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ABSTRACT

Two state-of-the-art Earth systemmodels (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 El Niño–Southern Oscillation (ENSO). Without orog-

raphy, convectionmoves across the entire equatorial Indo-Pacific basin on interannual time scales. ENSOhas 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 PacificWalker circulation weakens in both models by approximately 45%, but the strength of

the mean Hadley circulation changes by less than 2%. Changes in the Walker circulation in these experiments

can be explained by the large spatial excursions of atmospheric deep convection on interannual time scales.

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.

1. Introduction

Land surface topography is a fundamental boundary

condition of Earth’s climate system. As such, there is a

greater than 40-yr 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 andWashington

1984); a regional approach, in which the height of

specific orography is varied (Xu et al. 2004; Takahashi

and Battisti 2007a,b; 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 systemati-

cally (Manabe and Terpstra 1974; Kutzbach et al. 1989;
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Kutzbach et al. 1993; Manabe and Broccoli 1990; Kitoh

1997, 2004; 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 midlatitude climates where the influ-

ence 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 vegeta-

tion), and refined the physics related to subgrid param-

eterizations (Kutzbach et al. 1993; Kitoh 1997, 2002). Of

these studies, only simulations run in the early 2000s

used a fully coupled atmosphere–ocean general circu-

lation model (AOGCM) without flux adjustments. Al-

though these simulations, integrated for 50 model years,

represented a significant advance in global climatemodels

at the time, today’s state-of-the-art Earth system models

(ESMs) boast improved parameterizations, a higher

component coupling frequency, and higher spatial reso-

lutions that better resolve topographic details and im-

prove the land–seamask. Because of 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

varyingEarth’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

‘‘PANCAKE’’ simulations for over 500 model years.

Previouswork had found that removing orography causes

midlatitude 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 18–1.58C (Barron 1985;

Kutzbach et al. 1993; Kitoh 1997). El Niño–Southern
Oscillation (ENSO) was reported to become more reg-

ularwith a higher amplitude and lower frequency without

mountains (Kitoh 2007). However, because of the rela-

tively short integration time of 50 model years, it was

unclear if that result would be found in a longer experi-

ment.With this caveat, we expected that our ESMswould

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

verywell (Wittenberg et al. 2006;Guilyardi 2006;Guilyardi

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 associated with the coarse representation of the An-

des (Philander et al. 1996; Wittenberg et al. 2006).

Although our results are broadly consistent with pre-

vious 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 im-

pact 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 in-

terannual time scales. They will also be of interest to the

paleoclimate community because changes to ENSO and

theWalker circulation are considered to play an important

role in 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

observation-based data used in this study. Section 3 exam-

ines the mean tropical circulation in the PANCAKE sim-

ulations, 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.

2. Data and models

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*whereasESM2G

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-min time step for atmospheric variables, a 1-h

time step for oceanic variables and coupling between

model components, and a 3-h radiation time step (Dunne

et al. 2012, 2013). Both models use a grid with 28 longitude
by 28 latitude spacing in the atmospheric component and

18 longitude by 18 latitude spacing (telescoping to 1/38 latitude
spacing near the equator) in the oceanic component. The

ESM2Mb is very similar to the GFDL ESM2M, but 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
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similar between ESM2M and ESM2Mb. In PANCAKE,

we did not change river routings, the geographic distribu-

tion of albedo associated with high-latitude glaciers (i.e.,

Antarctica and Greenland are white in PANCAKE, as-

suming an ice-sheet-covered surface, but the topography

associated with glaciers was removed), ocean bathymetry,

surface roughness, or sea level (ice removed from conti-

nents was not added to the ocean). Consistent with flat-

tening model topography, the topographic momentum

drag scaling scheme and the gravity wave drag scheme

were both turned off in PANCAKE. Our ‘‘CONTROL’’

experiments were run with preindustrial 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-

equilibrium climate state, defined here as having a net ra-

diative imbalance at the top of the atmosphere of less than

0.5Wm22 and trends in surface air temperature of less

than 0.58Ccentury21. We call this a quasi-equilibrium

climate state because the deep ocean is not fully equili-

brated with the changes in the surface forcing. Centennial-

scale trends in Earth’s energy balance and climate

variables such as surface air temperature are related to

changes in the ocean’s overturning circulation, which gener-

ally 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-RangeWeather Forecasts (ECMWF) interim

