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Relative importance of meridional and zonal sea surface temperature
gradients for the onset of the ice ages and Pliocene‐Pleistocene climate
evolution
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[1] During the early Pliocene (roughly 4 Myr ago), the ocean warm water pool extended over most of the
tropics. Subsequently, the warm pool gradually contracted toward the equator, while midlatitudes and
subpolar regions cooled, establishing a meridional sea surface temperature (SST) gradient comparable to the
modern about 2 Myr ago (as estimated on the eastern side of the Pacific). The zonal SST gradient along the
equator, virtually nonexistent in the early Pliocene, reached modern values between 1 and 2 Myr ago. Here,
we use an atmospheric general circulation model to investigate the relative roles of the changes in the
meridional and zonal temperature gradients for the onset of glacial cycles and for Pliocene‐Pleistocene climate
evolution in general. We show that the increase in the meridional SST gradient reduces air temperature and
increases snowfall over most of North America, both factors favorable to ice sheet inception. The impacts of
changes in the zonal gradient, while also important over North America, are somewhat weaker than those
caused by meridional temperature variations. The establishment of the modern meridional and zonal SST
distributions leads to roughly 3.2°C and 0.6°C decreases in global mean temperature, respectively. Changes in
the two gradients also have large regional consequences, including aridification of Africa (both gradients) and
strengthening of the Indian monsoon (zonal gradient). Ultimately, this study suggests that the growth of
Northern Hemisphere ice sheets is a result of the global cooling of Earth’s climate since 4 Myr rather than its
initial cause. Thus, reproducing the correct changes in the SST distribution is critical for a model to simulate
the transition from the warm early Pliocene to a colder Pleistocene climate.

Citation: Brierley, C. M., and A. V. Fedorov (2010), Relative importance of meridional and zonal sea surface temperature
gradients for the onset of the ice ages and Pliocene‐Pleistocene climate evolution, Paleoceanography, 25, PA2214,
doi:10.1029/2009PA001809.

1. Introduction

[2] Over the past 60–70 Myr, since the beginning of the
Cenozoic when temperatures in polar regions were about
10°C, the Earth experienced an erratic cooling that culmi-
nated in the onset of glacial cycles in the Northern Hemi-
sphere [Zachos et al., 2001]. Even though the exact timing
for this onset has not been firmly established, evidence
suggests it had already begun by 2.7 Myr ago [Haug et al.,
1999; Bartoli et al., 2005], leading to the recent reclassifi-
cation of the start of the Pleistocene [Gibbard et al., 2009].
The origin of Northern Hemisphere glaciation, and me-
chanisms of the gradual amplification of glacial cycles since
the late Pliocene, remains a subject of persistent discussion
(see, for example, the review of Raymo and Huybers
[2008]). Other changes in Earth’s climate during the past
5 Myr are also the subject of intense investigation, for
example, the aridification of Africa since 3 Myr [Marlow et
al., 2000; deMenocal, 2004; Dupont et al., 2005].

[3] Variations in solar radiation related to Milankovitch
cycles (caused by periodic variations in orbital parameters
such as the tilt of the Earth’s axis) are responsible for the
waxing and waning of the ice sheets [Muller and MacDonald,
2000]. However, the exact mechanisms by which these mod-
est, perfectly periodic solar variations cause large variations
in Earth’s climate remain unclear. Apparently, Milankovitch
forcing has been relatively constant over the past several
million years [Laskar et al., 2004], but the amplitude of the
climatic response has been changing as long‐term global
cooling introduced different climate feedbacks (Figure 1).
[4] There are a number of different hypotheses for the

Pliocene climate changes (many incorporating amplification
by ice albedo feedbacks), but none has become the accepted
reason for the onset of glaciation. Lunt et al. [2008] attempted
to test a variety of these hypotheses using a coupled climate
model and an ice sheet model. They found that a reduction
in the atmospheric CO2 concentration is essential for large‐
scale ice sheet growth on Greenland but not sufficient to
explain the phenomenon. In fact, it appears that a stronger
drop in CO2 is required for the glaciation onset than is
observed [Pagani et al., 2010].
[5] Recently, changes in sea surface temperatures (SSTs)

since the early Pliocene have attracted attention as a
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potential factor in the onset of glacial cycles, especially
changes in the tropics and subtropics [Philander and
Fedorov, 2003; Barreiro et al., 2006; Fedorov et al.,
2006; Huybers and Molnar, 2007]. Estimates of Pliocene
SSTs have become more numerous and accurate in the past
few years, leading to new insights into the warm climate
state before the onset of Northern Hemisphere glaciation
[Dowsett and Robinson, 2009] and the subsequent climate
evolution. For example, there have been dramatic changes in
tropical SST gradients over the past ∼5 Myr (Figure 1) in
both the zonal gradient along the equator (red, after Wara et
al. [2005]) and the meridional gradient on the eastern side of
the Pacific (green, after Brierley et al. [2009]). Both these

