and therefore carried out relatively short simulations 

using simplified models (e.g. atmosphere-land models with no ocean component) and 

focused their analysis on mid-latitude climates where the influence of mountains on 

standing atmospheric waves is strong (Manabe and Terpstra 1974). Similar studies were 

repeated over the following three decades as models improved in terms of their resolution 

in space and time, included more components of the climate system (e.g. the ocean, 

cryosphere, and land vegetation), and refined the physics related to sub-grid 

parameterizations (Kitoh 2002; Kutzbach et al. 1993; Kitoh 1997). Of these studies, only 

simulations run in the early 2000s used a fully coupled atmosphere-ocean general 
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circulation model (AOGCM) without flux adjustments. Although these simulations, 

integrated for fifty model years, represented a significant advance in global climate models 

at the time, today’s state-of-the-art Earth System Models (ESMs) boast improved 

parameterizations, a higher component coupling frequency, and higher spatial resolutions 

that better resolve topographic details and improve the land-sea mask. Due to increased 

computing capacity ESMs are commonly integrated for hundreds to thousands of model 

years, whereas earlier AOGCMs were typically integrated for tens of model years. 

In this paper, we present the results of an idealized experiment in which we adopted 

the global approach to varying Earth’s land-surface topography in order to better 

understand the influence of mountains, at the largest scale, on the climate system. We 

removed all land-surface topography from two state-of-the-art ESMs and ran our 

simulations for over 500 model years. Previous work had found that removing orography 

causes mid-latitude westerly winds to become more zonal (e.g. Manabe and Terpstra 1974), 

monsoon circulation to weaken (e.g. Kitoh 2004; Lee et al. 2015), and global surface 

temperatures to rise by 1-1.5°C (Barron 1985b; Kutzbach et al. 1993; Kitoh 1997). ENSO 

was reported to become more regular with a higher amplitude and lower frequency without 

mountains (Kitoh 2007). However, due to the relatively short integration time of 50 model 

years, it was unclear if that result would be found in a longer experiment. With this caveat, 

we expected that our ESMs would give similar results to previous experiments, and would 

allow us to diagnose changes to the climate system to an unprecedented degree. The 

increased model resolution and complexity of the model were expected to provide 

potentially new results. We were encouraged by the fact that these ESMs and their 

predecessor simulate ENSO very well (Wittenberg et al. 2006; Guilyardi 2006; Guilyardi 
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et al. 2012). Additionally, these experiments would allow us to examine the role of 

orography in producing model biases such as the too-warm ocean current off the coast of 

Peru possibly associated with the coarse representation of the Andes (Philander et al. 

1996a; Wittenberg et al. 2006). 

Although our results are broadly consistent with previous studies, the impact of 

mountains on tropical climate was much more profound than we expected. The changes 

observed in our simulations suggest that mountains play a primary role in shaping tropical 

climate through their impact on ENSO and the Walker circulation. The results are exciting 

from a climate dynamics perspective because ENSO has a strong influence on global 

climate on interannual timescales. They will also be of interest to the paleoclimate 

community because changes to ENSO and the Walker circulation are considered to play 

an important role in the Earth’s slide into the icehouse climate since the Pliocene (Ravelo 

et al. 2004; Fedorov et al. 2006; Brierley and Fedorov 2010; Fedorov et al. 2013), and links 

between the progressive aridification of the East African rift region since the late Miocene 

and hominin evolution have been the subject of research for well over a century (see 

Domínguez-Rodrigo 2014 for a recent review).  

In the next section we describe the models and observationally based data used in 

this study. Section 3 examines the mean tropical circulation in the PANCAKE simulations, 

and Section 4 explores the interannual variability. Section 5 discusses the possible role of 

different mountains in our results, and our conclusions are reported in Section 6. 

 

A.2. Data and models 
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We removed land-surface topography, including ice height, from two GFDL ESMs, 

ESM2Mb and ESM2G, which differ only in their oceanic components (ESM2Mb uses a 

depth-based vertical coordinate, z*, whereas ESM2G uses an isopycnal vertical coordinate) 

and have identical atmosphere, ice, and land surface components (Dunne et al. 2012, 2013). 

These models resolve the diurnal cycle, using a 30 minute time step for atmospheric 

variables, a one hour time step for oceanic variables and coupling between model 

components, and a 3 hour radiation time step (Dunne et al. 2012, 2013). Both models use 

a grid with 2° longitude by 2° latitude spacing in the atmospheric component and 1° 

longitude by 1° latitude spacing (telescoping to 1/3° latitude spacing near the equator) in 

the oceanic component. The ESM2Mb model is very similar to the GFDL ESM2M except 

the above-ground land biomass was adjusted to better match ESM2G and observations 

(Dunne et al. 2012, 2013). The physical climate and response to changes in forcing are 

very similar between ESM2M and ESM2Mb. In PANCAKE, we did not change river 

routings, the geographic distribution of albedo associated with high latitude glaciers (i.e. 

Antarctica and Greenland are white in PANCAKE, assuming an ice-sheet-covered surface, 

but the topography associated with glaciers was removed), ocean bathymetry, surface 

roughness, or sea-level (ice removed from continents was not added to the ocean). 

Consistent with flattening model topography, the topographic momentum drag scaling 

scheme and the gravity wave drag scheme were both turned off in PANCAKE. The 

CONTROL experiments were run with pre-industrial radiative forcing and atmospheric 

chemistry. 

The PANCAKE experiment was run in both ESM2Mb and ESM2G for over 500 

model years, and years 401-500 are used throughout this analysis to represent the quasi-
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equilibrium climate state, defined here as having a net radiative imbalance at the top of the 

atmosphere of less than 0.5 W/m2 and trends in surface air temperature of less than 

0.5°C/century. We call this a quasi-equilibrium climate state because the deep ocean is not 

fully equilibrated with the changes in the surface forcing. Centennial scale trends in the 

Earth’s energy balance and climate variables such as surface air temperature are related to 

changes in the ocean’s overturning circulation, which generally weakens over the course 

of these simulations. However, they would only have a small or no impact on the tropical 

dynamics presented here, which appear in the first years of the simulations and are 

consistent throughout the runs. 

Throughout this paper we compare our CONTROL climatological mean 

diagnostics with the European Centre for Medium-range Weather Forecasts (ECMWF) 

ERA-INTERIM reanalysis product (Dee et al. 2011). For comparison with long time-series 

of ENSO-related variables, we use ECMWF’s ERA-20c product (Compo et al. 2011). The 

CONTROL runs for both models and GFDL’s closely related CM2.1 model have been 

reported to reproduce the broad features of the Earth’s climate system, and the two models 

tend to straddle observations for many metrics including the ENSO magnitude; the ENSO 

frequency is close to observed values (Kim and Yu 2012; Bellenger et al. 2014; Guilyardi 

2006; Wittenberg et al. 2006; Dunne et al. 2012, 2013). Both models exhibit well-known 

biases in tropical precipitation that are common to coupled climate models including too 

little rain over the Amazon region and a double ITCZ characterized by too much rain in 

the southern hemisphere over the central and eastern tropical Pacific (Mechoso et al. 1995; 

Dai 2006; Wittenberg et al. 2006; Dunne et al. 2012). Detailed analysis of the convective 
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schemes used in our models and precipitation biases on diurnal to interannual time scales 

were performed on GFDL’s CM2.1 model (Lin et al. 2006; Dai 2006).  

The two Earth System Models used in this study produced the same qualitative 

results when the land-surface orography was removed. We focus our presentation below 

on the ESM2Mb results; many figures for ESM2G can be found in the supplementary 

material.  

 

A.3. Mean circulation 

Similar to previous studies (Ruddiman and Kutzbach 1989a; Manabe and Terpstra 

1974), Earth’s winds are much more zonal when land-surface topography is removed. 

Changes to the strength of the global water cycle (both precipitation and evaporation) are 

less than 1% in both models, and the globally averaged surface air temperatures (SAT) also 

exhibit small changes (PANCAKE is 0.67°C warmer in ESM2Mb and 0.23°C warmer in 

ESM2G). The SAT change is consistent in sign with previous studies but smaller in 

magnitude (Barron 1985b; Kutzbach et al. 1993; Kitoh 1997). Assuming a lapse-rate of 

6.5°C/km, the global decrease in land-surface elevation of 231 meters suggests an increase 

in SAT of ~1.5°C due to the lapse rate effect; the actual change is smaller, likely due to 

feedbacks related to changes in cloud types and distributions. 

Average tropical (30°S-30°N) surface air temperatures also exhibit changes that are 

small in magnitude (0.37°C in ESM2Mb and 0.25°C in ESM2G). However, the spatial 

pattern of tropical rainfall changes significantly in both experiments (Figure 1). Where 

tropical precipitation is high (low) in CONTROL, precipitation decreases (increases) in 

PANCAKE. Tropical precipitation is less focused in PANCAKE, where the maximum 
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spreads out in both the meridional and zonal directions.  The inter-tropical convergence 

zone (ITCZ) in the southern hemisphere is more developed in PANCAKE, extending 

farther across the Pacific basin than in CONTROL, especially during austral summer and 

fall seasons. PANCAKE has less precipitation over the Maritime continent during these 

seasons, and more over the southern Indian Ocean. Given the “double-ITCZ” bias in our 

CONTROL models, this tendency in the PANCAKE simulations is difficult to interpret. 

However, the result is consistent with the fact that the SAT increases are larger in the 

Southern Hemisphere in both models because the ITCZ tends toward the warmer 

hemisphere, such that its poleward flow aloft transports heat to the cooler hemisphere 

(Broccoli et al. 2006; Frierson et al. 2013; Donohoe et al. 2013; Hill et al. 2015; Bischoff 

and Schneider 2016). ITCZ changes may also be effected by regional changes in deep 

convection, especially in the southeastern subtropical Pacific where the presence of the 

Andes likely suppresses deep convection (Rodwell and Hoskins 2001a; Takahashi and 

Battisti 2007b,a; Feng and Poulsen 2014). 

In PANCAKE, precipitation decreases most dramatically over the Maritime 

continent (~100°E-150°E), and increases over east Africa, the central equatorial Pacific 

(between ~180°-110°W), and most of the Amazon basin. Precipitation over India and 

Southeast Asia decreases, consistent with a weakened monsoon circulation. The changes 

to the spatial distribution of precipitation occur throughout the entirety of the tropics, 

including the central Pacific Ocean, and are not confined to regions of significant 

orography. 

The changes to the spatial pattern of tropical rainfall are very similar to changes in 

ω in the middle of the troposphere (at 500 hPa, Figure 1). Where air rises very quickly 
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(slowly) in CONTROL, it rises more slowly (quickly) in PANCAKE. The few exceptions 

to this relationship are in regions of significant topography (the central Andes, the 

Himalayas and the Sierra Madre). However, these areas constitute a small proportion of 

the tropics, and the differences are associated with local effects of removing topography. 

Apart from these local effects, there is clearly a broader impact; removing orography 

changes the location and strength of vertical air motion far away from the location of the 

orography, for example in the middle of the tropical Pacific Ocean. 

Tropical sea-surface temperatures (SSTs) decrease slightly in both experiments (-

0.24°C in ESM2Mb and -0.60°C in ESM2G), as do global SSTs (-0.46°C in ESM2Mb and 

-0.33°C in ESM2G). The spatial pattern of SST changes (Figure 1) is distinct from the 

precipitation and ω anomaly patterns. For example, surface waters cool significantly to the 

east and west of the Maritime continent but are unchanged or warmer in the vicinity of the 

continent, whereas precipitation and ω decrease throughout this entire area. Precipitation 

and ω increase over a large region of the central equatorial Pacific, between 180° and 

100°W, whereas SSTs decrease throughout that region.  

The broad cooling of tropical SSTs in the equatorial region must be due to ocean 

dynamics because there is an increase in net heating at the ocean surface, especially in the 

western Pacific and eastern Indian basins (Figure 2a). An increase in nitrate in the surface 

waters (Figure 2h) suggests an increase in upwelling, as nitrate is concentrated in deeper 

water. This increased mixing is consistent with increased easterly wind stress near the 

equator (especially off the west coast of Africa and South America). 

Some of the largest changes in SST occur near upwelling regions associated with 

meridional surface winds. For example, PANCAKE’s SSTs in the Peru Current off the 
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west coast of South America are ~5°C cooler than in CONTROL (Figure 1). This suggests 

that the coarse representation of the Andes in our CONTROL simulations, which impact 

atmospheric subsidence in the region of the Peru current, may not be the sole cause of the 

warm bias in the Peru Current (Wittenberg et al. 2006). The net surface heating in most of 

this region is greater in PANCAKE than in CONTROL (Figure 2a), and although the winds 

are more zonal in PANCAKE, the wind speed is ~2m/s stronger (Figure 2g) and the coastal 

meridional winds are stronger, leading to increased upwelling along the Peruvian coast 

(Figure 2h).  

Just west of the coastal Peru Current, SSTs warm significantly over large portion 

of the eastern subtropical Pacific (Figure 1). Throughout most of this region there is a 

decrease of low clouds (Figure 2f) that reflect shortwave radiation (Figure 2b) and an 

increase in high clouds (Figure 2e) that trap outgoing longwave radiation (Figure 2d). 

These changes are consistent with previous studies that have shown that orography leads 

to stronger decent in subtropical anticyclones and suppressed deep convection (Rodwell 

and Hoskins 2001a), and removing the Andes, in particular, leads to warmer SSTs in the 

southern subtropical eastern Pacific due to cloud, evaporation and SST feedbacks (e.g. 

Takahashi and Battisti 2007a,b; Feng and Poulsen 2014).  

The large-scale zonally asymmetric Walker circulation can be depicted as the 

average of ω over the equatorial tropics (5°S-5°N) in longitudinal-height space (Figure 3a). 