reanalysis (ERA-Interim) product (Dee et al. 2011). For

comparison with long time series of ENSO-related vari-

ables, we use ECMWF’s twentieth century reanalysis

(ERA-20C) product (Compo et al. 2011). TheCONTROL

runs for both models and the closely related GFDLCM2.1

have been reported to reproduce the broad features of

Earth’s climate system, and the twomodels tend to straddle

observations for many metrics, including the ENSO

FIG. 1. Differences (PANCAKE minus CONTROL) of 100-yr means (years 401–500) for

(a) precipitation, (b) v, and (c) SST. All values are fromESM2Mb. Values for v are at 500 hPa;

negative (blue) values are in the upward direction. Results for v do not change significantly

when different pressure levels, or an average of pressure levels, are used to represent the

midtroposphere. Black rectangles show regions used to calculate dSLP as the difference

between average sea level pressures in an equatorial region of the eastern Pacific (58S–58N,

1408–808W) and the western Pacific (58S–58N, 1208E–1808). Areas where the difference be-

tween PANCAKE and CONTROL mean values are more than two standard deviations of

annual mean CONTROL values over the 100-yr period are hatched.
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magnitude; the ENSO frequency is close to observed

values (Guilyardi 2006;Wittenberg et al. 2006; Dunne et al.

2012; Kim and Yu 2012; Dunne et al. 2013; Bellenger et al.

2014). 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 intertropical convergence zone (ITCZ) character-

ized 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 schemes used in our

models and precipitation biases on diurnal to interannual

time scales were performed onGFDL’s CM2.1 (Dai 2006;

Lin et al. 2006).

The two Earth system models used in this study pro-

duced the same qualitative results when the land surface

orography was removed. We focus our presentation be-

low on the ESM2Mb results; many figures for ESM2G

can be found in the supplemental material.

3. Mean circulation

Similar to previous studies (Manabe and Terpstra

1974; Ruddiman and Kutzbach 1989), Earth’s winds are

much more zonal when land surface topography is re-

moved. 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 tem-

peratures (SAT) also exhibit small changes (PANCAKE

is 0.678C warmer in ESM2Mb and 0.238C warmer in

ESM2G). The SAT change is consistent in sign with pre-

vious studies but smaller in magnitude (Barron 1985;

Kutzbach et al. 1993; Kitoh 1997). Assuming a lapse rate

of 6.58Ckm21, the global decrease in land surface eleva-

tion of 231m suggests an increase in SAT of about 1.58C
due to the lapse rate effect; the actual change is smaller,

likely as a result of feedbacks related to changes in cloud

types and distributions.

Average tropical (308S–308N) surface air tempera-

tures also exhibit changes that are small in magnitude

(0.378C in ESM2Mb and 0.258C in ESM2G). However,

the spatial pattern of tropical rainfall changes signifi-

cantly in both experiments (Fig. 1). Where tropical pre-

cipitation is high (low) in CONTROL, precipitation

decreases (increases) inPANCAKE.Tropical precipitation

is less focused in PANCAKE,where themaximum spreads

out in both the meridional and zonal directions. The ITCZ

in the Southern Hemisphere is more developed in

FIG. 2. Diagnostics for changes in tropical SSTs, including the dominant surface radiation flux terms. PANCAKEminus CONTROL is

shown for model years 401–500, with the change in SSTs contoured (8C), for (a) net surface heating (Wm22, positive fluxes are into the

ocean), (b) shortwave flux into the ocean (Wm22), (c) latent heat flux into the ocean (Wm22), (d) longwave flux into the ocean (Wm22),

(e) high clouds (%), (f) low clouds (%), (g) surface wind speed (m s21), and (h) nitrate in surface waters (mmol kg21, in the top 30m).
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FIG. 3. Walker and Hadley circulations. The Pacific Walker circulation weakens in PANCAKE, whereas the

strength of the Hadley circulation remains largely unchanged. Vertical (pressure) velocities are shaded [negative

(blue) values are in the upward direction] and vectors are (left) zonal wind u and vertical wind w for Walker

circulation (values are meridional averages from 58S–58N) and (right) meridional wind v and vertical wind w for

Hadley Circulation (values are zonal averages). (a) Schematic depiction of (left) Walker and (right) Hadley cir-

culations. (b) ERA-Interim data from January 1981 to December 2010. (c) ESM2Mb CONTROL model years

401–500. (d) Difference between ESM2Mb PANCAKE (model years 401–500) and ESM2MbCONTROL (model

years 401–500). The vertical component of the wind speed vector was approximated from the pressure velocities

using the relationship w 5 v/(2rg), where r is air density and g is gravitational acceleration, and is scaled by 104.