records are created as the difference between 2 ocean cores:
for this study, we take them to be representative of the
basin‐wide situation as suggested by Wara et al. [2005] and
Brierley et al. [2009]. Uncertainties in this interpretation are
covered later in the discussion section.
[6] Early Pliocene Pacific SSTs were zonally uniform

along the equator, so that the equatorial cold tongue was
either nonexistent or very weak [Philander and Fedorov,
2003; Wara et al., 2005; Fedorov et al., 2006]. This state
has been dubbed a “permanent El Niño‐like state” or
“permanent El Niño” [e.g., Molnar and Cane, 2002;
Philander and Fedorov, 2003], which implies only that the
mean ocean state had a minimal zonal temperature contrast

Figure 1. Evolution of climate over the past 5 Myr. (a) The development of the meridional sea surface
temperature (SST) contrast in the tropical east Pacific (green line, from Brierley et al. [2009]) and the
zonal SST gradient along the equator (red line, from Wara et al. [2005]). The meridional temperature
difference is estimated from alkenone records from the ODP sites 846 (3°S, 91°W) and 1012 (32°N,
118°W). The zonal temperature difference is calculated from Mg/Ca temperature records from ODP sites
806 (0°N, 159°E) and 847 (0°N, 95°W). The black and the red lines are obtained using a 400,000 year
running mean. (b) The oxygen isotope record (blue line, from Lisiecki and Raymo [2005]) shows a
general cooling of the climate since 5 Ma and an increase in variability associated with glacial cycles.
(c) The variations of Earth’s obliquity, a key component of the orbital forcing that drives glacial cycles,
are shown by the orange line and appear throughout the d18O record [Laskar et al., 2004].
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along the equator rather than saying anything about the
climate variability. Further discussion of the nature of per-
manent El Niño exists elsewhere in the literature [e.g.,
Fedorov et al., 2006; Fedorov et al., 2010; Brierley et al.,
2009; Bonham et al., 2009]. Such climate states appear to
have existed earlier in the Cenozoic as well, but their ter-
mination was not linked to an onset of glacial cycles,
probably due to higher CO2 than in the Pliocene [Nathan
and Leckie, 2009].
[7] Recent data indicate that the Pliocene meridional SST

gradient between the equator and the subtropics was also
very weak, roughly 2°C around 4 Myr ago [Brierley et al.,
2009]. Thus, the early Pliocene had a vast pool of warm
water encompassing the whole extent of the tropics rather
than just zonal uniformity along the equator implied by
the term “permanent El Niño.” Midlatitudes and subpolar
regions were also significantly warmer. This is supported by
a recent early Pliocene SST reconstruction (Figure 2) [after
Brierley et al., 2009], which shows a very flat SST distribu-
tion in the tropics and midlatitude and subpolar latitude
warmer on average 3°C–6°C. Because of uncertainties in the
paleodata, here we define the warm pool simply as waters
with temperatures above a set threshold rather than using a
dynamical definition, such as that of Lindzen and Nigam
[1987].

[8] The gradual contraction of the warm pool toward the
equator (and the overall increase of the meridional SST
gradient, Figure 1) clearly began before the date of 2.7 Ma
given for the onset of Northern Hemisphere glaciation
[Haug et al., 1999] and continued after that date. The
meridional temperature gradient on the eastern side of the
Pacific appears to have reached its modern values around
2 Ma; the zonal SST gradient along the equator appears to
have reached its modern values at a somewhat later time. (It
is possible that the meridional gradient in the ocean interior
reached modern values roughly at the same time as the zonal
gradient, but in the absence of actual data from the mid‐
ocean we use 2 Ma as the tentative threshold.)
[9] Using an atmosphere general circulation model,

Barreiro et al. [2006] investigated the effect of a permanent
El Niño‐like state on global climate and showed that such a
climate state in the tropics could help maintain an ice‐free
Northern Hemisphere. Huybers and Molnar [2007] used
recent observations to determine the impact of a composite
El Niño event on North American climate. They concluded
that El Niño events can cause a warming of high northern
latitudes and, therefore, additional ice melt. Their analysis
suggested that the impact of insolation changes caused by
obliquity variations is less than the impact of an El Niño
and, hence, of permanent El Niño conditions. On the other