The Walker circulation in the ERA-INTERIM reanalysis data (Dee et al. 2011) from 1981-

2010 (Figure 3b) shows that the maximum velocities in the “up” direction (negative ω 

values) occur in the region of the Maritime continent, including the warm pool of the 

western Pacific and eastern Indian oceans, with significant upward motion over the 
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longitudes of the Amazon rainforest. Air tends to descend over the eastern Pacific and 

Atlantic basins, and over east Africa. This overall pattern and the zonal variation in ω are 

reproduced by the CONTROL experiments (Figure 3). Biases in the CONTROL 

simulation’s Walker circulation include too concentrated upward motion over the Maritime 

continent, too little upward motion over the Amazon, and too much downward motion over 

the East Pacific.  In PANCAKE (Figures 3d), the zonal variation in ω is remarkably 

dampened. Although air tends to descend over the Atlantic region with the same intensity 

as in CONTROL, and the weak ω in the middle-of-the-troposphere over the central Pacific 

in CONTROL does not change much, the rest of the tropics have substantially reduced 

upward and downward vertical motions throughout the atmosphere. 

Various metrics have been used as a measure of the overall strength of the time-

mean Walker circulation, including the difference in sea-level pressure between the 

equatorial western and eastern Pacific (dSLP) (Walker and Chaiken 1932; Vecchi et al. 

2006; Vecchi and Soden 2007), the maximum values of mass streamfunctions (Trenberth 

et al. 2000), and deviations from the zonal mean of ω in the middle of the tropical 

troposphere (Burls and Fedorov 2014). Each of these metrics calculated for the PANCAKE 

experiments exhibit a weakening of the Walker circulation in the range of 31-60% 

(Supplementary Table 1), with a mean value of 43% (ESM2Mb) and 45% (ESM2G). The 

weakening of the Pacific Walker Circulation when mountains are removed is consistent 

with a previous study that examined the role of orography in the tropical Indian and Pacific 

oceans during boreal summer (Abe et al. 2004). 

In addition to the overall weakening of the Walker circulation, the structure of the 

circulation is changed in the PANCAKE experiments. Air almost ceases to descend 
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throughout most of the atmosphere over the western Indian Ocean and east Africa in the 

PANCAKE experiments (~35°E-55°E), disrupting the Indian branch of the Walker Cell. 

The upward branch of the Walker circulation in PANCAKE is not focused over the Pacific 

warm pool; it extends over the entire Indian Ocean. 

The weakening of the Walker circulation in these experiments occurs without 

significant weakening of the Hadley circulation, which describes the zonally symmetric 

component of tropical convection. The Hadley circulation can be depicted as the zonal 

average of ω over the tropics (30°S-30°N) in latitudinal-height space (Figure 3). In ERA-

INTERIM reanalysis data from 1981-2010 (Figure 3b), the average Hadley circulation is 

shown to be dominated by air rising in the northern hemisphere, consistent with the fact 

that the inter-tropical convergence zone (ITCZ) spends more time each year in the northern 

hemisphere. In the PANCAKE experiment, the large-scale ω pattern is even more 

symmetric around the equator, consistent with the changes in the ITCZ discussed above. 

This results in a sharper division between the equatorial region of low ω and the regions 

centered at about 7°N/S of the equator of high ω, consistent with diminished rains over the 

equator Maritime continent and cooler equatorial SSTs. The overall variation in the 

magnitude of average ω across different latitudes remains largely unchanged in 

PANCAKE, as does the overall width and height of the tropics. Based on the fractional 

change to the maximum value of the zonally-averaged overturning streamfunction between 

30°S-30°N, the strength of the Hadley circulation changes are small in the ESM2Mb and 

ESM2G PANCAKE experiments (-1.93% in ESM2Mb and 0.97% in ESM2G) . 

 

A.4. Interannual variability 
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 Although the pre-industrial CONTROL simulations of the two models used in this 

study exhibit ENSOs with different characteristics, with ESM2Mb’s ENSO exhibiting 

larger East Pacific SST anomalies and ESM2G’s ENSO exhibiting smaller anomalies than 

observations (Kim and Yu 2012; Bellenger et al. 2014), the ENSO in both models changes 

in the same qualitative manner when mountains are removed. Without orography, the 

ENSO becomes stronger and more skewed toward warm events, and the interval between 

events becomes more regular (Figure 4). ENSO’s period, calculated from model years 101-

500, increases from 3.7 to 5.7 years in ESM2Mb, and from 2.8 to 4.5 years in ESM2G. The 

semiannual cycle in the Nino3 region (150°W-90°W, 5°S-5°N) is stronger in PANCAKE, 

especially in ESM2G, consistent with the increased meridional symmetry about the equator 

(see the Hadley Circulation in Figure 3d). Interannual variation in anomalies of equatorial 

SSTs (Figure 4), wind stress and precipitation in the Pacific and Indian basins increases in 

PANCAKE relative to CONTROL. In CONTROL and in observations, these patterns of 

interannual anomalies span the Pacific basin in some years, but only reach the central 

Pacific in other years (Figure 4). In PANCAKE, they consistently extend across the entire 

Pacific basin (Figure 4), lengthening the period. As suggested by previous authors 

(Watanabe and Wittenberg 2012; Watanabe et al. 2012), the increased strength of the 

ENSO has a large impact on the total tropical precipitation (Figure 5c), and also the global 

net radiation at the top-of-the-atmosphere (Figure 5d).  

Because these models share the same atmospheric component, similar experiments 

could be carried out with other fully coupled AOGCMs in order to test the robustness of 

this response. However, the qualitative consistency of the results between our two ESMs 

as well as a previous study (Kitoh 2007) is encouraging. 



 62 

The response of the ENSO when orography is removed from these models is so 

strong that ENSO events have a much more significant influence on the mean climate in 

PANCAKE than they do in CONTROL.  For example, in the CONTROL runs, as in nature, 

the distribution of monthly wind stress and SST anomalies over the Nino4 (160°E-150°W, 

5°S-5°N) and Nino3 (150°W-90°W, 5°S-5°N) regions is nearly normal, and the mode 

coincides with the mean (Figure 6). Most months show no anomaly in these values, so the 

distribution peaks at the zero-anomaly (mean) line, and there is a very small tail with 

positive (westerly) wind-stress values and SSTs from ENSO warm events. In the 

PANCAKE simulations these distributions are different. The mode and the mean no longer 

coincide; the mean is in-between La Niña and El Niño values (Figures 6). Because changes 

to ENSO are often diagnosed through analysis of the mean climate, the strong impact of 

ENSO on the mean climate in the experiments complicates the interpretation of the results.   

In order to distinguish aspects of the changes to the mean tropical circulation that 

are related to ENSO versus those that are not, we compare the mean climate and circulation 

patterns from ten El Niño years and ten La Niña years in CONTROL and PANCAKE. 

Using time-series from model years 401-500, we picked spans of twelve consecutive 

months using the Southern Oscillation Index (SOI) and Nino3 SST anomalies to represent 

El Niño and La Niña years, and repeated this process with the ERA-20c reanalysis (Figure 

5).   

PANCAKE’s much stronger ENSO is apparent when comparing La Niña and El 

Niño years with CONTROL (Figure 7). In both ESM2Mb and ESM2G, the PANCAKE La 

Niña and El Niño years exhibit vertical velocities of similar magnitudes to CONTROL; 

however, the spatial pattern of upward and downward movement is different. During La 
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Niña years, the region of descending air (red color in Figure 6 middle row) over the central 

and east Pacific extends ~20° farther west in PANCAKE; air descends over the eastern part 

of Indonesia. The descending air that is over East Africa in CONTROL also shifts west 

and is over West Africa and the eastern Atlantic in PANCAKE. During El Niño years, the 

large region of rising air over the Pacific (blue color in Figure 7 bottom row) shifts farther 

east, consistent with the increased longitudinal span of the anomalies shown in Figure 4. 

Air descends over most of the Indian Ocean, but not East Africa, and there is less rain over 

Indonesia. Although the equatorial circulation strength does not change much between 

CONTROL and PANCAKE during La Niña and El Niño years, the shifts in patterns of 

rising and falling air cause the circulations to largely cancel each other out in the time-

mean (top row of Figure 7).  

Due to the stronger ENSO in PANCAKE relative to CONTROL, interannual 

variation in tropical precipitation over the eastern equatorial Pacific is stronger as well 

(Figure 8). La Niña years are drier in PANCAKE than CONTROL (middle panel, see box 

over eastern equatorial Pacific), El Niño years are wetter (bottom panel), and the mean 

changes are more subdued (top panel). However, the western equatorial Pacific is drier in 

both La Niña and El Niño years (see the box over the western equatorial Pacific), and East 

Africa is wetter, consistent with the changes to the Walker circulation discussed above. 

 What are the main drivers of the changes to ENSO in PANCAKE Earth? The 

increased amplitude and period of PANCAKE’s ENSO is partially explained by the 

eastward shift in wind stress anomalies regressed onto the Niño3 region SST anomalies 

(Figure 9), as the eastward shifted anomalies enhance atmosphere-ocean feedbacks in the 

eastern equatorial Pacific where the thermocline is close to the surface, and require the off-
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equatorial oceanic Rossby waves to travel a greater distance before the are reflected back 

as equatorial Kelvin waves  (Wittenberg 2006, Capotondi et al. 2006, and references 

therein). This shift in wind anomalies regressed onto Niño3 SST anomalies results in both 

a stronger coupling between Niño3 SST anomalies and Niño3.4 wind stress anomalies 

(increases of 3.1 Pa/°C and 2.6 Pa/°C in ESM2Mb and ESM2G, respectively, 

corresponding to fractional changes of 54% and 61%), and a weaker delayed negative 

feedback from reflected Kelvin waves, which are consistent with both the increased 

strength of El Niño events. 

Changes to PANCAKE’s tropical wind field also have a strong influence on ENSO 

dynamics. PANCAKE’s equatorial wind zone, between the latitudes of each hemisphere’s 

strongest easterly winds, is wider than CONTROL’s (Figure 10 a and b). The wider 

equatorial wind zone in PANCAKE impacts the off-equatorial wind stress curl field that 

drives the Sverdrup transport responsible for interannual changes in the zonal mean depth 

of the equatorial thermocline, and the discharge (recharge) of heat from the equatorial 

thermocline during El Niño (La Niña) events (Figure 10 c and d; positive wind stress curl 

corresponds to northward Sverdrup transport in both hemispheres).  PANCAKE’s 

Sverdrup transport of heat away from the equator is much greater during El Niño. During 

La Niña, PANCAKE has more Sverdrup convergence just north of the equator, consistent 

with the recharging of the equatorial thermocline’s heat content.  

The very strong ENSO events are associated with a strong flattening of the 

equatorial Pacific thermocline (Figure 11, bottom). The steep La Niña thermocline (Figure 

11, middle), associated with stronger equatorial easterly wind stress in PANCAKE La Niña 

years (Figure 10b), allows more heat to build up in the west Pacific warm pool to later 
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discharge during an El Niño event (Jin 1997), contributing to the stronger ENSO warm 

events in the PANCAKE simulations (e.g., Fedorov and Philander 2001; Wittenberg 2002; 

Zelle et al. 2005; Vecchi and Wittenberg 2010). The large El Niño events lead to the skew 

toward stronger warm events mentioned above because the increase in strength of the La 

Niña events is limited by how dry the central Pacific equatorial atmosphere can get. As 

with the Pacific Ocean, the much stronger changes in the slope of the Indian Ocean 

equatorial thermocline between PANCAKE La Niña and El Niño years relative to 

CONTROL is consistent with the much greater interannual variation in SST (Figure 5), 

wind stress anomalies, and precipitation anomalies in both basins. 

 

A.5. Discussion 

When mountains are present, tropical convection is focused in the Maritime region 

and SST anomalies related to ENSO often only reach the central Pacific, whereas without 

mountains the Maritime region dries and ENSO warm SST anomalies consistently cross 

the entire Pacific basin (Figure 4). This suggests that Maritime orography might have a 

mooring effect on convection. Previous studies have highlighted two distinct mechanisms 

by which tropical orography influences monsoonal circulation by promoting convection: 

1) mountains provide elevated heating surfaces and 2) mountains provide “lift” by forcing 

air up-slope (Meehl 1992; Kutzbach et al. 1993; Rodwell and Hoskins 2001a).  In each 

case, convection leads to precipitation and the release of latent heat into the atmosphere, 

further fueling the convection. Although these authors stressed the importance of these 

mechanisms in monsoon systems, these mechanisms should also operate over the Maritime 
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continent. The raised heated surfaces and orographic lift associated with Maritime 

orography may play an important role in mooring convection over that region.  

Apart from Maritime orography, the Himalayas and the Andes may play important 

roles in the changes found in these experiments. The presence of the Himalayas strengthens 

monsoonal winds over the Indian Ocean; when they are not present, winds are more zonal 

over the Indian Ocean and the Indian thermocline exhibits much greater interannual 

variation (Figure 9), possibly contributing to the changes in tropical rainfall in the 

PANCAKE experiments. In a recent study the height of the Andes was varied in 

simulations using the National Center for Atmospheric Research’s Community Climate 

System Model version 4 (Feng and Poulsen 2014). Lowering of the Andes lead to a 

decrease of ~22% in the Walker circulation compared with the control Andes topography. 

The authors attributed this change to a 0.8°C decrease in the equatorial Pacific SST gradient 

when the Andes were lowered, associated with decreased low cloud formation and 

increased SSTs over the southeastern Pacific basin. In our experiment removing orography 

had similar effects in the southeastern Pacific basin, but the equatorial Pacific SST gradient 

did not decrease as much (0.5°C in ESM2Mb and 0.3°C in ESM2G), and the Walker 

decreased by about twice as much.  

Orography associated with the East Africa rift system is also likely responsible for 

some of the changes in tropical climate in our PANCAKE circulation (Sepulchre et al. 

2006). Additional studies are required to examine the role of different orography in tropical 

climate. This study highlights the possible role of Maritime orography in impacting the 

large-scale tropical circulation and tropical precipitation patterns. 
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A.6. Conclusions 

We performed a classic idealized experiment using state-of-the-art Earth System 

Models to explore the impact of mountains on Earth’s climate system. Our simulations 

exhibited similar characteristics to previous studies including more zonal winds and weaker 

monsoons when land-surface topography is removed. However, we also found broad 

changes to tropical circulation patterns, impacting the mean climate and interannual 

variability. Without orography, convection and precipitation over the Maritime continent 

weaken, and convection over East Africa increases significantly. Changes in convection 

and surface winds due to the removal of mountains have a strong influence on equatorial 

atmosphere-ocean dynamics, leading to a more regular ENSO with a lower frequency and 

much stronger amplitude. The large changes to ENSO result in a mean Pacific Walker 

circulation that is ~44% weaker, and much larger interannual variation in tropical 

precipitation and global net radiation at the top of the atmosphere. These results are 

consistent across the two models used in this study, and are qualitatively similar to the 

results of a previous study that used a non-related AOGCM (Kitoh 2007).  