Note the different color scales for (left) and (right). The gray curve in each panel near the abscissa shows ap-

proximate topography from observations [from 400 gridded elevations/bathymetry for the world (ETOPO40) in

(b)] and the respective models.
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PANCAKE, extending farther across the Pacific basin than

in CONTROL, especially during austral summer and fall

seasons. PANCAKE has less precipitation over the Mari-

time 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 sub-

tropical Pacific, where the presence of the Andes

likely suppresses deep convection (Rodwell and

Hoskins 2001; Takahashi and Battisti 2007a,b; Feng

and Poulsen 2014).

In PANCAKE, precipitation decreases most dramati-

cally over the Maritime Continent (about 1008–1508E)
and increases over East Africa, the central equatorial

Pacific (between around 1808 and 1108W), and most of

the Amazon basin. Precipitation over India and South-

eastAsia decreases, consistent with aweakenedmonsoon

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 vertical (pressure) velocity

v in the middle of the troposphere (at 500hPa; Fig. 1).

Where air rises very quickly (slowly) in CONTROL, it

rises more slowly (quickly) in PANCAKE. The few ex-

ceptions 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 associ-

ated 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 (20.248C in ESM2Mb

and20.608C in ESM2G), as do global SSTs (20.468C in

ESM2Mb and 20.338C in ESM2G). The spatial pattern

of SST changes (Fig. 1) is distinct from the precipitation

and v anomaly patterns. For example, surface waters

cool significantly to the east and west of the Maritime

FIG. 4. Longitude–time plot of 3-month running anomalies relative to mean climate averaged over 58S–58N for SST (8C) from (left)

ERA-20C (years 1900–2000), (center) ESM2Mb CONTROL (model years 401–500), and (right) ESM2Mb PANCAKE (model years

401–500). Time increases in the vertical direction. Longitudes cover the Indian and Pacific Ocean basins. Approximate location of

Indonesia is shown below the abscissa.
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Continent but are unchanged or warmer in the vicinity

of the continent, whereas precipitation and v decrease

throughout this entire area. Precipitation and v increase

over a large region of the central equatorial Pacific, be-

tween 1808 and 1008W,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, espe-

cially in the western Pacific and eastern Indian basins

(Fig. 2a). An increase in nitrate in the surface waters

(Fig. 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 up-

welling regions associated withmeridional surface winds.

For example, PANCAKE’s SSTs in the Peru Current off

the west coast of South America are approximately 58C
cooler than in CONTROL (Fig. 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 (Fig. 2a), and

although the winds are more zonal in PANCAKE, the

wind speed is approximately 2ms21 stronger (Fig. 2g)

and the coastal meridional winds are stronger, leading to

increased upwelling along the Peruvian coast (Fig. 2h).

Just west of the coastal Peru Current, SSTs warm sig-

nificantly over large portions of the eastern subtropical

Pacific (Fig. 1). Throughout most of this region there is a

decrease of low clouds (Fig. 2f) that reflect shortwave

radiation (Fig. 2b) and an increase in high clouds (Fig. 2e)

that trap outgoing longwave radiation (Fig. 2d). These

changes are consistent with previous studies that have

shown that orography leads to stronger descent in sub-

tropical anticyclones and suppressed deep convection

(Rodwell andHoskins 2001), and removing theAndes, in

particular, leads to warmer SSTs in the southern sub-

tropical eastern Pacific as a result of 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 v over the equatorial

tropics (58S–58N) in longitudinal–height space (Fig. 3a).