Figure 2. Meridional SST profiles used for the simulations. The early Pliocene SST distribution (∼4 Ma)
in the mid‐Pacific (pink squares), after Brierley et al. [2009] with an addition of a data point at 16°37′N,
59°47′E [Huang et al., 2007]. The pink line shows the hypothetical fit of equation (1) to the proxy data.
The black line shows the modern climatological SSTs along 180°E from Rayner et al. [2003]; the green
line shows the hypothetical fit to the modern dateline SSTs also based on equation (1) but with different
coefficients. The two fitted lines are used as the boundary conditions for the meridional SST gradient
experiments. We expect the error bars in this reconstruction to be of the order of 1°C or smaller, even
though more accurate estimation will have to wait until more data are available. Errors would emerge
from (1) the adjustments of temperatures, (2) systematic errors in alkenone and Mg/Ca methods, and
(3) uncertainties due to temporal variations in temperatures within the time interval considered.
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hand, Haywood et al. [2007] forced a coupled climate model
to produce a permanent El Niño in the equatorial region but
found no significant impacts to the ice growth over Green-
land. These studies did not account for a potential role of
changes in the meridional SST gradient. For example,
Barreiro et al. [2006] explicitly assumed that the meridional
SST distribution matched that of the present‐day. Thus, the
question of the relative importance of the two SST gradients
becomes critical for understanding climate evolution since
the early Pliocene.
[10] The aim of the present study is to investigate whether

the variations in the meridional SST profile seen since the
early Pliocene were conducive to Northern Hemisphere
glaciation and how these variations compare to the effects
associated with zonal SST variations. We treat the two
gradients as completely independent, although in reality
there should be a connection between them. Brierley et al.
[2009] looked at the combined tropical effects of these
changes (which include a slowdown of the atmospheric
Hadley circulation). Here, we concentrate on the relative
roles of the changes on climatic processes on land (including
temperatures and snowfall over northern high latitudes and
climate conditions over Africa and parts of Asia).
[11] The effects of altered equator‐to‐pole temperature

gradients have long been a focus of paleoclimate studies
[e.g., Barron, 1987; Caballero and Langen, 2005], as well as
studies of the response of atmospheric models to different
forcing [e.g., Neale and Hoskins, 2000; Brayshaw et al.,
2008]. Many of those studies use atmospheric general cir-
culation models to determine the response to imposed SSTs.
In this paper, we build upon this approach and explore how
Pliocene‐Pleistocene climate evolution is affected by chan-
ges in two key properties of the climate system: the
meridional SST gradients from the equator to the subtropics
to midlatitudes and the equatorial zonal SST gradient.

2. Method

[12] These experiments use the Community Atmosphere
Model, version 3 (CAM3) at T85 resolution [Collins et al.,
2006]. We repeated calculations with a lower‐resolution
version of the model (T42) and found only minor differ-
ences between the two versions. The model was developed
at the National Center for Atmosphere Resolution (NCAR)
as part of their coupled climate model that was included in
the International Panel on Climate Change’s fourth assess-
ment report and is used broadly for paleoclimate studies
[e.g., Caballero and Langen, 2005; Brierley et al., 2009]. The
majority of the boundary conditions are identical to the
present‐day control simulation of Collins et al. [2006]. We
emphasize that the goal of this study is not to reproduce
accurately the climate conditions of the early Pliocene and
subsequent glaciation but rather to investigate the gross
effects of changes in the meridional and zonal SST gradients
and their relative roles; hence, our use of the modern orog-
raphy and land surface boundary conditions.
[13] The present study builds on the approach of Barreiro

et al. [2006], who explored the early Pliocene climate in an
atmospheric global climate model. They specified an ide-
alized permanent El Niño state in the tropics (between 30°N

and 30°S) by zonally extending the modern meridional SST
profile from the dateline. Thereby, all zonal SST gradients
in the tropics were eliminated, but the meridional gradients
were left unchanged.
[14] Similarly, we will contrast and compare three ideal-

ized experiments: (1) the early Pliocene experiment with
reduced meridional and no zonal SST gradients, (2) the
experiment with the modern meridional SST gradient but no
zonal SST gradient (the “modern zonal”), and (3) the
present‐day experiment forced by the modern SST distri-
bution at the surface (the “modern control”). All these
experiments have the same amount of atmospheric CO2

(the 1990 level of 355 ppm), the same orography and land
surface, but different imposed sea surface conditions (SST
and sea ice coverage).