The results of this study are especially interesting because they suggest that 

atmospheric-driven changes – changes in the surface winds induced by changes in land-

surface elevation – can have a significant impact on the equatorial ocean dynamics, which 

play an important role in ENSO dynamics and climate variability around the globe.  

How have changes to Earth’s orography over the last few million years influenced 

ENSO and the Walker circulation, and what were the impacts on East African, tropical, 

and global climate? Although we speculate that changes in Maritime orography may have 

had a strong influence on climate dynamics over the last few million years, our study cannot 
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constrain the role of specific orography in the changes we found, and did not attempt to 

examine a realistic paleo-orographic scenario. Future work should address the influence of 

particular orography, especially in the area of the West Pacific Warm Pool, on ENSO, the 

Walker circulation, and regional to global climate.  
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A.9 Figures 
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Figure 1.  Differences (PANCAKE – CONTROL) of 100-year means (years 401-500) for 

a) precipitation, b) pressure velocity ω, and c) sea-surface temperature. All values are from 

ESM2Mb. Values for ω are from 500 hPa. Negative (blue) values are in the “up” direction. 

Results for ω do not change significantly when different pressure levels, or an average of 

pressure levels, are used to represent the middle of the troposphere. Black rectangles show 

regions used to calculate dSLP as the difference between average sea-level pressures in an 

equatorial region of the east Pacific (140°W-80°W, 5°S-5°N) and the west Pacific (120°E-

180°E, 5°S:5°N). Areas where the difference between PANCAKE and CONTROL mean 
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values are more than two standard deviations of annual mean CONTROL values over the 

100 year period are hatched. 
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Figure 2. Diagnostics for changes in tropical SSTs, including the dominant surface 

radiation flux terms. All panels show PANCAKE minus CONTROL for model years 401-

500 with the change in SSTs contoured. a) Net surface heating (W/m2, positive fluxes are 

into the ocean); b) short-wave flux into the ocean (W/m2); c) latent heat flux into the ocean 

(W/m2); d) long wave flux into the ocean (W/m2); e) percent high clouds; f) percent low 

clouds; g) surface wind speed (m/s); h) nitrate in surface waters (umoles/kg in top 30 

meters). 
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Figure 3.  Walker and Hadley circulations. The Pacific Walker circulation weakens in 

PANCAKE, whereas the strength of the Hadley circulation remains largely unchanged. 
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Pressure velocities are shaded (blue/negative values are in the up direction) and vectors are 

zonal wind (u) and vertical wind (w) for Walker circulation (left column; values are 

meridional averages from 5°S-5°N) and meridional wind (v) and vertical wind (w) for 

Hadley Circulation (right column; values are zonal averages). a Schematic depiction of 

Walker (left) and Hadley (right) circulations. b ERA-INTERIM Reanalysis data from Jan 

1981-Dec 2010. c ESM2Mb CONTROL model years 401-500. d Difference between 

ESM2Mb PANCAKE (model years 401-500) and ESM2Mb CONTROL (model years 

401-500). The vertical component of the wind speed vector (w) was approximated from 

the pressure velocities using the relationship w= ω/(-ρg), where ρ is density and g is 

gravitational acceleration, and are scaled x1000. Note the different color scales for the left 

and right sides of the figure. Grey curve on each plot near the abscissa shows approximate 

topography from observations (b from etopo40) and the respective models. 

  



 92 

 

Figure 4. Longitude-time plot of three-month running anomalies relative to mean climate 

averaged over 5°S-5°N for SST (°C) from ERA-20c reanalysis (left, years 1900-2000), 

ESM2Mb CONTROL (middle, model years 401-500) and ESM2Mb PANCAKE (right, 

model years 401-500). Time increases in the vertical direction. Longitudes cover the 

Indian and Pacific Ocean basins. Approximate location of Indonesia is show below the 

abscissa.  
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Figure 5. a) Southern Oscillation Index (SOI), b) Nino3 SST anomaly (°C), c) tropical 

precipitation anomaly (mm/day, averaged over 20°S:20°N), and d) global net radiation at 

the top-of-the-atmosphere anomaly (W/m2, positive values correspond to downward flux) 

from ERA-20c reanalysis (left), ESM2Mb CONTROL (middle), and ESM2Mb 

PANCAKE (right). The SOI is calculated from the sea-level pressure difference between 

Darwin (130°E, 12°S) and Tahiti (150°W, 17°S). Sea-surface temperature anomalies are 

monthly anomalies from the Nino3 region (150°W-90°W, 5°S-5°N) calculated using a 

running 211-month triangular smoother. Blue colors indicate La Niña years and red 

colors indicate El Niño years. The ten El Niño and ten La Niña years that were chosen for 

analysis in this paper are bracketed by their corresponding colors. The vertical scale is the 

same for all plots. Tropical precipitation is average from all longitudes and from 20°S – 

20°N. Abscissa shows the calendar year (for ERA-20c) or the model years. 
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Figure 6. Distribution of monthly oceanic zonal wind stress anomalies (a) in the Nino4 

region (160°E-150°W, 5°S-5°N) and SSTs (b) in the Nino3 region (150°W-90°W, 5°S-

5°N) for ESM2Mb CONTROL (left) and ESM2Mb PANCAKE (right), model years 401-

500. The zero anomaly line is shown. Note the difference in scale of the y-axis between 

CONTROL and PANCAKE plots.  
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Figure 7. Average vertical wind velocities (hPa) between 5°N-5°S for model years 401-

500 (top), ten La Niña (middle) and ten El Niño (bottom) from ESM2Mb CONTROL 

(left) and ESM2Mb PANCAKE (right). Spatial changes to the equatorial Walker 

circulation on interannual timescales in the PANCAKE simulations is partially 

responsible for the weakening of the circulation in the time-mean. Blue color indicates 

rising motion; red color indicates subsidence.  
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Figure 8. Precipitation difference (ESM2Mb PANCAKE minus CONTROL) for the 

model years 401-500 (top), ten La Niña years (middle) and ten El Niño years (bottom).  
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Figure 9. SST (left, °C) and zonal wind stress over the ocean (right, kPa) regressed on 

Nino3 region (150°W-90°W, 5°S-5°N) SST anomalies for ERA-20c (top), ESM2Mb 

CONTROL (middle) and ESM2Mb PANCAKE (bottom). The SST regressions (left) 

have a box over the Niño3 region, and the zonal wind stress regressions (right) have a 

box over the Niño3.4 region. 
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Figure 10. Zonal wind stress (Pa) and zonal wind stress curl (N/m3) averaged over the 

Pacific Ocean (150°E:90°W) during El Niño years (a,c) and La Niña years (b,d).  Black 

line is ERA-20c; solid blue line is ESM2Mb  CONTROL; dashed blue line is ESM2Mb 

PANCAKAE; solid red line is ESM2G CONTROL; dashed red line is ESM2G 

PANCAKE. All model years are 401-500. Positive wind stress is westerly. Wind stress 

curl is scaled by a factor of 108. Positive wind stress curl is associated with northward 

Sverdrup transport in both hemispheres. 
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Figure 11. Average depth (meters, 5°S-5°N) of the 20° isotherm in the equatorial Indian 

and Pacific basins. One-hundred year mean from model years 401-500 (top), ten La Niña 

years (middle) and ten El Niño years (bottom), for CONTROL (black) and ESM2Mb 

PANCAKE (red). Approximate location of Indonesia is indicated below the abscissa. 
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A.10 Supplementary Figures and Table 

 

Supplementary Figure 1.  Average annual global net radiation at the top of the atmosphere 

(top) and surface air temperature (bottom). Black line is ESM2Mb CONTROL; red line is 

ESM2Mb PANCAKE; Green line is ESM2G CONTROL; blue line is ESM2G 

PANCAKE. Negative net radiation values indicate more outbound long-wave radiation 

than incoming short-wave solar radiation. Lines are smoothed with a box car smoother 

with a 15 point time filter (15 years). By model year 200 CONTROL and PANCAKE 

exhibit net radiative fluxes of < 0.5 W/m2, and surface air temperature trends are < 

0.5°C/century, which we interpret to mean that the simulations have reached a state of 

quasi-equilibrium.  
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Supplementary Figure 2. Precipitation, pressure velocity (ω) at 500mb, and sea-surface 

temperatures for reanalysis data (January 1981 – December 2010) and control models used 

in this study (100-year means; see Methods for details). ERA-INTERIM reanalysis data 

(column 1) for precipitation (row 1), vertical wind (row 2) and sea-surface temperatures 

(row 3) are similar to those fields in the CONTROL model for EMS2Mb (column 2) and 

ESM2G (column 3).  
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Supplementary Figure 3. Top: Mean sea-level pressure; Middle: zonal surface wind 

speed (m/s, shaded) and height of 500mb geopotential height (contours); Bottom: 

PANCAKE minus CONTROL for precipitation (left) and sea-surface temperatures 

(right). All data is from model years 401-500. PANCAKE SLP is scaled by a factor of 

1.026 to account for global change in SLP due to removal of orography. 
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Supplementary Figure 4. Seasonal precipitation for ESM2Mb CONTROL (left) and 

PANCAKE (right). DFJ = December, January, February; MAM=March, April, May; 

JJA=June, July, August; SON=September, October, November. All data from model 

years 401-500. 
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Supplementary Figure 5.  ESM2G Differences (PANCAKE – CONTROL) for 

precipitation (top), pressure velocity ω (middle), and sea-surface temperature (bottom). 

PANCAKE has more dispersed, less focused rain over Indonesia and an associated 

weakening of the Walker circulation. Values for ω are from 500 hPa. Negative (blue) 

values are in the “up” direction. Results for ω do not change significantly when different 

pressure levels, or an average of pressure levels, are used to represent the “middle of the 

troposphere.” Rectangles in bottom image show regions used to calculate dSLP as the 

difference between average sea-level pressures in an equatorial region of the east (140°W-

80°W, 5°S-5°N) and the west Pacific (120°E-180°E, 5°S:5°N).  
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Supplementary Figure 6.  Walker Circulation. All values are averaged over the entire 

tropics (30°S-30). Pressure velocities are shaded (blue/negative values are in the up 

direction) and vectors are zonal wind (u) and vertical wind (w) for Walker circulation. Top: 

ERA-INTERIM Reanalysis data from Jan 1981-Dec 2010. Middle: CONTROL. Bottom: 

PANCAKE. Means from model years 401-500 are shown. Grey curve on each plot near 

the abscissa shows approximate topography from observations (top, from etopo40) and the 

respective models. Continents are labeled below the abscissa in the top row. The vertical 

wind speed (w) was calculated from the pressure velocities and scaled x1000. 
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Supplementary Figure 7.  Walker Circulation Zonal Wind Anomaly Mass 

Streamfunctions (years 401-500) for PANCAKE Experiments. Mass streamfunction ψM 

calculations (kg/s) of Walker circulation between 30°S-30°N for ESM2Mb (top) and 

ESM2G (bottom), CONTROL (left) and PANCAKE (right). Solid lines represent 

clockwise circulation. Streamfunction calculations carried out based on zonal wind 

anomalies (zonal wind u minus the zonal mean |u|, left). Units are 109 kg/s. The 

fractional difference in overturning circulations are listed in Supplementary Table 1.  
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Supplementary Figure 8. Nino3 region (150°W-90°W, 5°S-5°N) SST spectra for ESM2Mb 

(left) and ESM2G (right) calculated for model years 101-500. Based on previous work with a 

closely related model that reported the spread along the abscissa between multiple spectra 

generated from time-averaging over various time intervals (Wittenberg 2009), we estimate that 

time-averaging over four centuries limits the spread to <1 °C2/octave, much less than the 

difference between the CONTROL and PANCAKE spectra for a given time frequency in both 

models. 
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Supplementary Figure 9. Distribution of monthly oceanic zonal wind stress anomalies 

(a) in the Nino4 region (160°E-150°W, 5°S-5°N) and SSTs (b) in the Nino3 region 

(150°W-90°W, 5°S-5°N) for ERA-20c reanalysis years 1900-1999 (left), ESM2Mb 

CONTROL (middle) and ESM2G CONTROL (right), model years 401-500. The zero 

anomaly line is shown. 
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Supplementary Table 1.  Fractional Changes to Walker and Hadley Circulations. 

Fractional change calculated for model years 401-500 as (PANCAKE – CONTROL) / 

CONTROL and reported as percents.  

Type of calculation 

 

Relevant Region 

 

 

Fractional Change 

ESM2Mb ESM2G 
 

 

dSLP 

Difference between 

5°S:5°N 140°W:80°W  

5°S-5°N 120°E-180°E  

-41.70% -43.46% 

Walker streamfunction (using 

zonal wind u) 

 

30°S-30°N, 0°-360°E -46.55% -45.81% 

Walker streamfunction (using 

vertical wind w) 

 

30°S-30°N, 0°-360°E -40.38% -31.22% 

Walker streamfunction (using 

zonal wind u zonal anom) 
30°S-30°N, 0°-360°E -59.30% -50.94% 

Walker streamfunction (using 

vertical wind w zonal anom) 
30°S-30°N, 0°-360°E -35.08% -36.22% 

Walker as maximum deviation in 

ascending pressure velocity from 

zonal mean at 500mb 

10°S-10°N, 130°E-90°W -37.35% -59.76% 

Hadley streamfunction (using 

meridional wind v) 
30°S-30°N, 0°-360°E -1.93% 0.97% 
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Abstract 

Recent studies have demonstrated that Earth’s mountains are necessary to maintain a 

strong Atlantic Meridional Overturning Circulation, and various mechanisms have been 

proposed to explain why the circulation weakens when mountains are removed from 

coupled climate models. Here we present novel insights from an experiment in which 

land-surface topography was removed from two state-of-the-art Earth System Models, 

GFDL-ESM2Mb and GFDL-ESM2G, which have identical atmosphere, land, and sea-ice 

components but different ocean formulations (depth-based vs isopycnal, respectively). 