The Walker circulation in the ERA-Interim data (Dee

et al. 2011) from 1981–2010 (Fig. 3b) shows that the

maximum velocities in the ‘‘up’’ direction (negative

v values) occur in the region of the Maritime Continent,

including the warm pool of the western Pacific and east-

ern Indian Oceans, with significant upward motion over

the longitudes of the Amazon rain forest. Air tends to

descend over the eastern Pacific and Atlantic basins and

over East Africa. This overall pattern and the zonal

variation in v are reproduced by the CONTROL

FIG. 5. (a) SOI, (b) Niño-3 SST anomaly (8C), (c) tropical precipitation anomaly (mmday21; averaged over 208S–208N), and (d) global

net radiation at the top-of-the-atmosphere anomaly (Wm22; positive values correspond to downward flux) from (left) ERA-20C, (center)

ESM2Mb CONTROL, and (right) ESM2Mb PANCAKE. The SOI is calculated from the SLP difference between Darwin (128S, 1308E)
and Tahiti (178S, 1508W). Sea surface temperature anomalies are monthly anomalies from the Niño-3 region (58S–58N, 1508–908W)

calculated using a running 211-month triangular smoother. Blue colors indicate La Niña years, and red colors indicate El Niño years. The

10 El Niño and 10 La Niña years that were chosen for analysis in this paper are bracketed by vertical lines in their corresponding colors.

The vertical scale is the same for in all panels. Tropical precipitation is the zonal average from 208S to 208N. Abscissa shows the calendar

year (for ERA-20C) or the model years.
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experiments (Fig. 3). Biases in the CONTROL simula-

tion’s Walker circulation include too-concentrated up-

ward motion over the Maritime Continent, too little

upward motion over the Amazon, and too much down-

ward motion over the eastern Pacific. In PANCAKE

(Fig. 3d), the zonal variation in v is remarkably damp-

ened. Although air tends to descend over the Atlantic

region with the same intensity as in CONTROL, and the

weak v 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

andBliss 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 v 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% (Table S1 in

the supplemental material), 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 de-

scend throughout most of the atmosphere over the west-

ern Indian Ocean and East Africa in the PANCAKE

experiments (;358–558E), disrupting the Indian Ocean

branch of the Walker cell. The upward branch of the

Walker circulation in PANCAKE is not focused over the

Pacificwarmpool; it extends over the entire IndianOcean.

The weakening of the Walker circulation in these

experiments occurs without significant weakening of the

Hadley circulation, which describes the zonally sym-

metric component of tropical convection. The Hadley

circulation can be depicted as the zonal average of

v over the tropics (308S–308N) in latitudinal–height

FIG. 6. Distribution of monthly (a) oceanic zonal wind stress anomalies in the Niño-4 region (58S–58N,

1608E–1508W) and (b) SST anomalies in the Niño-3 region (58S–58N, 1508–908W) for (left) ESM2Mb CON-

TROL and (right) ESM2Mb PANCAKE, model years 401–500. The zero-anomaly line is shown. Note the

difference in scale of the y axis between CONTROL and PANCAKE panels.
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space (Fig. 3). In ERA-Interim data from 1981–2010

(Fig. 3b), the average Hadley circulation is shown to be

dominated by air rising in the Northern Hemisphere,

consistent with the fact that the ITCZ spends more time

each year in theNorthernHemisphere. In thePANCAKE

experiment, the large-scale v 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

v and the regions centered at about 78N and 78S of the

equator of highv, consistent with diminished rains over

the equator Maritime Continent and cooler equatorial

SSTs. The overall variation in themagnitude of average

v 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 308S–308N, the strength of the

Hadley circulation changes are small in the ESM2Mb and

ESM2G PANCAKE experiments (21.93% in ESM2Mb

and 0.97% in ESM2G).

4. Interannual variability

Although the preindustrial CONTROL simulations

of the two models used in this study exhibit ENSOs with

FIG. 7. Average vertical wind velocities (hPa day21) between 58Nand 58S for (top)model years 401–500, (middle)

the 10 La Niña, and (bottom) the 10 El Niño from (left) ESM2Mb CONTROL and (right) ESM2Mb PANCAKE.

Spatial changes to the equatorial Walker circulation on interannual time scales in the PANCAKE simulations are

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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different characteristics, with ESM2Mb’s ENSO ex-

hibiting larger eastern Pacific SST anomalies and

ESM2G’s ENSO exhibiting smaller anomalies than

observations (Kim and Yu 2012; Bellenger et al. 2014),

ENSO in both models changes in the same qualitative

manner when mountains are removed. Without orogra-

phy, ENSO becomes stronger and more skewed toward

warm events, and the interval between events becomes

more regular (Fig. 4). The ENSO period, calculated from

model years 101–500, increases from 3.7 to 5.7 yr in

ESM2Mb and from 2.8 to 4.5 yr in ESM2G. The semi-

annual cycle in theNiño-3 region (58S–58N, 1508–908W) is

stronger in PANCAKE, especially in ESM2G, consistent

with the increased meridional symmetry about the equa-

tor (see the Hadley circulation in Fig. 3d). Interannual

variation in anomalies of equatorial SSTs (Fig. 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 in-

terannual anomalies span the Pacific basin in some years

but only reach the central Pacific in other years (Fig. 4). In

PANCAKE, they consistently extend across the entire

Pacific basin (Fig. 4), lengthening the period.As suggested

by previous authors (Watanabe and Wittenberg 2012;