2.1. Early Pliocene Simulation

[15] The forcing for the early Pliocene simulation is ob-
tained by zonally extending the SST profile from the Plio-
cene reconstruction shown in Figure 2 with several
modifications as described below. For details of this
reconstruction, see Brierley et al. [2009]; an extra point was
added at around 16°N using data from the Arabian Sea
[Huang et al., 2007]. This reconstruction for the mid‐Pacific
SSTs was created by incorporating adjusted proxy data
mostly from the North Atlantic to represent a Pacific
oceanographic setting. Since typical temperatures in the
North Atlantic are warmer than in the Pacific, for the
Atlantic Ocean, we use a slightly altered meridional SST
profile but still with no zonal gradients across the basin.
[16] The chosen period of the reconstruction, around 4–

4.2 Ma, coincides with the time when the east‐west tem-
perature gradient along the equator almost collapsed and the
meridional temperature gradient was minimal (Figure 1a).
Further, it is assumed that the zonal temperature gradients
within each basin were absent (except in the South Pacific,
see below), which is an oversimplification but allows the
impacts of the changes in meridional gradient to be isolated.
[17] The analytical expression for the SST profile is ob-

tained by fitting the following exponential function to the
temperature estimates in Figure 2:

T �ð Þ ¼ Tmax � Tminð Þ exp � 1

a

�j j
45

� �N
" #

þ Tmin ð1Þ

where � is the latitude in degrees, Tmin is the temperature of
freezing for seawater (set to −1.8°C), and Tmax is the max-
imum temperature in the tropics (set to 28.5°C for all pro-
files). The fitting parameters N and a control the strength of
the extratropical SST gradient and the curvature of the SST
profile near the equator. For the early Pliocene Pacific, N is
set to 4.5, while the constant a was determined to be 2.6 by a
least squares fit to the temperature estimates [Brierley et al.,
2009]. To simulate the warmer temperatures in the North
Atlantic, the value of a is set to 4.2.
[18] There are somemarked similarities between equation (1)

and the theoretical result of Emanuel [1995] obtained for a
heating source at the equator. Accordingly, the high value of
N indicates that the system is a long way from the critical
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value to initiate meridional monsoonal circulations [Plumb
and Hou, 1992]. Indeed, the early Pliocene simulation
does not exhibit an Asian monsoon (see section 3.5).
[19] The early Pliocene SST profile as derived from

equation (1) is shown in Figure 2 (pink line), along with the
originating data. To simulate the seasonal cycle, this profile
is shifted each month along the meridian, matching the

progression of the modern annual cycle. To take into
account the effect of the Peru Current along the coast of
South America, which was warmer in the early Pliocene but
still colder than the surrounding waters [Dekens et al.,
2007], a cold temperature anomaly was added to the SST
field. The SSTs constructed in this manner are shown in
Figure 3a. The fractional sea ice cover is calculated from the
SST. There is no sea ice for SSTs warmer than 0.8°C, and
the fractional coverage increases linearly until −1.8°C,
which is assumed to have complete sea ice coverage.
[20] Thus, this simulation uses the early Pliocene SST

reconstruction described above with the imposed meridional
SST profile from Figure 2 and the assumption of zonal
uniformity (with the exceptions that the North Atlantic is
warmer and the Humboldt Current is colder than this pro-
file). The early Pliocene simulation is similar to that per-
formed by Brierley et al. [2009], but here, the orography and
land surface conditions are specified at present‐day condi-
tions. This simulation will henceforth be termed the “early
Pliocene” run.

2.2. Modern Zonal Simulation

[21] The second simulation uses the fit to the modern
meridional SST profile shown as the green line in Figure 2.
The method is identical to the early Pliocene run except for
the coefficients used to create the hypothetical SST profile
and the imposed sea ice coverage (a function of the SST).
This simulation is termed a “modern zonal” run because all
major zonal SST variations within each ocean basin are
eliminated.
[22] The same equation (1) is used to create a zonally

uniform version of modern conditions, but with N set to 3
and a set to 1.2 (1.7 for the North Atlantic). This meridional
profile fitted to modern conditions is shown by green line in
Figure 2, and the annual mean SST pattern is shown in
Figure 3b.
[23] This experiment is generally similar to the study of

Barreiro et al. [2006] with a few exceptions. First, our
modern zonal SST field assumes zonally uniform in the
extratropical oceans (removing the effects of boundary
currents), while Barreiro et al. [2006] use modern ob-
servations in the extratropics that are joined to the zonally
uniform tropics via linear interpolation. Second, Barreiro et
al. [2006] use the Geophysical Fluid Dynamics Laboratory
AM2.0 model, whereas we use NCAR’s CAM3. Third,
Barreiro et al. [2006] made some alterations to the land
surface and orography for their Pliocene simulations.
[24] Note that because of the way they are defined, the

two meridional SST profiles in Figure 2 have the same
temperature at the poles, so that any potential changes in
temperatures over the polar regions are minimized, which
should emphasize the effects of SST changes from the tro-
pics to midlatitudes. Because of this issue, and for the
purposes of this study, we define the meridional SST gra-
dient as temperature difference from the equator to, say, 50°
of latitude, rather than the equator‐to‐pole difference. Also,
to approximate the climate of circa 2 Ma by which time the
meridional gradient is fully developed, we use the modern
zonal experiment: we assume that meridional SST changes

Figure 3. Annual mean sea surface temperature fields for
the three experiments. White circles show the locations of
the ODP cores used to determine the evolution of zonal
and meridional SST gradients in Figure 1.
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between 2 Ma and the present are relatively minor compared
to those between 4 and 2 Mar.