Without land surface topography the maximum of the overturning streamfunction in the 

North Atlantic decreases by more than 10 Sv in both models, similar to previous studies. 

Although the North Atlantic basin freshens when mountains are removed, the freshening 

is due to a decrease in evaporation that is likely a result of a weaker overturning 

circulation, not the cause; both precipitation and river runoff decrease in the North 

Atlantic. Without mountains, the westerly winds over the North Atlantic become stronger 

and more zonal. These winds drive southerly ocean currents throughout the North 

Atlantic, which transport southward Arctic waters that have been freshened by increased 

river runoff. This decreases the mixing of warm, salty tropical waters into the sub-polar 

gyre. The westerly winds blowing over these fresher, cooler waters do not remove as 

much heat and fresh water as in the control simulations, and therefore do not increase the 

water density as much as when warm, salty tropical waters mix readily into the sub-polar 

gyre. We conclude that mountains impact the Atlantic Meridional Overturning 

Circulation mainly through their influence on the strength and southwest-to-northeast 

angle at which the westerly winds cross the North Atlantic basin.  
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B.1 Introduction  

 

The ventilation of the deep ocean in the North Atlantic through the formation of 

North Atlantic Deep Water (NADW) and the associated Atlantic Meridional Overturning 

Circulation (AMOC) constitute a basic feature of Earth’s climate system. Evidence from 

both paleoclimate and numerical modeling studies suggest that the modern configuration 

of Earth’s continents and mountains may allow for different modes of oceanic 

overturning in the northern hemisphere, including an “off” mode in which NADW ceases 

to form and the North Atlantic surface waters are colder and fresher, and an “on” mode 

where an AMOC advects warm salty tropical waters into the North Atlantic sub-polar 

gyre, as we observe in the modern climate system (e.g. Broecker et al. 1985; Manabe and 

Stouffer 1988). Manabe and Stouffer 1988 showed that different initial conditions can 

lead to “on” and “off” states in a single numerical model. In their experiments, 

simulations that began with a relatively salty North Atlantic produced an AMOC that 

sustained the high salinity in the North Atlantic. 

How do Earth’s mountains impact the ocean’s overturning circulation? This 

question is particularly difficult to answer because the conditions that can be cast as 

causes of NADW formation can also be construed as the result of having an AMOC. The 

availability of high salinity, warm tropical waters at high latitudes in the North Atlantic -- 

where the westerly winds can remove heat and fresh water through evaporation, 

increasing the density of the water and forming NADW -- is also the result of having a 

vigorous AMOC that advects tropical waters northward (Manabe and Stouffer 1988). 

Broecker et al 1985 hypothesized that fresh water transfer between the Atlantic and 

Pacific basins results in a saltier Atlantic, a key condition for the AMOC. Broecker et al 
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1985 reasoned that water vapor is transferred from the Atlantic to the Pacific basin by the 

easterly winds through gaps in the Central American mountains. This transfer of fresh 

water from the Atlantic to the Pacific at low latitudes is not compensated, as one might 

expect, by water vapor transport from the Pacific to the Atlantic by the mid-latitude 

westerly winds because the Rocky Mountains blocking most of the vapor. This leaves the 

Atlantic basin saltier than the Pacific basin. 

Coupled climate models provide a means for testing hypotheses related to the 

impact of Earth’s mountains on the climate system, and there’s a >40 year history of such 

experiments with progressively sophisticated and powerful models (e.g. Manabe and 

Terpstra 1974; Kutzbach et al. 1989; Kitoh 2002; Naiman et al. 2017). These studies have 

consistently shown that the westerly winds in the northern hemisphere are stronger and 

more zonal when mountains are not present. One might expect that stronger winds would 

remove more heat from the underlying ocean waters, increasing the strength of the 

AMOC. Recently, investigators began looking at the influence of mountains on ocean 

circulation and found that this is not the case (Schmittner et al. 2011; Sinha et al. 2012; 

Maffre et al. 2017). All of these studies reached a similar conclusion: Earth’s mountains 

are a key boundary condition that induces the observed Atlantic Meridional Overturning 

Circulation (AMOC) and lack of a Pacific Meridional Overturning Circulation (PMOC). 

A variety of mechanisms are offered to explain this result. Schmittner et al. 2011 

conclude that the existence of vigorous overturning in the North Atlantic but not the 

North Pacific basin is the result of three principal mechanisms: 1) The Rocky Mountains 

block water vapor transport from the Pacific to the Atlantic Ocean, causing the Atlantic 

to be saltier and the Pacific to be fresher (Broecker et al. 1985),  2) The presence of the 
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Antarctic ice sheet results in a dramatic poleward shift of the southern hemisphere 

westerly winds of ~10° relative to a world without mountains, increasing the amount of 

salty water that enters the South Atlantic through Agulhas leakage (Sijp and England 

2009), and 3) the Antarctic ice sheet also intensifies the wind stress over the Southern 

Ocean by ~25%, which has been associated with stronger North Atlantic Deep Water 

(NADW) formation (Sijp and England 2009). Sinha et al. 2012 agree that blocking of 

water vapor by the Rocky Mountains is an important mechanism, and also emphasize 

mid-latitude humidity and air-sea temperature differences as important factors in for the 

evaporation required to sustain a NADW formation. Maffre et al. 2017, the only study 

thatused a Intergovernmental Panel on Climate Change (IPCC)-class Earth System Model 

(IPSL-CM5), concur on the role of the Rockies, and highlight the role of changes in 

tropical runoff associated with the collapse of the Asian summer monsoon in decreasing 

the Atlantic’s salinity but increasing the Pacific’s when mountains are removed. This 

study also found an increase in southern hemisphere westerly winds with no shift in their 

latitude when mountains are removed, in contrast to the Schmittner et al. 2012 study’s 

result.  

Here we report the results of a very similar experiment to Maffre et al. 2017 

carried out with two additional IPCC-class Earth System Models, GFDL-ESM2Mb and 

GFDL-ESM2G (from the National Oceanic and Atmospheric Administration’s (NOAA) 

Geophysical Fluid Dynamics Laboratory (GFDL), Dunne et al. 2012, 2013). Our models 

have a significantly higher resolution than the models used in previous studies, including 

an ocean with twice the resolution of IPSL-CM5, the only other IPCC-class model with 

which this experiment has been carried out. In addition, our models share atmosphere, 
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land, and sea-ice components, differing only in their ocean formulation. This helps us to 

differentiate changes caused by direct atmospheric forcing from changes in ocean 

feedbacks. Although our primary result is very similar to all of the previous studies – the 

AMOC weakens in both of our models when mountains are removed – our analysis 

shows that the likely mechanism is not the blocking of water vapor by the Rocky 

Mountains. Rather, it is the southwest-northeast angle of the westerly winds across the 

North Atlantic, likely imparted by the Rocky Mountains, that leads to increased mixing 

between the Atlantic subtropical and subpolar gyres and sets the stage for a strong 

AMOC.   

 

B.2 Models and experiment design  

 

We removed land-surface topography, including mountains and land ice, from 

two NOAA GFDL Earth System Models, GFDL-ESM2Mb and GFDL-ESM2G 

(abbreviated ESM2Mb and ESM2G below). These models use the same atmospheric and 

land surface components but different oceanic components; ESM2Mb uses a depth-based 

vertical coordinate, z*, and ESM2G uses an isopycnal (density) vertical coordinate 

(Dunne et al. 2012, 2013). These models have very similar physical climates and 

responses to forcings (Dunne et al. 2012, 2013). We note that the model ESM2Mb used 

in this study is almost identical to GFDL’s ESM2M, with the exception that the above-

ground land biomass have been adjusted to better match ESM2G and observations 

(Dunne et al. 2012, 2013). We ran control simulations (“CONTROL”) with pre-industrial 

atmospheric chemistry and radiative forcing for each model. The CONTROL simulations 
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for these models, including GFDL’s closely related CM2.1, reproduce the broad features 

of the earth’s climate system, with the two models tending to straddle observations 

(Guilyardi 2006; Wittenberg et al. 2006; Dunne et al. 2012; Kim and Yu 2012; Dunne et 

al. 2013; Bellenger et al. 2014). Dunne et al. evaluate the relative biases of these models 

and suggest that ESM2G will likely better represent changes to climate relating to total 

heat content variability and the depth structure in the AMOC, whereas ESM2Mb might 

better represent changes relating to surface circulation because its patterns of sea-surface 

temperature, sea-surface salinity and sea-surface height are closer to observations.  

In this analysis we compare years 401-500 of the CONTROL runs with years 

401-500 of the experiment simulations, which we call “PANCAKE” due to the uniformly 

flat land surface (0 m above sea-level). We interpret this time period to represent a semi-

equilibrium climate state because the simulations exhibit a net radiative imbalance at the 

top of the atmosphere of less than 0.75 W/m2  and the AMOC does not exhibit a trend 

after its initial weakening (Naiman et al. 2017). The details of these experiments are 

described in Naiman et al. 2017, and key features are summarized in Table 1 along with 

the model descriptions and configuration parameters of previous studies that have used 

models to examine the role of land-surface topography on ocean circulation (Schmittner 

et al. 2011; Sinha et al. 2012; Maffre et al. 2017). Similar to previous studies, we did not 

change river routing, and like most previous studies we left the high latitude land surface 

with the albedo of ice even though all of the ice height was removed. The ocean 

bathymetry was also not changed. Compared with previous studies (Table 1), our models 

are of a similar class to the IPSL-CM5 model used by Maffre et al. 2017, and are more 

sophisticated than the models used in the previous two experiments. However, our model 



 119 

has significantly higher resolution in the atmosphere and ocean, although the IPSL-CM5 

model has more atmospheric layers (Table 1). 

 

B.3 Results 

a. Global scale effects of mountain removal 

The large-scale changes to the climate system when mountains are removed from 

the GFDL-ESM2Mb and GFDL-ESM2G models were reported by Naiman et al. 2017, 

and agree with the results from IPSL-CM5 and previous studies on key metrics: surface 

winds are much more zonal and large regional changes in precipitation and surface 

temperature almost completely cancel each other out, leading to global surface 

temperatures changes of less than 0.7°C and precipitation/evaporation changes of <1% 

(Manabe and Terpstra 1974; Ruddiman and Kutzbach 1989a; Barron 1985a; Kutzbach et 

al. 1993; Kitoh 1997; Maffre et al. 2017; Naiman et al. 2017).  

 

b. Atlantic overturning circulation and heat transport 

 

 When land-surface topography is removed from the ESM2Mb and ESM2G 

models, the maximum of the Atlantic meridional overturning streamfunction weakens by 

~10 Sv in ESM2Mb and ~14 Sv in ESM2G (Figure 1; 1 Sv = 1 Sverdrup = 106 m3/s), 

consistent with previous studies (Schmittner et al. 2011; Sinha et al. 2012; Maffre et al. 

2017), but it does not shut down completely in either model. In addition to the weakening 

of the AMOC, the depth of the base of the overturning circulation shoals by ~1000 m in 

both models (Figure 1).  
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An overturning of ~10 Sv is established in the North Pacific in ES2Mb, similar to 

previous studies, but not in ESM2G (Figure 1). The PMOC established in ESM2Mb 

compensates for the decrease in northward oceanic heat transport between 25°N-40°N e 

of the weaker AMOC in ESM2Mb, whereas ESM2G exhibits less northward oceanic heat 

transport throughout those latitudes (Figure 2). 

   

c. Winds 

 

 The removal of land-surface topography in our models results in zonal wind 

stresses over the oceans that are much more symmetric about the equator than the zonal 

winds in our CONTROL runs (Figure 3). The CONTROL winds (Figure 3, solid lines) 

are much stronger in the southern hemisphere than in the north because of the lack of 

orographic drag in the south (compare with black line from ERA-Interim reanalysis 

product).  The zonal winds strengthen in the Northern Hemisphere by ~0.04 N/m2 when 

mountains are removed in both models (compare solid and dashed lines). In the southern 

hemisphere, the latitude of the strongest westerly winds is <2° north of the latitude in 

CONTROL. The magnitude of the maximum zonal wind stress in the southern 

hemisphere of ESM2Mb does not change, and that of ESM2G weakens by ~0.01 N/m2. 

These changes are much smaller than the 10° equatorward shift and 0.04 N/m2 decrease 

in strength of zonal winds reported by Schmittner et al. 2012, and are of the opposite sign 

of the changes reported by Maffre et al. 2017.  

  

d. Freshwater budget 
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 Changes to the fresh water fluxes to the ocean (PANCAKE minus CONTROL) 

are summarized in Table 2, and the spatial distribution of the changes to precipitation, 

evaporation, river, and total fluxes are shown in Figure 4.  We emphasize that the river 

routing was not change in this experiment (or any of the previous experiments). Similar 

to previous experiments, both models have greater fresh water fluxes in the North 

Atlantic (and total Atlantic) and smaller fresh water fluxes in the North Pacific (and total 

Pacific) in PANCAKE compared to CONTROL. However, the magnitudes of these 

differences are smaller than in the other studies that reported similar data. Maffre et al. 

2017 report that the Atlantic fresh water flux changes by 0.26 Sv and the Pacific fresh 

water flux changes by -0.54 Sv, whereas we calculate changes in the Atlantic fluxes of 

0.06 Sv / -0.35 Sv for ESM2b Atlantic and Pacific, respectively, and 0.06 and -0.28 Sv 

for ESM2G. In both studies, we note that changes in the evaporation term dominate the 

changes to the fresh water budget in the North Atlantic. In both ESM2Mb and ESM2G, 

in fact, the precipitation and river terms are negative (having a drying effect) in both 

models; it is the strong decrease in evaporation in these models that results in a fresher 

North Atlantic. 

 In both of our models the Pacific Ocean experiences that largest change in its 

fresh water budget with a decrease of -0.19 Sv and -0.28 Sv in ESM2Mb and ESM2G, 

respectively. It is interesting to note that, although the ESM2G Pacific Ocean has a larger 

negative fresh water budget in PANCAKE than ESM2Mb, no overturning circulation is 

established. The reason that the change in ESM2G’s North Pacific evaporation, -0.067 

Sv, is less than half of ESM2Mb’s change of -0.14 Sv, is likely because the North Pacific 
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does not have an overturning circulation in either of the CONTROL, resulting in lower 

SSTs and less evaporation.  