Watanabe et al. 2012), the increased strength of ENSO

has a large impact on the total tropical precipitation

(Fig. 5c) and also the global net radiation at the top of the

atmosphere (Fig. 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 and a

previous study (Kitoh 2007) is encouraging.

The response of 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 inCONTROL. For example, in

the CONTROL runs, as in nature, the distribution

of monthly wind stress and SST anomalies over the

Niño-4 (58S–58N, 1608E–1508W) and Niño-3 (58S–58N,

1508–908W) regions is nearly normal, and the mode co-

incides with the mean (Fig. 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 simula-

tions these distributions are different. The mode and

FIG. 8. Precipitation difference (ESM2MbPANCAKEminus CONTROL) for (top) themodel

years 401–500, (middle) the 10 La Niña years, and (bottom) the 10 El Niño years.
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themean no longer coincide; themean is in-between La

Niña and El Niño values (Figs. 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 inter-

pretation of the results.

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 10 El Niño years and 10 La Niña years in

CONTROL and PANCAKE. Using time series from

model years 401–500, we picked spans of 12 consecutive

months using the Southern Oscillation index (SOI) and

Niño-3 SST anomalies to represent El Niño and La Niña
years and repeated this processwith theERA-20C (Fig. 5).

PANCAKE’s much stronger ENSO is apparent when

comparing La Niña and El Niño years with CONTROL

(Fig. 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 downwardmovement is different.

During La Niña years, the region of descending air (red

color in Fig. 7, middle) over the central and eastern

Pacific extends about 208 farther west in PANCAKE; air

descends over the eastern part of Indonesia. The de-

scending 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 Fig. 7,

bottom) shifts farther east, consistent with the increased

longitudinal span of the anomalies shown in Fig. 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 (Fig. 7, top).

Because of the stronger ENSO in PANCAKE relative

to CONTROL, interannual variation in tropical pre-

cipitation over the eastern equatorial Pacific is stronger as

well (Fig. 8). La Niña years are drier in PANCAKE than

CONTROL (Fig. 8, middle; see the box over eastern

equatorial Pacific), El Niño years are wetter (Fig. 8, bot-

tom), and themean changes aremore subdued (Fig. 8, top).

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 theWalker circulation discussed above.

What are the main drivers of the changes to ENSO in

PANCAKEEarth? The increased amplitude and period

of PANCAKE’s ENSO is partially explained by the

eastward shift in wind stress anomalies regressed onto

the Niño-3 region SST anomalies (Fig. 9), as the eastward

FIG. 9. (left) SST (8C) and (right) zonal wind stress over the ocean (kPa) regressed onNiño-3 region (58S–58N, 1508–
908W) SST anomalies for (top) ERA-20C, (middle) ESM2Mb CONTROL, and (bottom) ESM2Mb PANCAKE.

The SST regressions in (left) have a box over the Niño-3 region, and the zonal wind stress regressions in (right) have

a box over the Niño-3.4 region.
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shifted anomalies enhance atmosphere–ocean feedbacks

in the eastern equatorial Pacific where the thermocline is

close to the surface and require the off-equatorial oceanic

Rossby waves to travel a greater distance before they are

reflected back as equatorial Kelvin waves (Wittenberg

et al. 2006; Capotondi et al. 2006, and references therein).