2.3. Modern Control Simulation

[25] The third simulation uses a modern SST and sea ice
climatology based on the average of 1961–1990 taken from
the HadISST data set [Rayner et al., 2003]. It is similar to
the control run of Collins et al. [2006] but shall be termed
the “modern control” run in this paper.

3. Results

3.1. Increase of Meridional SST Gradient

[26] First, we explore how climate conditions over land in
the Northern Hemisphere are affected by the increase in the
meridional SST gradient between the early Pliocene and
modern zonal simulations (Figure 4). There is a dramatic
reduction in both winter and summer surface air tempera-
tures (Figures 4a and 4b, respectively) throughout the
Northern Hemisphere, in the range of 4°C–8°C.
[27] There is a strong change in surface temperatures in

northwest Canada in boreal winter, where the increase in the
meridional SST gradient causes more than 5°C of cooling.
However, the average temperature of this region in winter is
already below the freezing point in the early Pliocene sim-
ulation. Any additional cooling will likely not impact the
persistence of the snowpack, as there is already very little
melt occurring in that region during winter. On the other
hand, substantial areas of North America see reductions in
the summer air temperature, which would act to prolong the
existence of the winter snowpack. The drop in summer
temperatures is caused by increased mid‐ and low‐level
cloud cover over the continent, which reduces the amount of
incoming solar radiation reaching the surface. This increase
in cloud cover is, in turn, caused by a strengthening of the
midlatitude jet stream, associated with the increased
meridional SST gradient and thermal wind balance.
[28] To determine the impact of changes in the meridional

SST distribution on ice buildup, one can consider factors
that would influence an ice sheet’s mass balance. An ice
sheet will grow over a year if it gains (accumulates) a greater
amount of ice than is removed (ablated). The accumulation
of ice is relatively easy to determine from the simulations, as
it is equal to the liquid water equivalent of the total amount
of snow falling over the year. The ablation is harder to
diagnose, as it requires knowledge of such properties as the
surface albedo, rainfall, and temperature of the ice. A sim-
ple, frequently used parameterization of the ablation is the
positive degree day approach [Greuell and Genthon, 2004].
This method assumes that the amount of ablation is directly
proportional to the sum of all daily mean temperatures
above freezing (positive degree days). Therefore, the change
in ice sheet mass balance can be expressed as

dM=dt ¼ A� � � PDD ð2Þ

where M is the mass of the ice sheet (kg), t is time, A is the
total annual snowfall in liquid water equivalence (kg), b is
the degree day factor, and PDD is the annual amount of
positive degree days (°C day). The product b × PDD de-

scribes the actual or potential annual loss of snow/ice by
ablation. Estimates for the degree day factor range from 3 to
15 mm d−1 °C−1 [Braithwaite and Zhang, 2000].
[29] There is a reduction in the number of positive degree

days throughout the Arctic caused by the transition to the
colder meridional SST distribution, which becomes stronger
toward midlatitudes (Figure 4c). The reduction in positive
degree days would act to increase the persistence of snow
cover during the melt season. There is a reduction in the
total amount of snowfall over the year in the Arctic and an
increase below ∼70°N (Figure 4d). This arises from a
reduction in moisture transport to the high latitudes, caused
by the storm tracks occurring farther south.

3.2. Increase of Zonal Tropical SST Gradient

[30] To determine the consequences of the establishment
of zonal SST gradients in the tropics over the past 2 Myr, we
look at the differences between the modern control and the
modern zonal simulations (Figure 5). There is a notable
decrease in winter temperatures throughout Canada espe-
cially around the Hudson Bay. The summer impacts include
a broad warming of the interior of North America of more
than 4°C (generally consistent with the results of Barreiro et
al. [2006]). This is a consequence of an increase in the upper
level subsidence over the continent, leading to a suppression
of clouds and a subsequent increase in incoming solar
radiation hitting the surface. In the present climate, cold La
Niña events lead to a summer warming and drying of the
Great Lakes region [Green et al., 1997]. In our simulations,
we see a much stronger signal throughout North America.
This is not surprising since the applied tropical SST
anomaly is much larger and longer in duration than
observed under a typical La Niña. In the annual mean (not
shown), we see a cooling of Canada and a warming of the
interior of the United States. The cooling is dominated by
the winter temperature pattern, and the warming is domi-
nated by the summer changes.
[31] The warming over the U.S. interior leads to an