The map of fresh water flux changes (PANCAKE minus CONTROL) shows that 

changes to tropical precipitation and evaporation dominate the changes in fresh water 

fluxes (Figure 4). The evaporation term over the ocean is most impacted in the North 

Atlantic, consistent with the weakening of the AMOC in both models. Note that the 

changes in precipitation and evaporation are in the same direction (drying) in the western 

tropical Pacific, especially in the region of the Maritime Continent, and that these are of 

the largest magnitude of changes in the fresh water fluxes across the globe. These local 

changes are partially compensated on a basin scale by increases in fresh water fluxes in 

other regions of the Pacific basin (Figure 4). 

 The large regional changes in precipitation result in a redistribution in the zonal 

average of river runoff, with much less river runoff in the tropics and an increase in river 

runoff in at high northern latitudes in both models (Figure 5). The Arctic Ocean is the 

only ocean that has an increase in river runoff in both models. 

  

B.4 Discussion 

  

 We find that removing Earth’s mountains from our Earth System Models results 

in a weakening of the AMOC in both of our models. In previous modeling studies, 

removing Earth’s mountains resulted in a collapse of the AMOC (Schmittner et al. 2011; 

Sinha et al. 2012; Maffre et al. 2017).  Although these results and those presented here 
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are not identical, they both suggest that mountains favor a strong AMOC is considered to 

be robust.  

  Previous studies have suggested that the mechanism by which mountains 

influence the AMOC is through their role in blocking water vapor transport. The mid-

latitude Rocky Mountains block water vapor transport from the Pacific to the Atlantic 

basins, whereas the Atlantic is able to export fresh water to the Pacific basin through gaps 

in tropical Central America, resulting in a saltier Atlantic basin with an overturning 

circulation (Schmittner et al. 2011; Sinha et al. 2012; Maffre et al. 2017). This conclusion 

is based on basin wide surface salinity differences, and fresh water budgets for each 

ocean basin constructed from modeling experiments.  

 Analysis of the fresh water budget from our experiments shows that, although the 

North Atlantic surface waters have greater fresh water flux when no mountains are 

present, fluxes from precipitation and river runoff into the North Atlantic are smaller than 

in our control simulations. The evaporation term governs the fresh water budget changes 

in the North Atlantic, and the sharp decrease in evaporation when mountains are removed 

is understood to be a consequence of the weaker AMOC advecting less warm tropical 

waters into the region of strong westerly winds. Therefore, we do not attribute the 

weakening of the AMOC to an increase in Pacific derived precipitation and river runoff.  

 The changes to sea-level pressure (SLP) in the PANCAKE experiments, a proxy 

for changes to surface winds over the ocean, are very similar in both models (Figure 6). 

Most pertinent to this analysis is that the Icelandic Low disappears when mountains are 

removed from these models (Figure 6). This dramatic change in surface winds impacts 

the surface currents, especially in the North Atlantic basin (results from ESM2Mb shown 
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in Figure 7). When the Icelandic Low is present, surface currents are not uniform at mid 

latitudes; the southwest-northeast flow of the surface winds across the North Atlantic 

allows currents to transport heat and salt northward at various longitudes. Without the 

Icelandic Low (and with stronger winds pushing the waters), the currents are much more 

consistent and move water almost exclusively south-southeast (Figure 7). This greatly 

limits the northward extent that the Gulf Stream can bring warm, salty tropical waters and 

clearly impacts the distribution of temperature and salinity in the North Atlantic, 

increasing surface salinity in the subtropical gyre and decreasing it in the sub-polar gyre 

(Figures 7).  

The combination of increased river runoff at high northern latitudes that freshen 

the Arctic ocean, and stronger, more zonal westerly winds that push North Atlantic 

waters southward, results in freshening of the North Atlantic and a weakening of the 

AMOC. This mechanism is illustrated in Figure 8. 

Atmospheric changes induced by the removal of mountains have a similar effect 

in both the Atlantic and Pacific basins in models, leading to very similar patterns of 

changes to temperature and salinity (Figures 9, 10). The common patterns in both models 

of changes in SLP, sea-surface temperature (SST) and sea-surface salinity (SSS), despite 

the very different ocean formulations, strongly suggest that these pattern changes are 

directly driven by changes in atmospheric circulation due to the removal of mountains. 

 In the North Pacific Ocean, the SSTs increase in the northwestern and 

southeastern parts of the basin, and cool in the southwestern and northeastern areas when 

mountains are removed. Salinity decreases in the central Pacific around 20°N but 

increases in most other places in both models. The changes in mixed layer depth (Figure 
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11) show that the sinking waters associated with the PMOC that is established in 

ESM2Mb are located just south of the Aleutian Arc, in agreement with Maffre et al. 

2017. This region becomes cooler and saltier in both models, promoting sinking. The 

pattern of changes in SSS (Figure 10) strongly suggest that that the increased salinity 

south of the Aleutian Arc is the result of higher salinity tropical waters circulating in the 

North Pacific, associated with the PMOC. These waters are much saltier in PANCAKE 

than in CONTROL because of the drastic decrease in precipitation and increase in 

evaporation over the Maritime continent, as well as a decrease in fresh water 

contributions from rivers draining east Asia associated with the weaker Asian summer 

monsoon (Naiman et al 2017, Maffre et al. 2017). 

 Although our results and mechanistic interpretation of the PMOC established in 

ESM2Mb when mountains are removed agree well with those from Maffre et al. 2017, 

we cannot consider this result to be robust because no PMOC was established in our 

ESM2G model. However, the common result between ESM2Mb and IPSL-CM5 suggests 

that the reason the Pacific does not have an overturning circulation today may result from 

the combination of Maritime convection and drainage of summer monsoon precipitation 

into the Pacific subtropical gyre, which freshens the waters that are circulated south of 

the Aleutian Arc, where deep water would form in the absence of a sharp halocline. 

One caveat of this study is that we were not able to calculate horizontal and 

vertical transports in the ocean because the data was not saved with the time-resolution 

necessary to make the calculations. However, the common patterns of changes in both 

models despite differing ocean components bolsters our confidence in our inferences 

about circulation. Another important caveat is that we did not change the river routing in 
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our experiment; the continents drain into the ocean through the same pathways in 

PANCAKE as they do in CONTROL. There is no compelling argument to determine 

how uniformly flat continents should drain into the ocean in this highly idealized world. 

We note that this decision is consistent with previous studies (Table 1), and that using a 

vastly different river routing scheme could change the results of these experiments. 

Future studies should explore how sensitive these results are to changes in river routing 

and to particular orography.   

 

 

B.5 Conclusion 

  

 Here we have used two state-of-the-art Earth System Models to further our 

understanding of the role of Earth’s mountains in maintaining a strong oceanic 

overturning circulation in the North Atlantic. In two models with different oceanic 

components, GFDL-ESM2Mb and GFDL-ESM2G, removal of Earth’s land-surface 

topography resulted in a large decrease in the maximum of the North Atlantic overturning 

streamfunction (>10 Sv decrease), indicative of a significant weakening of AMOC. This 

is a similar magnitude of weakening found in all of the previous studies (Table 1), 

although in our models the AMOC does not completely shut down completely 

(Schmittner et al. 2011; Sinha et al. 2012; Maffre et al. 2017). In ESM2Mb, a weak 

PMOC (<10 Sv) is established (Figure 1) with waters sinking south of the Aleutian Arc 

(Figure 10), similar to a previous study (Maffre et al. 2017).  
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 We analyzed these changes by starting with the observation that the first-order 

impact of removing land-surface topography on atmospheric winds is very similar in both 

models, and that the patterns of SST and SSS changes in the northern hemisphere are also 

very similar in both models. The Icelandic and Aleutian Lows disappear in the 

PANCAKE experiments, and the westerly winds are stronger than in CONTROL. In the 

North Atlantic basin, this results in surface currents uniformly transporting Arctic waters, 

freshened by increased river runoff, southward throughout the mid-latitudes (Figure 7). 

This freshens the region where NADW is formed in the CONTROL simulations (Figure 

10), greatly reducing the region where deep water is formed and weakening the AMOC. 

 In the Pacific basin, a strong decrease in precipitation over the Maritime continent 

and the Asian monsoon region (Figure 4) leads to the circulation of much saltier waters 

into the gyre that feeds the area south of the Aleutian low. In ESM2Mb, the changes are 

strong enough to establish a Pacific MOC, similar to past experiments (Schmittner et al. 

2011; Sinha et al. 2012; Maffre et al. 2017).  

 Deep water is not formed throughout the entire North Atlantic in models or on 

Earth; it is formed in specific locations where oceanic and atmospheric conditions are 

suitable. Basin wide salinity changes are not necessary to explain the impact of land-

surface topography on the overturning circulation. We conclude that the blocking of 

water vapor transport from the Pacific to the Atlantic by the mountain Mountains is likely 

not as important of a factor in maintaining the AMOC as the impact that mountains have 

on the shape of the westerly wind belt. 
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B.8 Tables and Figures 

Table 1: Comparison of models used in this and previous studies of the influence of mountains and ice 

sheets on the ocean’s circulation. 

 

 ESM2M ESM2G OSUVic FORTE IPSL-CM5A 

Reference Naiman et al 2017, 

Dunne et al 2012 

Naiman et al 2017, 

Dunne et al 2012 

Schmittner et al, 2011 Sinha et al, 2012 Maffre et al, 2017 

Atmosphere 

resolution 

AM2: ~2° x 2.5° AM2: ~2° x 2.5° Planet Simulator: T42 

~2.8° x 2.8° and T21, 

~5.6° x 5.6 

T42 ~2.8° x 2.8° LMDz (Hourdin et al. 

2013) 3.75 x 1.875 

Atmosphere levels 24 24 10 15 39 

Ocean resolution MOM: 1 x 1 

degree, telescoping 

at equator to 1/3 

degree 

GOLD: 1 x 1 degree, 

telescoping at equator 

to 1/3 degree 

1.8° x 3.6° ~2° NEMOv3.2: 2°, 

telescoping at the 

equator (to 0.5°) 

Ocean levels 50 59 19 15 31 

Land Model LM3.0 LM3.0 UVic FORTE ORCHIDEE 

Sea Ice Model Like CM2.1 model, 

dynamic 

Like CM2.1 model Uvic Simple thermodynamic 

model 

 

LIM2, dynamic 

Bering Strait Open Open Closed ? Open 

Gravity-wave drag 

parameterization 

(Anderson et al. 

2004) 

(Anderson et al. 

2004) 

None ? (Lott 1999) 

Land Surface 

Elevation 

0m 0m 0m 1m 200m 

High latitude 

vegetation change 

None None None None Tundra-like (70% C2 

grass, 25% evergreen 

forest, 5% bare soil) 

Experiment Years 400-500 400-500 490-510 800-850 900-1000 

River routing No change No change No change No change No change 

Control  maximum 

AMOC Strength 

(Sv) 

~26 ~22 ~14 ~18 ~9 

Change in 

maximum AMOC 

Strenght (Sv) 

~ -11Sv ~ -14Sv ~ -14Sv ~ -18 ~ -9Sv 
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Figure 1. Meridional Overturning Streamfunction (Sv) for Atlantic, Indo-Pacific, and 

World Oceans. 
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Figure 2. Northward heat transport (PW) in CONTROL (black lines) and PANCAKE 

(red lines) for ESM2Mb (left) and ESM2G (right). Atmospheric northward heat flow is 

dashed; Oceanic northward heat flow is solid, and Total northward heat flow 

(atmospheric and oceanic) is also solid (distinguished from the oceanic line because of its 

greater absolute value).  
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Figure 3. Zonal wind stress over the ocean (N/m2). Black line is from the ERA-Interim 

reanalysis product, 1979-2014 (Dee et al. 2011). 
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Table 2. Differences (PANCAKE minus CONTROL) in fresh water ocean fluxes 

(precipitation, evaporation, river) in Sv. Negative numbers correspond to drier conditions 

(e.g. less rain, more evaporation, and less river flow). Values that are greater than 0.1Sv 

are bold. 

 

  

ESM2Mb 

Precip 

ESM2Mb 

Evap 

ESM2Mb 

River 

ESM2Mb 

Total 

ESM2G 

Precip 

ESM2G 

Evap ESM2G River ESM2G Total 

Atlantic North (30:65) -0.058 0.1448 -0.0048 0.082 -0.0844 0.2192 -0.00985 0.12095 

 

Tropics 

(30S:30N) 0.134 -0.09 -0.0603 -0.0163 0.108 -0.084 -0.0833 -0.0593 

 Total 0.073 0.03 -0.0472 0.0558 0.019 0.125 -0.0805 0.0635 

Pacific North (30:65) -0.005 -0.136 -0.07172 -0.21272 -0.0555 -0.0316 -0.07499 -0.16209 

 

Tropics 

(30S:30N) 0.032 -0.051 -0.1 -0.119 0.112 -0.067 -0.113 -0.068 

 Total 0.047 -0.209 -0.1854 -0.3474 0.092 -0.191 -0.1857 -0.2847 

Indian Total 0.165 0.034 -0.0362 0.1628 0.194 -0.026 -0.0649 0.1031 

Arctic Total -0.01771 -0.01577 0.06696 0.06502 -0.03509 -0.012491 0.0799 0.057301 
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Figure 4. Differences (PANCAKE minus CONTROL) in fresh water ocean fluxes 

(precipitation, evaporation, river) in mm/day.  

   



 152 

Figure 5. Change in the zonal average of liquid river runoff into the ocean 
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Figure 6.  Sea-level pressure (slp) for ERA-INTERIM and NCEP2 (Kanamitsu et al. 

2002) reanalysis products (top), CONTROL simulations (middle) and PANCAKE 

experiments (bottom) in mbar. PANCAKE has been scaled by a factor of 1.026 to 

account for the global drop in slp due to the removal of Earth’s mountains and land ice.  