This shift in wind anomalies regressed onto Niño-3 SST

anomalies results in both a stronger coupling between

Niño-3 SST anomalies and Niño-3.4 wind stress anomalies

(increases of 3.1 and 2.6Pa 8C21 inESM2MbandESM2G,

respectively, corresponding to fractional changes of 54%

and 61%) and a weaker delayed negative feedback from

reflected Kelvin waves, which are both consistent with 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 (Figs. 10a,b). The wider equatorial wind

zone in PANCAKE impacts the off-equatorial wind

stress curl field that drives the Sverdrup transport re-

sponsible for interannual changes in the zonalmeandepth

of the equatorial thermocline and the discharge (re-

charge) of heat from the equatorial thermocline duringEl

Niño (La Niña) events (Figs. 10c,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 con-

vergence 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

(Fig. 11, bottom). The steep LaNiña thermocline (Fig. 11,

middle), associated with stronger equatorial easterly wind

stress in PANCAKELaNiña years (Fig. 10b), allowsmore

heat to build up in the western Pacific warm pool to later

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 in-

terannual variation in SST (Fig. 5), wind stress anomalies,

and precipitation anomalies in both basins.

5. Discussion

When mountains are present, tropical convection is

focused in the Maritime Continent region, and SST

FIG. 10. (a),(b) Zonal wind stress (Pa) and (c),(d) zonal wind stress curl (Nm23) averaged over the Pacific Ocean

(1508E–908W) during (a),(c) El Niño years and (b),(d) La Niña years. Lines represent ERA-20C (black), ESM2Mb

CONTROL (solid blue), ESM2Mb PANCAKE (dashed blue), ESM2G CONTROL (solid red), and ESM2G

PANCAKE (dashed red). All model years are 401–500. Positive wind stress is westerly.Wind stress curl is scaled by

108. Positive wind stress curl is associated with northward Sverdrup transport in both hemispheres.
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anomalies related to ENSO often only reach the central

Pacific, whereas without mountains the Maritime Conti-

nent region dries and ENSO warm SST anomalies con-

sistently cross the entire Pacific basin (Fig. 4). This

suggests thatMaritimeContinent orographymight have a

mooring effect on convection. Previous studies have

highlighted two distinct mechanisms by which tropical

orography influences monsoonal circulation by pro-

moting convection: 1) mountains provide elevated heat-

ing surfaces and 2)mountains provide ‘‘lift’’ by forcing air

upslope (Meehl 1992; Kutzbach et al. 1993; Rodwell and

Hoskins 2001). In each case, convection leads to pre-

cipitation and the release of latent heat into the atmo-

sphere, further fueling the convection. Although these

authors stressed the importance of these mechanisms in

monsoon systems, these mechanisms should also operate

over the Maritime Continent. The raised heated surfaces

and orographic lift associated with Maritime Continent

orography may play an important role in mooring con-

vection over that region.

Apart from Maritime Continent 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 Ocean

thermocline exhibits much greater interannual variation

(Fig. 9), possibly contributing to the changes in tropical

rainfall in the PANCAKE experiments. In a recent study,

the height of theAndes was varied in simulations using the

National Center for Atmospheric Research Community

Climate SystemModel, version 4 (Feng andPoulsen 2014).

Lowering of theAndes lead to a decrease of approximately

22% in the Walker circulation compared with the control

Andes topography. The authors attributed this change to a

0.88C 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

(0.58C in ESM2Mb and 0.38C in ESM2G), and theWalker

decreased by about twice as much.

Orography associated with the East African rift sys-

tem 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 Continent

orography in impacting the large-scale tropical circulation

and tropical precipitation patterns.

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 mon-

soons when land surface topography is removed. How-

ever, we also found broad changes to tropical circulation

patterns, impacting the mean climate and interannual

variability. Without orography, convection and pre-

cipitation 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 equa-

torial atmosphere–ocean dynamics, leading to a more

regular ENSO with a lower frequency and much stron-

ger amplitude. The large changes to ENSO result in a

mean Pacific Walker circulation that is approximately

44% weaker and much larger interannual variation in

tropical precipitation and global net radiation at the top

FIG. 11. Average depth (m; 58S–58N) of the 208 isotherm in the

equatorial Indian and Pacific basins. The 100-yr mean from (top)

model years 401–500, (middle) the 10 La Niña years, and (bottom)

the 10 El Niño years for CONTROL (black) and ESM2Mb

PANCAKE (red). Approximate location of Indonesia is indicated

below the abscissa.
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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

nonrelated 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?Althoughwe speculate that

changes in Maritime Continent orography may have

had a strong influence on climate dynamics over the last

few million years, our study cannot constrain the role of

specific orography in the changes we found and did not

attempt to examine a realistic paleo-orographic sce-

nario. Future work should address the influence of

particular orography, especially in the area of the

western Pacific warm pool, on ENSO, the Walker cir-

culation, and regional to global climate.
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