increase in positive degree days there, associated with the
establishment of tropical zonal SST gradients. However,
there is a reduction in positive degree days in northern
Quebec and Labrador, which is an important area for ice
sheet growth (coinciding with the probable origin of the
Laurentide Ice Sheet). Similarly, there is an increase in total
annual snowfall in Alaska (associated with deepening of the
Aleutian low) as well as some changes over Greenland.
However, there is large uncertainty about how much ice
existed on Greenland, and therefore its elevation, in the
Pliocene [Lunt et al., 2008]. These simulations have all been
performed with modern orography, so any results over
Greenland should be treated with caution.
[32] The pattern in Figure 5c shows an increase in positive

degree days over the interior of the U.S., which does not
agree with the conclusion of Huybers and Molnar [2007],
who used present‐day observations to determine the impact
of El Niño events on the positive degree days over North
America. There are a number of factors that may explain this
difference, of which the most probable cause is the meth-
odology of Huybers and Molnar [2007]. Positive degree
days is a diagnostic that emphasizes the summer changes
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Figure 4. Impacts of the increase in the meridional SST gradient since the Pliocene on the northern high
latitudes. (a and b) Changes in winter (DJF) and summer (JJA) average surface temperature suggesting
hemisphere wide cooling, in °C. (c) Changes in positive degree days, in °C days and (d) in total annual
snowfall, in m yr−1 of liquid water equivalent.
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Figure 5. Same as Figure 4 except for impacts of establishing modern zonal SST gradients in the tropics
on the northern high latitudes.
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(since most melt occurs in summer). However, the pattern of
Huybers and Molnar [2007] does not appear to show any
signature of the observed summer warming over land during
El Niño [Green et al., 1997; Deser et al., 2006]. Therefore,
the results of Huybers and Molnar [2007] are probably
biased toward winter, when modern, transient El Niño
events reach their peak. Thus, the climate response to a
permanent change in SST can differ in a number of respects
from the response to interannual and seasonal changes
[Haywood et al., 2007].

3.3. SST Changes and Ice Sheet Growth

[33] The analysis above shows that the changes in tropical
SST gradients since the early Pliocene would have impacted
the buildup of snow in North America. The positive degree
days and snow accumulation presented previously can be
combined to create a single measure for the ice sheet mass
balance. Although this method alone cannot determine
whether these changes are sufficient to allow glacial
inception, it permits quantitative comparison of the two
gradient contributions to the onset of Northern Hemisphere
glaciation. In order to create this single measure, we return
to equation (2) and set the degree day factor, b, to be 5 mm
d−1 °C−1. This is a value typical of late season snow cover
[Braithwaite and Zhang, 2000], and a snowpack surviving
throughout the melt season is a necessary precursor to the
growth of an ice sheet. This allows estimation of the
potential ice sheet mass balance (dM/dt) over the course of
1 year (Figure 6).
[34] Greenland is the only region in the Northern Hemi-

sphere for which this metric is positive in the modern con-
trol (the coldest of the runs presented). This implies that
favorable conditions for growing or sustaining an ice sheet
exist only over Greenland in the modern climate. The
majority of Canada has values of −5 m yr−1 or less, meaning
that an extra 5 m of water must fall as snow each year (at
least 15 m of actual snow) to start developing an ice sheet.
This is an order of magnitude above the present snow fall.
[35] It must be reiterated that Figure 6a shows only

potential ice sheet mass balance (dM/dt in equation (2)),
since potential melt, calculated as the positive degree days
multiplied by the degree day factor in equation (2), is the
dominant term over North America. The values of potential
melt over much of the region far exceed the annual snowfall.
[36] Overall, the establishment of meridional SST gra-

dients has a stronger effect than zonal SST changes in the
tropics. The increase in the meridional gradient by itself
results in an increase in ice sheet mass balance of up to 10 m

yr−1 in high‐latitude North America (Figure 5b). The
establishment of the zonal tropical SST gradient causes an
increase of 1–2 m yr−1 poleward of 50°N, with the largest
increase over northwest Canada. Both increases are mostly
due to the temperature changes over land (and hence
changes in positive degree days). If a b parameter appro-
priate for ice rather than late season snow was used, changes
in positive degree days would dominate the total annual
snowfall even more.
[37] One advantage of presenting the data as changes in

ice sheet mass balance is that climate models have too low a
resolution to accurately grow an ice sheet over sharp
topography (such as a mountain). However, data from cli-
mate models are regularly downscaled to drive separate ice
sheet models because trends in the simulated mass balance
are thought to be much more reliable.