  



 154 

Figure 7. North Atlantic SST (top) and SSS (bottom) for ESM2Mb CONTROL (left) and 

PANCAKE (right) with surface currents (vectors) and sea-level pressure (contours). SST 

is in degrees Celcius; Salinity is in PSU. 
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Figure 8. Schematic diagram depicting the westerly winds (green arrow) blowing across 

the North Atlantic basin, and its impact on ocean surface currents (blue and red arrows; 

blue depicts cold, fresh arctic waters from the subpolar gyre and red depicts warm, salty 

waters from the subtropical gyre). When mountains are present (a), the westerly winds 

have cross the North Atlantic at southwest-northeast angle. Air flows around the 

Icelandic Low and currents are disorganized, allowing warm tropical waters from the 

subtropical gyre to readily mix into the subtropical gyre. Without mountains (b) the 

westerly winds are stronger and more zonal. Currents are more organized and southerly, 

discouraging mixing.  
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Figure 9. a) SST (top), SSS (bottom), and Surface Currents (vectors) for ESM2Mb North 

Atlantic. CONTROL is shown on the left, PANCAKE in the middle, and the difference 

(PANCAKE minus CONTROL) on the right. b) Same as a) but for ESM2G (surface 

currents for ESM2G are not available). 

a

 
b 
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Figure 10. a) SST (top), SSS (bottom), and Surface Currents (vectors) for ESM2Mb 

North Pacific. CONTROL is shown on the left, PANCAKE in the middle, and the 

difference (PANCAKE minus CONTROL) on the right. b) Same as a) but for ESM2G. 

a

 
b 
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Figure 11. Change in mixed layer depth (meters, PANCAKE minus CONTROL). Red 

indicates a shoaling of the mixed layer depth, and Blue indicates a deeper mixed layer 

depth. 
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Abstract 

We compare the changes in East African climate in a series of experiments in which 

Earth’s climate system was forced by 1) quadrupling atmospheric carbon dioxide, 2) 

removing Earth’s orography, 3) opening the Central American Seaway (CAS), and 4) 

fresh-water “hosing” of the North Atlantic, using a family of Geophysical Fluid 

Dynamics Laboratory (GFDL) Earth System Models (ESM2M, ESM2Mb, ESM2G). All 

of the perturbation experiments presented here have large regional impact. Of all the 

forcing mechanisms, removing orography has the largest impact on East African climate 

by allowing boreal summer monsoon moisture to be transported into East Africa and by 

weakening the zonally asymmetric Walker Circulation. Quadrupling atmospheric carbon 

dioxide warms East Africa and increases evaporation but does not have a large impact on 

precipitation. North Atlantic hosing shifts the Intertropical Convergence Zone southward, 

causing Northern Africa to become drier and Southern Africa to become wetter, but has 

minimal effects on East African climate overall. Opening the CAS does not have a 

discernable impact on East African climate. The control runs from this family of models 

simulate East African climate well, exhibiting surface air temperature and precipitation 

biases at various spatial scales that are of a similar magnitude to the spread in values for 

these parameters among various observationally based and reanalysis datasets. The 

spread in observationally based and reanalysis precipitation data is large in East Africa.  
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C.1 Introduction 

 Our understanding of the relationship between the global climate system and East 

African regional climate provides an important framework for interpreting paleoclimate 

archives from the region, such as the high-resolution records recovered by the Hominin 

Sites and Paleolakes Drilling Project (HSPDP) over the last five years (Cohen et al. 2009; 

Campisano et al. 2017). In support of the interpretation of HSPDP climate records, the 

study presented here compares how different global climate forcing mechanisms 

influence East African climate using a family of Earth System Models (ESMs). We 

analyze a series of idealized experiments focusing on two questions: 1) How do we 

expect different changes to the global climate system to impact East African climate? and 

2) On what spatial scales can we expect different global change signals to be observable 

in local proxy records?  

To address these questions, we chose four types of experiments that exert strong 

forcings of the climate system on the global scale. We compare results from a 1) warmer 

world with atmospheric carbon dioxide concentrations four times larger than pre-

industrial (1860) values; 2) a fresher North Atlantic and weakened Atlantic Meridional 

Overturning Circulation (AMOC); 3) a world with an ocean seaway through Central 

America; and 4) a world without land-surface orography. East African climate is 

influenced by all three large-scale tropical circulations – the Hadley, Walker and 

monsoon circulations – on a variety of timescales (e.g. Trewartha 1981; Nicholson 1996; 

Yang et al. 2014; Sepulchre et al. 2006). Previous studies have shown that precipitation 

tends to vary in coherent ways across the African continent over timescales from years to 

millennium, and African precipitation variability is controlled by large-scale circulation 
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patterns (Nicholson 2000, 1996). We evaluate the impacts on East African climate, 

focusing on precipitation and large-scale tropical circulation, in the various model 

integrations that use different forcings. We assess the impact of global forcings at global 

to local spatial scales, evaluating our models’ control simulations with reanalysis and 

observationally based parameters at each scale, and compare those differences to the 

magnitude of changes in each experiment. We focus our analysis on surface air 

temperature (SAT) and precipitation annual averages and seasonality.  

The rest of the paper is organized as follows. We describe the models and 

observation-based/reanalysis datasets used in this study in the following section. Section 

3 presents the experimental designs and hypotheses relating expected changes in large-

scale circulation to expected changes in East African climate. Section 4 compares metrics 

for large-scale circulation and related drivers of East African climate with changes in 

total precipitation in the region. In Section 5 we trace changes in the climate system from 

global to local scales, comparing the magnitude of differences between observationally 

based and reanalysis datasets, our model control runs and our experiments. We 

summarize and reiterate our conclusions in Section 6, emphasizing the implications for 

interpreting African paleoclimate records. 

 

C.2 Models and Data 

The ESMs, reanalyses, and observationally based datasets used in this study are 

summarized in Table 1. The ESMs were developed at the National Oceanic and 

Atmospheric Administration’s Geophysical Fluid Dynamics Laboratory (NOAA/GFDL); 

they are well documented, and reproduce the broad features of the Earth’s climate system 
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with sufficient fidelity to carry out scientific analysis (Dunne et al. 2012, 2013). ESM2M 

and ESM2G, both of which were included in the Intergovernmental Panel on Climate 

Change’s Fifth Assessment Report (IPCC-AR5), differ mainly in their ocean 

components; ESM2M uses a depth-based vertical coordinate with 50 vertical levels, 

whereas ESM2G uses an isopycnal vertical coordinate with 63 vertical levels (Dunne et 

al. 2012, 2013). Both models use a grid with 2.5° longitude by 2° latitude spacing in the 

atmospheric component and 1° longitude by 1° latitude spacing, telescoping to 1/3° 

latitude spacing near the equator, in the oceanic component. The ocean grids are tripolar 

at latitudes above 65°N. These models exhibit well-known biases in tropical precipitation 

that are common to state-of-the art, present day coupled climate models including a 

“double ITCZ” characterized by too much rain in the southern hemisphere (Mechoso et 

al. 1995; Dai 2006; Wittenberg et al. 2006; Dunne et al. 2012). ESM2Mb is a variant of 

ESM2M in which the above-ground land biomass was adjusted to better match ESM2G 

and observations (Malyshev et al. 2015; Dunne et al. 2012, 2013). The physical climate 

and response to changes in forcing are very similar between ESM2M and ESM2Mb. All 

of the “CONTROL” simulations have pre-industrial radiative forcing and specified 

atmospheric chemistry concentrations (286.15 ppm CO2). 

We use a number of gridded products to characterize the modern East African 

climate for this analysis because of the poor observational record of precipitation in East 

Africa (see IPCC AR5 Worging Group 1 Figure 2.29 in Hartmann et al. 2013). We 

include three reanalysis products – ERA-INTERIM (Dee et al. 2011), CFSR (Saha et al. 

2012) and NCEP2 (Kanamitsu et al. 2002)  – as well as a gridded rain gauge-based 

product GPCP (Adler et al. 2003), and GPCC (Schneider et al. 2014), which incorporates 
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rain gauges with sounding and satellite data. An important caveat of this study is that, 

because of the relative lack of robust observations of the East African climate, it is 

difficult to evaluate the skill of any ESM in reproducing East African’s climate. We 

assume that using a combination of observationally based and reanalysis products 

provides a better picture of East African precipitation than using a single rain-gauge 

product.  

 

C.3 Experiments 

The four types of in analyzed in this study are described below; details are 

summarized in Table 2. Although some of the experiments have real-world analogs, we 

note that they are not meant to be paleo-simulations that represent a specific period in 

Earth’s history, but rather idealized experiments with very strong forcings intended to 

expose the important qualitative changes in regional East African climate associated with 

each forcing.  

 

a. Quadrupling of atmospheric carbon dioxide 

 We report results from two integrations in which the atmospheric carbon dioxide 

(CO2) was quadrupled (“4XCO2”). We interpret the results from two experiments to 

demonstrate the impact of global warming on East African climate, analogous to Earth’s 

future under anthropogenic warming, or the Pliocene period (~5.3-2.58 million years ago) 

when Earth’s surface temperatures were 2-3 degrees warmer and atmospheric CO2 

concentrations were ~400 ppm (Fedorov et al. 2013). The two experiments are 1) a 

ESM2G simulation in which atmospheric CO2 was quadrupled abruptly, and model years 
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201-300 are analyzed to represent the transient climate response (“TRANS_CO2”), and 

2) a ESM2M run in which atmospheric CO2 was increased by 1%/year and model years 

4901-5000 are analyzed to represent the equilibrium response (“EQUIL_CO2”). These 

experiments are described in more detail in the CMIP5 description (Coupled Model 

Intercomparison Project Phase 5; Taylor et al. 2007).  

Our hypothesis is that quadrupling atmospheric CO2 results in warming in East 

Africa, and may increase precipitation in the region because of a weakening of the 

Walker Circulation (Held and Soden 2006). We also hypothesize that the changes in 

EQUIL _CO2 will be similar to but greater in magnitude than the changes in the TRANS 

_CO2 experiment because the EQUIL _CO2 experiment allows the climate system to 

equilibrate to the perturbation (Krasting et al. 2014; Stouffer and Manabe 1999).  

 

b. Removal of land-surface topography 

 We report results from “PANCAKE” integrations (Naiman et al. 2017) in which 

the land-surface topography, including ice sheets, were removed from ESM2G and 

ESM2Mb. These idealized experiments are carried out to demonstrate the impact of 

Earth’s orography on the climate system. The results are very similar between ESM2Mb 

and ESM2G (Naiman et al 2017). We did not change river routings, the geographic 

distribution of albedo associated with high latitude glaciers (i.e. Antarctica and Greenland 

are white in PANCAKE, assuming an ice-sheet-covered surface, but the topography 

associated with glaciers was removed), ocean bathymetry, surface roughness, or sea-level 

(ice removed from continents was not added to the ocean). Consistent with flattening 
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model topography, the topographic momentum drag scaling scheme and the gravity wave 

drag scheme were both turned off in PANCAKE. 

Previous modeling studies have demonstrated that orography has a very large 

influence on East African climate by blocking North African summer monsoon 

precipitation (Sepulchre et al. 2006; Kaspar et al. 2010; Prömmel et al. 2013; Sommerfeld 

et al. 2014, Naiman et al 2017), and by weakening the Walker Circulation (Held and 

Soden 2006, Naiman et al 2017).  

 

c. North Atlantic fresh water hosing 

 We report results from integrations in which an additional 1Sv (106 m3/second) of 

fresh water is added to the surface of the North Atlantic between 50°N and 70°N 

throughout the run, similar to previous experiments with a related model (Yin and 

Stouffer 2007). This idealized experiment is interpreted as analogous to a North Atlantic 

Ocean freshening event, such as a Heinrich event (McManus et al. 2004), although the 

forcing is much greater (~10x) than estimates of North Atlantic fresh water fluxes in the 

past (Yin and Stouffer 2007). Previous “HOSING” experiments have shown that 

injecting 1Sv of fresh water into the North Atlantic shuts down the Atlantic Meridional 

Overturning Circulation (AMOC), driving the ITCZ southward (Manabe and Stouffer 

1995; Yin and Stouffer 2007). We hypothesize that the HOSING experiment will result 

in drying of northern Africa and wetting of southern Africa. 

 

d. Open Central American Seaway 
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 For these integrations, land grid cells from Central America were converted to 

ocean grid cells in ESM2G, allowing water to move between the tropical Atlantic and 

Pacific basins (Sentman et al, in review).  The Panama isthmus is thought to have 

gradually shoaled and closed between 15 and 2.2 million years ago (Keigwin 1982; 

Osborne et al. 2014; Montes et al. 2015), and could have been a factor in producing East 

Africa’s ari. Although a number of different seaway configurations were simulated to 

represent the various stages of seaway closure (e.g. wide-and-shallow, narrow-and-deep, 

wide-and-deep), we used the wide-and-deep version, in which a ~2000 km seaway is 

introduced with a sill depth 2000m, in order to maximize the global climate changes and 

impact on East African climate.  We hypothesize that an open Central American Seaway 

(our “PANAMA” experiment) will import fresh Pacific waters into the Atlantic, thereby 

decreasing the salinity of surface waters in the North Atlantic resulting in a weaker 

AMOC, a response similar to the HOSING experiment.  

 

C.4 Global changes and East African precipitation 

We compare a series of metrics that quantify aspects of the climate system that 

might impact East African climate (Table 3) with mean annual East African precipitation 

(Figure 1, 30°E:52°E,10°S:12°N). As expected, the PANCAKE simulations (Naiman et 

al. 2017) resulted in the greatest change in precipitation in East Africa: CONTROL 

experiments receive 2.05-2.07 mm/day, whereas PANCAKE receives 4.1-4.5 mm/day. 

The only metric that exhibits a regular relationship with East African precipitation among 

this group of experiments is the Walker Circulation; a weaker Walker Circulation is 

associated with more precipitation in East Africa (Figure 1c). Ignoring the PANCAKE 
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results (which are likely much wetter, in part, due to the removal of the local mountains 

that block the North Africa summer monsoon moisture as in previous studies (Sepulchre 

et al. 2006 hemisphere tropical Pacific suggests)), Indian Ocean SSTs have a clear impact 

on East African precipitation (Figure 1i). Changes to the Hadley Circulation (1a), mean 

ITCZ latitude (1b), AMOC (1g) and Indian Monsoon strength (1e) do not have a clear, 

systematic effect on East African precipitation in these experiments. 

  The PANCAKE experiments also have the greatest impact on changes to the 

Köppen climate classification for East Africa (Figure 2), which relies on the annual 

means and monthly maximum and minimum values of both precipitation and surface air 

temperature (Gnanadesikan and Stouffer 2006). Our CONTROL simulations (ESM2M 

shown in Figure 2d) produce a climate that is too temperate throughout much of southern 

Africa compared to various reanalysis products (Figure 2 a,b,c), but simulate the East 

African aridity and the temperate climate of the Ethiopian Highlands well (Figure 2d). 

The temperate Ethiopian Highlands become tropical climate in the EQUIL_CO2 

experiment (Figure 2e), and only two grid cells of temperate climate in that region remain 

in the TRANS_CO2 experiment (Figure 2f). The rest of East Africa remains arid/semi-

arid in both warming experiments. This enforces the notion that as temperature increase, 

precipitation must also increase to allow little change in relative humidity (Held and 

Soden 2006). In PANCAKE (Figure 2 g), East Africa becomes tropical. The Köppen 

climate classification for East Africa does not change notably in either the HOSING 

(Figure 2i) or PANAMA (Figure 2h) experiments, although southern Africa is notably 

more temperate in both of these. 
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C.5 Scale analysis 

 This section systematically compares surface air temperatures (SAT) and 

precipitation at different spatial scales 1) among a number of reanalysis and other 

observationally based datasets (“RO” for Reanalysis and Other, see Table 1 for a 

summary), 2) between our CONTROL simulations and the RO datasets, and 3) between 

the experiment and CONTROL runs.  

 

a. Global scale 

 There is strong agreement between the various ROs on the Earth’s equator-to-pole 

surface air temperature gradient (Figure 3a). Our CONTROL simulations reproduce the 

gradient quite well, with a very small warm bias in most of the southern hemisphere and 

a small cold bias in the northern hemisphere (Figure 3b). The difference between the 

perturbation and the CONTROL integrations is much larger than the difference between 

the CONTROL and the ROs at the global scale. This was expected because we chose 

very strong forcings in order to maximize any potential climate change signal in East 

Africa. The quadrupling of CO2 integrations exhibit the largest warming in the northern 

hemisphere, although the HOSING and PANCAKE experiments show significant cooling 

at high northern latitudes (Figure 3c). In the high latitudes of the southern hemisphere 

warming is strongest in PANCAKE, followed by the EQUIL_CO2 experiment. There is 

minimal warming in the TRANS_CO2 experiment, and no change in the others (Figure 

3c). 

 ERA-INTERIM has a slightly cooler ocean and warmer land surfaces than both 

CFSR (Figure 3d) and NCEP2 (Figure 3e). The hemispheric pattern between our 
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CONTROL runs (represented by ESM2M in Figure 3f) and the ROs that was apparent in 

the zonal average SAT (Figure 3b) is clear in map view as well. The local maximum 

biases are of a similar magnitude (<10°C) as the local differences between the ROs.  

 The HOSING experiment shows a clear cooling in the northern hemisphere, 

which is concentrated over the Atlantic Ocean (Figure 3g). Both 4XCO2 experiments 

exhibit warming in most places that is concentrated over land and at high latitudes; the 

warming in EQUIL_CO2 (Figure 3h) is significantly greater than that in TRANS_CO2 

(Figure 3i). PANAMA shows a very slight warming off the coast of Antarctica, and 

localized cooling over the CAS region, but few other changes (Figure 3j). The 

PANCAKE experiments exhibit large regional changes in SAT, especially over regions 

where the CONTROL run has large mountains or ice sheets (e.g. Antarctica, the 

Himalayas, the Andes; Figure 3k). However, the regional differences cancel out in the 

global average, which changes by <0.7°C in both PANCAKE experiments, similar to the 

magnitude of change in the PANAMA experiment. The difference between the two 

PANCAKE experiments is very small (not shown). 

The RO products show the largest spread in average zonal precipitation in the 

tropics, between ~20°S and 20°N (Figure 4a). The zonal average precipitation of our 

CONTROL runs generally falls within the values for the ROs, and at latitudes where it is 

slightly outside the range of RO values (e.g. ~20°N), the difference between the 

CONTROLs and the ROs is smaller than the range of RO values at that latitude (Figure 

4b). However, the CONTROL runs exhibit the well-known “double ITCZ” (Intertropical 

Convergence Zone) bias previously discussed; instead of having a single rainfall peak in 

the northern hemisphere, there is an additional peak of almost the same magnitude in the 



 172 

southern hemisphere tropics (Figure 4b). The difference in zonally averaged precipitation 

between experiments and controls is not very large, although the increased hydrologic 

cycle of the 4XCO2 experiments is apparent (Figure 4c).  

The local differences between CFSR and ERA-INTERIM (Figure 4d), NCEP2 

and ERA-INTERIM (Figure 4e) and GPCP and ERA-INTERIM (Figure 4f) are of similar 

magnitudes, although the patterns are quite different. CFSR has a drier equatorial region 

than ERA-INTERIM, NCEP2 has a wetter equatorial region, and GPCP’s entire tropics 

are drier than ERA-INTERIM. The differences in precipitation between our CONTROL 

integrations (represented by ESM2M) and ERA-INTERIM are of a similar magnitude as 

the differences between the RO products. The equatorial region in CONTROL is drier 

than ERA-INTERIM, especially over the central Pacific and the Amazon basin. The 

double ITCZ can be seen in the southern hemisphere wet bias in the eastern tropical 

Pacific. The wet bias in the northern hemisphere tropical Pacific suggests that in the 

CONTROL, the ITCZ swings too far north. The regional changes in the experiments 

(Figure 4 h-l) are generally concentrated over the Maritime Continent (the region 

containing Indonesia, Philippines and Papua New Guinea), where rainfall is high, 

although the HOSING experiment exhibits a clear hemispheric pattern of dry-north/wet-

south. Maritime precipitation increases in the 4XCO2 experiments (Figure 4 h,i), 

PANAMA (Figure 4j) and HOSING (Figure 4k), but decreases in both PANCAKE 

experiments (ESM2Mb is shown in Figure 4l).  

 To examine differences in interannual global climate variability, dominated by the 

El Niño Southern Oscillation (ENSO) in nature, we compare distributions of de-trended 

SST anomalies (linear trends over the 100-year analysis were removed) from the Nino3 



 173 

region (150°W-90°W, 5°S-5°N). Our CONTROL integrations produce distributions that 

are similar in shape and magnitude to those from ERA-INTERIM (Figure 5, top row). 

The experiments exhibit minor changes to these distributions with the exception of the 

PANCAKE experiments (Figure 5), in which the frequency, strength and regularity of 

ENSO are significantly altered (Naiman et al 2017). 

 

b. Continental scale 

Focusing on a smaller scale -- the African continent – leads to greater variation in 

mean zonal African SAT between the reanalysis products, especially in the northern 

hemisphere (Figure 6a). The CONTROL runs reproduce the zonal Africa SAT well, but 

are slightly cooler at most latitudes than the reanalysis, although the difference between 

the CONTROLs and the reanalysis datasets are smaller than the spread between 

reanalysis datasets (Figure 6b). The 4XCO2 experiments have a large impact on African 

zonal SAT, and the EQUIL_CO2 experiment, as expected, has a larger impact than the 

TRANS_CO2 experiment (Figure 6c). The PANCAKE experiments show warming 

concentrated in the southern hemisphere, and the HOSING experiment shows some 

cooling in the northern hemisphere and very slight cooling in the southern hemisphere, 

with no change along the equator (Figure 6c). 

It is apparent that CFSR has warmer SATs than ERA-INTERIM in the Congo 

region, but cooler SATs in the Sahara (Figure 6d). NCEP2 exhibits a similar pattern of 

differences with ERA-INTERIM, with larger difference in the Sahara than in the Congo 

(Figure 6e). The differences in SAT between ESM2M CONTROL and ERA-INTERIM 

(Figure 6f) are of the same order of magnitude as the spread among the reanalysis 
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products (Figure 6 d,e). Likewise, the magnitude of cooling in the HOSING experiment 

(Figure 6 g) is similar to the spread among the reanalysis products (Figure 6 d,e). 

However, the magnitudes of warming in the TRANS_CO2 (Figure 6h) and EQUIL_CO2 

(Figure 6i) 4XCO2 experiments are much greater than the reanalysis differences and the 

CONTROL biases. The PANAMA experiment exhibits very slight warming through 

most of Africa and slight cooling in the north. The PANCAKE experiments show very 

strong regional warming in southern Africa and where the Ethiopian Highlands were, and 

some cooling near the Red and Mediterranean coasts.  

The reanalysis and observationally based precipitation products show the greatest 

spread in zonal African precipitation near the equator (~2.5 mm/day, Figure 7a). The 

CONTROL simulations produce too much precipitation in southern and northern Africa, 

but are in the range of the ROs near the equator (Figure 7b). The experiments exhibit 

only small changes in zonal Africa precipitation, with the greatest changes in the southern 

hemisphere (Figure 7c). The hemispheric signal in the HOSING experiment (dier north, 

wetter south) is apparent in Figure 7c. 

ERA-INTERIM has a wetter Congo region than any of the other RO products 

(Figure 7 d-g) and ESM2M CONTROL (Figure 7h), which has off-equatorial wet biases 

compared to ERA-INTERIM of a similar magnitude to the Congo dry bias. The 

EQUIL_CO2 experiment is only slightly wetter in the Lake Victoria region and does not 

show significant wetting near the coasts despite the much warmer SSTs (Figure 7i). The 

magnitude of precipitation changes in EQUIL_CO2 is less than the CONTROL biases 

(Figure 7h). PANAMA shows no discernable change in African precipitation (Figure 7j). 

PANCAKE is the only experiment with precipitation changes that are larger than the 
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CONTROL biases, even though SST changes are small (Figure 7k). The HOSING 

experiment results in small magnitudes of drying in West Africa from the ~0-20°N and 

wetting in southern Africa (Figure 7l), similar to the PANAMA experiment but with a 

larger magnitude.  

 

c. Regional to local scale 

Reanalysis products produce very similar monthly East African SAT profiles; 

NCEP2 is slightly cooler than CFSR and ERA-INTERIM (Figure 8a, column 2). At this 

spatial scale, the CONTROL runs reproduce monthly SATs well, exhibiting slightly cool 

SATs from November through February (Figure 8a, column 3). The 4XCO2 experiments 

warm East Africa, as do the PANCAKE experiments, but the other experiments register 

only small changes (Figure 8a, column 4).  

Averaging SAT over smaller (4°) regions leads to a larger spread in northwestern 

East African values among the reanalysis products (Figure 8b, column 2), probably 

resulting from the steep orography of the Ethiopian Highlands, although the reanalysis 

datasets still show strong agreement in other 4° regions (Figure 8 c,d). Previous studies 

have found that a simple algorithm can be used to distinguish different climate regimes 

within East Africa (Yang et al. 2015, 2014). Figure 8e shows the seasonal SAT for the 

parts of East Arica where March-April-May precipitation rates are greater than January-

February and September-October-November-December precipitation rates, and average 

annual precipitation is <2mm/day (Yang et al. 2015). Figure 8 f and g show the mask’s 

inverse, north and south of the equator, respectively. These masked regions produce 

tighter agreement between the reanalysis datasets and minimize CONTROL biases. 
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However, whether using masked regions or 4° regions, it is clear that the 4XCO2 

experiments exhibit the strongest warming. 

Averaging precipitation over smaller regions results in larger differences between 

reanalysis datasets and between CONTROL integrations and reanalysis (Figure 9 a-d). 

For example, averaging monthly precipitation over East Africa results in a spread among 

the RO products of < 3mm/day during boreal summer (Figure 9 a), whereas averaging 

over 4° boxes (Figure 9 b-d) produces a spread of ~6mm/day. The largest spread in RO 

values is in the northwestern region of East Africa (Figure 9 b). The CONTROL 

simulations produce too little rain in East Africa from January through April, and too 

much precipitation in November (Figure 9 a, column 3). The changes in East African 

precipitation in the PANCAKE experiments are larger than the spread between ROs and 

the differences between CONTROLs and ROs; changes in the other experiments are 

much smaller (Figure 9 a, column 4). PANCAKE has higher precipitation than the 

CONTROL simulations throughout most of the year, not just during boreal summer. 

Previous studies have demonstrated the role in East African orography in blocking 

summer monsoon moisture (Sepulchre et al. 2006; Kaspar et al. 2010; Prömmel et al. 

2013; Sommerfeld et al. 2014). However, our results suggest that other factors – likely 

the weakening of the Walker Circulation -- also contribute to PANCAKE’s increased 

precipitation.  

Although significant CONTROL precipitation biases are present in the northwest 

region of East Africa (Figure 9b), the biases in the East African region (Figure 9a, 

column 3) are dominated by the biases in the 4° region that represents the part of East 

Africa that has two rainy seasons (Figure 9d). These biases can be minimized by using 
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the same algorithm discussed above to represent the region instead of using a 4° box 

(Figure 9e).  

The paleoclimate archives recovered from East African paleolakes by the HSPDP 

sample watersheds that are probably not larger than 4°. Our results show that reanalysis 

and observationally based datasets have large discrepancies over such small regions; 

global change signals are more likely to be detected in signals that average over larger 

regions, such as the entire East Africa region shown in Figure 9a.   

 

C.6 Summary and conclusions 

In this study we compared the impact of four strongly forced global climate 

systems on East African climate, and found that orography was the most important 

control on regional precipitation, in agreement with previous studies that have 

emphasized the role of orography in East Africa’s aridity (Sepulchre et al. 2006). 

Although orography dries East Africa by blocking the North African summer monsoon 

precipitation, the weakening of the Walker Circulation appears to be an additional 

important control (Vecchi and Soden 2007). The relationship between East African 

precipitation and the strength of the Walker Circulation is consistent in all experiments: a 

weaker (stronger) Walker Circulation is associated with a wetter (drier) East Africa. 