3.4. Impacts of Changes in the SST Gradients
on Clouds and Atmospheric Water Vapor

[38] The transition from the warm early Pliocene to colder
climate conditions evidently resulted in dramatic changes in
the mean global temperature. Our numerical experiments
suggest that the mean global temperature decreases by 3.2°C
between the early Pliocene and modern zonal simulations
and decreases by 0.6°C between the modern control and
modern zonal runs (Table 1). This suggests that the early
Pliocene global mean temperature was ∼4°C higher than
the modern climate and possibly higher still as our analysis
is likely to underestimate temperature changes in high
latitudes. Previous estimates indicated up to 3°C warmer
temperatures for the mid‐Pliocene [Ravelo et al., 2004;
Haywood and Valdes, 2004].
[39] The global cooling implies a reduction in the black-

body longwave emission from the Earth’s surface. All the
simulations were integrated until quasi‐stable equilibrium
was reached, so the reduction in emitted longwave radiation
must be balanced by other radiative changes. These radiative
changes are largely from water vapor and cloud changes
(Table 1), which is consistent with the conclusions of
Barreiro et al. [2006] and Brierley et al. [2009]. However,
the increase in the meridional SST gradient results in a much
greater role of water vapor for the radiation balance.
Establishment of zonal SST gradients has a smaller impact
because the drying in the Southern Hemisphere is partially
compensated by the moistening associated with the inten-
sification of the (northern) Intertropical Convergence Zone
(ITCZ).

Figure 6. Potential ice sheet mass balance. (a) Potential ice sheet mass balance (dM/dt) in the modern control simulation as
calculated by equation (2). (b) Changes in the potential mass balance associated with the increase in the meridional SST
gradient seen between 4 and 2 Ma. Mass balance shifts to positive values (indicative of potential ice sheet growth) almost
everywhere in North America. (c) Changes in the mass balance associated with the termination of permanent El Niño
conditions and establishment of tropical zonal SST gradients. Mass balance shifts to positive values in the northern regions
of North America. Note the nonlinear scale. All changes are calculated from the fields presented in the Figures 4 and 5. The
value of b parameter is set to 5 mm of melt per positive degree day. Changes in the mass balance are largely due to summer
temperatures. Note that our results for Greenland in Figures 6b and 6c should be treated with caution, since we kept the
modern surface elevation.
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[40] The impact of the meridional SST gradient on the
water vapor latitudinal distribution (Figure 7) is very
similar to that found by Brierley et al. [2009], who
included orography and land surface changes in their early
Pliocene simulations. There is an increase in water vapor
near the equator associated with increased atmospheric
deep convection. The decrease elsewhere is a consequence
of the decreased temperatures and the Clausius‐Clapeyron
relationship.
[41] The water vapor changes from establishing zonal

SST gradients occur primarily in the tropics. There is a
suppression of deep convection and a cooling over the
upwelling zones in the Southern Hemisphere, leading to a
local decrease of water vapor content. A slight increase in
the vertical water vapor transport in the northern tropics
leads to a positive anomaly above 700 mbar and a negative
anomaly below. This is associated with the strengthening of
the ITCZ in the Northern Hemisphere.
[42] The changes in water vapor are accompanied by

cloud cover changes in the atmosphere (Figure 8). The
increase in meridional SST gradient leads to an increase in
high cloud cover in the tropics and a reduction in the sub-
tropics. This is associated with a strengthening of the
Hadley circulation by roughly 30% [Brierley et al., 2009].
The largest cloud changes caused by the establishment of
zonal SST gradients are related to the suppression of deep
convection and the establishment of stratus decks over the
Southern Hemisphere tropical upwelling zones, especially
the Peru‐Chile current system. There is an increase in high
cloud cover around 10°N associated with the strengthening
of deep convection in the ITCZ region and a strengthening
of the South Asian monsoon circulation (discussed more
later). Part of the decrease in low‐level cloud cover in the
Arctic arises from shifts in the edge of sea ice in the Barents
Sea associated with prescribed changes in SST.
[43] For the global mean, increasing either meridional or

zonal SST gradients leads to less greenhouse forcing of the
cloud cover, with a reduction in high, warming clouds and
an increase in low, cooling clouds. The magnitudes of the
global mean cloud changes are similar for both experiments

Table 1. Global Mean Changes in Surface Temperature Arising
From the Increase in Meridional and Zonal SST Gradients in the
Atmospheric Global Climate Modela

Meridional
SST Gradient

Tropical Zonal
SST Gradient

Global mean temperature change
(°C)

−3.2 −0.6

Combined water vapor and lapse
rate effects (W m−2)

−10.8 −2.6

Total cloud effect (W m−2) −3.1 −2.7
Surface albedo effect due to changes
in snow and sea ice cover (W m−2)

−1.8 −2.7

aMain components of the atmospheric radiative that contributes to those
changes are also shown. Positive is defined as directed toward the Earth for
the heat fluxes, so that negative numbers indicate a greater energy loss to
space. Note that changes in heat fluxes related to surface albedo should
be treated with caution since we do not have interactive ice sheets.