The range in values among observationally based and reanalysis datasets is of a 

similar magnitude to our model’s CONTROL biases, independent of spatial scale, and the 

CONTROL runs capture most aspects of East African climate very well. The strongest 

temperature and precipitation biases in East Africa are in the Ethiopian highlands. Only 

the PANCAKE and 4XCO2 experiments exhibited surface air temperature changes 
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greater in magnitude than the observational range and model biases, and only PANCAKE 

produced large precipitation changes. The other experiments produced continental-scale 

patterns that may inform paleoclimate studies. The HOSING experiment cooled 

(warmed) the northern (southern) Atlantic, slightly dried (wetted) northern (southern) 

Africa, and cooled surface air temperatures throughout Africa. The PANAMA 

experiment slightly warmed the southern hemisphere and most of Africa (with the 

exception of the northern extreme). However, these very strong oceanic forcings did not 

result in changes in East African climate.  

The results presented here suggest that large global forcings may not produce 

easily identifiable signals in East African regional climate records. Climate changes 

recorded in East African continental proxy records since ~2.5 million years ago, when 

East African orography was probably similar to today (Sepulchre et al. 2006), are likely 

due to local changes such as basin configuration, and are unlikely to contain a signal from 

changes such as Heinrich events (based on the HOSING results) or the shoaling and 

closing of the Central American Seaway (based on the PANAMA results). However, the 

growth of orography over this period of time in the region of the West Pacific Warm Pool 

– namely Papua New Guinea and Borneo – may have had an impact on the large-scale 

circulation of the tropical atmosphere (Naiman et al 2017). Future climate change in East 

Africa due to anthropogenic CO2 is likely to be dominated by an increase in surface air 

temperature and evaporation, which may be partially offset by an increase in 

precipitation.  
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C.9 Tables and Figures 

Tables 

 

Table 1. Description of three Earth System Models used as controls, and the observationally 

based and reanalysis datasets used. Years used in this analysis correspond to model years for the 

three controls and calendar years for the other datasets. 

 

 

 

  

Name Description Resolution Years Reference 

ESM2M CONTROL Depth-based 

ocean z-

coordinate 

model 

2° atm, 1° 

ocean (to 

1/3° at 

equator) 

401-500 Dunne et al. 2012, 

2013 

ESM2Mb CONTROL Like ESM2M 

but with minor 

changes to land 

vegetation 

2° atm, 1° 

ocean (to 

1/3° at 

equator) 

401-500 Dunne et al. 2012, 

2013, Malyshev et al, 

2015 

ESM2G CONTROL Isopycnal 

based ocean z-

coordinate 

2° atm, 1° 

ocean (to 

1/3° at 

equator) 

401-500 Dunne et al 2012, 

2013 

Interim European Centre for 

Medium- RangeWeather Forecasts 

Re-Analysis (ERA-INTERIM) 

Reanalysis 0.75° 1980-2009 Dee et al, 2011 

Climate Forecast System Reanalysis  

(CFSR)  

Reanalysis 1/3° 1980-2009 Saha et al. 2010 

 

National Centers for Environmental 

Prediction v2 (NCEP2) 

Reanalysis ~2° 1980-2009 Kanamitsu et al 2002 

 

Global Precipitation Climatology 

Project (GPCP) v2.2 

Rain gauge 

based; land 

precipitation 

only 

2.5° 1980-2009 Adler et al. 2003 

Global Precipitation Climatology 

Centre (GPCC) v6 

Merged data 

from rain 

gauges, 

sounding and 

satellite data 

1° 1980-2009 Rudolf and Schneider 

2005; Schneider et al. 

2008 
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Table 2. Description of experiments used in this study, including the model years used throughout this analysis, and summary of 

hypotheses and results 
Name/Description Control Forcing Real-world analog Model 

Years 

Hypotheses Result 

1. Quadrupling of atmospheric carbon dioxide from pre-industrial levels 

TRANS_CO2: atm CO2 is 

quadrupled instantaneously 

(Taylor et al. 2007) 

ESM2G Atm Pliocene warmth 201-300 Warmer East Africa, and 

wetter due to weakening of 

Walker Circulation  

Warmer but 

not much 

wetter 
EQUIL_CO2: atm CO2 is 

quadrupled with increases of 1% 

per year (Taylor et al. 2007) 

ESM2M Atm Pliocene warmth 4901-

5000 

Larger temperature and 

precipitation changes than 

TRANS_CO2 experiment 

due to equilibration of CO2 

Warmer but 

not much 

wetter 

2. Fresh water hosing of the North Atlantic 

HOSING: 1 Sv of freshwater is 

continually added to the North 

Atlantic between 50°-70°N (Yin 

and Stouffer 2007) 

ESM2M Ocean Heinrich event  81-100 Shutdown of AMOC causes 

ITCZ to shift south; 

Southern Africa dries and 

Northern Africa is wetter 

No change in 

temperature or 

precipitation 

3. Removal of land-surface topography and ice sheets, or “Pancake” Earth 

PANCAKE: All land-surface 

topography is removed (Naiman et 

al 2017) 

ESM2Mb Atm Uplift of 

mountains 

worldwide 

throughout 

Cenezoic 

401-500 E Africa gets wetter due to 

absence of orography 

blocking summer monsoon 

and weaker Walker 

Circulation 

Wetter 

PANCAKE: All land-surface 

topography is removed (Naiman et 

al 2017) 

ESM2G Atm Uplift of 

mountains 

worldwide 

throughout 

Cenezoic 

401-500 E Africa gets wetter from 

absence of orography 

blocking summer monsoon 

and weaker Walker 

Circulation 

Wetter 

4. Opening of Panama seaway connecting tropical Atlantic and Pacific Oceans  

PANAMA: Ocean bridge between 

Atlantic and Pacific is opened in 

Central America (Sentman et al in 

prep) 

ESM2G Ocean Late Cenozoic 

closing of Central 

American Seaway 

2301-

2400 

Freshening of tropical 

Atlantic leads to weaker 

AMOC and a southern shift 

in African precipitation 

No change in 

temperature or 

precipitation 



 

 

Table 3. Description of climate metrics used for comparing with changes in East African 

precipitation  

Metric Details 

Hadley Circulation 

strength 

Maximum in overturning streamfunction expressed as percent 

change 

ITCZ annual mean 

latitude 

Latitude of minimum in vertically integrated annually averaged 

overturning streamfunction, expressed as change in degrees 

latitude 

Walker Circulation 

strength 

Difference in sea-level-pressure between the eastern equatorial 

Pacific (140°W:80°W,5S°:5°N) and the western equatorial 

Pacific (120°E:180°E,5°S:5°N), expressed as a percent change 

Tropical 

precipitation rate 

Average precipitation rate (mm/day) from 30°S:30°N, 

expressed as a raw difference (experiment minus control) 

Indian Monsoon 

Strength 

Average summertime (JJA) land precipitation rate (mm/day) 

over India (70°E:90°E,15°N:30°N) expressed as a raw 

difference (experiment minus control) 

Maritime 

Precipitation rate 

Land precipitation rate (mm/day) over Maritime continent 

(100°E:160°E,10°S:10°N), expressed as a raw difference  

(experiment minus control) 

AMOC strength Maximum overturning of time-average meridional 

streamfunction in the North Atlantic, expressed as a difference 

in Sv (106 m3/second).  

West Indian SST SST (°C) of region off the coast of East Africa 

(45°E:55°E,10°S:10°N), expressed as a raw difference  

(experiment minus control) 

East-West Indian 

SST gradient 

Difference in SST (°C) of East Indian Ocean 

(85°E:100°E,10°S:10°N), and region off the coast of East 

Africa (45°E:55°E,10°S:10°N), expressed as a raw difference  

(experiment minus control) 
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Figures 

 

 

 
Figure 1. Scatter plot of climate metrics versus mean annual East African 

(30°E:52°E,10°S:12°N) precipitation rate. Vertical grey lines show values from the three 

CONTROL runs. Model years used for this and subsequent figures are listed in Table 2, 

and descriptions for metrics are in Table 3.  
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Figure 2. Köppen climate classification from  (a) ERA-INTERIM, (b) CFSR, (c) 

NCEP2, (d) ESM2M CONTROL, (e) EQUIL_CO2, (f) TRANS_CO2, (g) PANCAKE, 

(h) PANAMA, and (i) HOSING. Details of Köppen algorithm used here were previously 

reported (Table 1 in Gnanadesikan and Stouffer 2006). Relevant climate types are 

defined as follows: Af is tropical wet (tropical evergreen rain forest) with minimum 

monthly average surface temperature (Tmin) > 18°C, not BS or BW, and minimum 

monthly average precipitation (Pmin) >60cm; Am is tropical moist (tropical evergreen rain 
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forest) Tmin > 18°C, not BS or BW, 6 > Pmin > (250 – annual precipitation (Pyear))/25cm; 

Aw is tropical dry (savanna/woodland) Tmin > 18°C, not BS or BW, and 6 > (250 - 

Pyear)/25 > Pmin; BS is semiarid (bush to grassland) 2(monthly average surface 

temperautre (Tave) + Poff) > Pyear > ( Tave +Poff), where Poff = 0 if > 30% of rain in winter, 

Poff = 7 if no wet season, Poff = 14 if > 30% of rain in summer; BW is desert (waste to 

cactus/seasonal vegetation) with (Tave +Poff) > Pyear; Cs is temperate winter wet 

(evergreen broad-leaf forest) with 18°C > Tmin > -3°C, not BS or BW, and maximum 

monthly average precipitation (Pmax) >3*Pmin, winter maximum, summer minimum; Cw 

is temperate summer wet (evergreen forest) 18°C > Tmin > -3°C, not BS or BW, Pmax > 

10*Pmin, summer maximum, winter minimum; Cfa is hot temperate moist (broad-leaf 

forest) 18°C > Tmin > -3°C, not BS or BW, Not Cs or Cw, Tmax > 22°C; Cfb is warm 

temperate moist (Broad-leaf forest) 18°C > Tmin > -3°C, not BS or BW, Not Cs or Cw, 

Tmax < 22°C and 4+ months warmer than 10°C; Cfc is cool temperate moist (needle-tree 

forest) 18°C > Tmin > -3°C, not BS or BW, not Cs or Cw, Tmax < 22°C, and less than 4 

months warmer than 10°C. 
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Figure 3. Two-meter mean annual surface air temperature (SAT, °C). Zonal average of 

(a) reanalysis products, (b) CONTROL simulations, and (c) experiments. Global map of 

SAT differences (°C) between (d) CFSR and ERA-INTERIM, (e) NCEP2 and ERA-

INTERIM, (f) ESM2M CONTROL and ERA-INTERIM, (g) HOSING and ESM2M 

CONTROL, (h) TRANS_CO2 and ESM2G CONTROL, (i) EQUIL_CO2 and ESM2M 

CONTROL, (j) PANAMA and ESM2G CONTROL, (k) PANCAKE and ESM2G 

CONTROL, and (l) PANCAKE and ESM2Mb CONTROL. Differences (°C) between 

global average SATs are shown in parenthesis after label in d-l.    
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Figure 4. Annual mean precipitation rate (mm/day). Zonal average of (a) reanalysis and 

observationally based products, (b) CONTROL simulations, and (c) experiments. Global 

map of precipitation differences (mm/day) between (d) CFSR and ERA-INTERIM, (e) 

NCEP2 and ERA-INTERIM, (f) ESM2M CONTROL and ERA-INTERIM, (g) HOSING 

and ESM2M CONTROL, (h) TRANS_CO2 and ESM2G CONTROL, (i) EQUIL_CO2 

and ESM2M CONTROL, (j) PANAMA and ESM2G CONTROL, (k) PANCAKE and 

ESM2G CONTROL, and (l) PANCAKE and ESM2Mb CONTROL. Percent differences 

between global average precipitation values are shown in parenthesis after label in d-l.   
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Figure 5. Distribution of de-trended SST anomalies (°C) from the Nino3 region (150°W-

90°W, 5°S-5°N). CONTROLS (top row) are shown in orange, and the anomalies from 

ERA-INTERIM are shown in blue. Other panels show results from experiments in 

orange, and the corresponding CONTROL run in blue.  Vertical axes show the number of 

monthly precipitation values. Note that dark orange color is where the orange and blue 

distributions overlap.   
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Figure 6. Mean annual two-meter surface air temperature (°C). Zonal average of (a) 

reanalysis products, (b) CONTROL simulations, and (c) experiments. Map of SAT 

differences between (d) CFSR and ERA-INTERIM, (e) NCEP2 and ERA-INTERIM, (f) 

ESM2M CONTROL and ERA-INTERIM, (g) HOSING and ESM2M CONTROL, (h) 

TRANS_CO2 and ESM2G CONTROL, (i) EQUIL_CO2 and ESM2M CONTROL, (j) 
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PANAMA and ESM2G CONTROL, (k) PANCAKE and ESM2G CONTROL, and (l) 

PANCAKE and ESM2Mb CONTROL.  
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Figure 7. Mean annual precipitation rate (mm/day). Zonal average of (a) reanalysis and 

observationally based products, (b) CONTROL simulations, and (c) experiments. Map of 

precipitation differences between (d) CFSR and ERA-INTERIM, (e) NCEP2 and ERA-

INTERIM, (f) GPCC and ERA-INTERIM, (g) GPCP and ERA-INTERIM, (h) ESM2M 
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CONTROL and ERA-INTERIM, (g) EQUIL_CO2 and ESM2M CONTROL, (j) 

PANAMA and ESM2G CONTROL, (k) PANCAKE and ESM2Mb CONTROL, and (l) 

HOSING and ESM2M CONTROL. Difference in SSTs (°C) (experiment minus 

CONTROL) is shown for panels i-l. 
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Figure 8. Monthly mean two-meter SAT (°C) for (a) East Africa (30°E:52°E, 

10°S:12°N) and (b-g) regions within. The first column shows the area used for 

calculating monthly averages; the other columns show the seasonal temperature from 

reanalysis products (column 2), CONTROL simulations (column 3) and experiments 

(column 4). The small areas (b-d) represent regions with different seasonal precipitation 

profiles (Yang, 2014). The masked area averaged in (e) is calculated using a simple 

formula: areas where MAM precipitation rates are greater than JF and SOND 

precipitation rates, and average annual precipitation is <2mm/day (Yang, 2015). The area 

in (f) and (g) are the northern and southern parts of the inverse of the mask used in (e). 

Note that separate masks were created for each dataset; the mask displayed is from ERA-

INTERIM. 
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Figure 9. Like Figure 8, but for monthly mean precipitation rate (mm/day). 
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