Figure 7. Changes in the latitudinal distribution of the
zonally averaged water vapor content of the atmosphere,
in g kg−1, caused by increasing (a) meridional SST gradi-
ent and (b) zonal SST gradient in the tropics. The overall
reduction in water vapor, which is greater for Figure 7a,
arises from the reduced sea surface temperatures and the
Clasius‐Clapeyron relationship. The increases in water vapor
concentrations in the narrow equatorial regions are associated
with increased deep convection.
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as are the radiative impacts of those changes (Table 1 and
Figure 8).

3.5. Impacts of Changes in SST Gradients
on Precipitation Over Land in the Tropics

[44] An important element of the climate evolution over
the Pliocene‐Pleistocene involves climate changes in Africa
[e.g., deMenocal, 2004] and over India [e.g., Huang et
al., 2007]. In fact, the aridification of East Africa in the
Pliocene‐Pleistocene is thought to be a driver for hominid
evolution [deMenocal, 2004]. To investigate these issues,
we look at the simulated precipitation minus evaporation
(P ‐ E) over Africa and surrounding regions (Figure 9). As
tropical rainfall has a strong seasonality, we consider
boreal summer (June, July, and August, JJA) and winter
(December, January, and February, DJF) separately. It is
worth reiterating here that the land cover has been specified
as identical to the modern for all simulations, so no vege-
tation feedbacks can exist in these runs. Those feedbacks
would amplify any moisture changes in the area by affecting
evaporation from the land surface. Also, the orography is
identical in all the simulations, which has been shown to
impact the climate of East Africa [Sepulchre et al., 2006].
[45] The establishment of modern meridional gradients

leads to a summer drying stretching from North Africa to
northern India and a winter drying in the Sahel and over the
Arabian Sea. The summer North African signal comes from
a reduction in the poleward extent of the West African
monsoon. In the early Pliocene simulation, the Hadley cir-
culation is relatively weak and so are the trade winds
[Brierley et al., 2009]. The land‐sea contrast (critical for the
West African monsoon) remains approximately constant
with the reduction in the meridional SST gradient; however,
the monsoon cannot penetrate as far north against the
strengthened trade winds. The intensification of the Hadley
circulation also leads to a stronger upper level tropical jet in
the summer. This stronger jet suppresses high cloud for-
mation in a broad swath along 30°N leading to reduction in
the longwave cloud forcing of ∼40 W m−2.
[46] Zonal SST gradients also have strong impacts on the

hydrological cycle, causing a widespread drying throughout
the year (Figure 9, bottom). The main branch of the modern
Walker circulation involves uplift over Indonesia and sub-
sidence over the east Pacific. However, there is a minor
branch over the Indian Ocean, with subsidence occurring
over the coast of East Africa with associated colder SSTs.
In the modern zonal simulation, the Walker circulation is
extinguished (a consequence of prescribing zonally uni-
form SSTs). Thus, the drying of East Africa is caused by a
suppression of penetrating convection by the subsidence
related to the spin‐up of the Walker cell.
[47] There are large changes in the moisture budget

(precipitation minus evaporation, shown as line contours in
Figure 9) over the Indian Ocean, especially in boreal sum-
mer. These are related to a dramatic strengthening of the
summer monsoon, including the Somali jet. The strength-
ening of the summer monsoon brings a lot of moisture to
India but makes East Africa drier (as the moisture from the
Indian Ocean no longer heads toward Africa). The response

Figure 8. Changes in the zonally averaged distribution of
low and high clouds (black and gray lines, respectively) as
a consequence of increasing (a) meridional SST gradient
and (b) zonal SST gradient in the tropics. High clouds are
defined as clouds above the 400 mbar pressure level, while
low clouds occur below 700 mbar. Cloud cover is measured
in percent of the total area. The dashed lines indicate global
annual mean changes. While latitudinal distribution of
changes in the cloud cover is different in each case, the
mean changes are comparable: an increase in highly reflec-
tive low clouds and a reduction in greenhouse high clouds.
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of the South Asian monsoon is stronger to changes in the
zonal rather than meridional SST gradient in the tropics.
[48] Changes in monsoon characteristics before and dur-

ing the Pliocene‐Pleistocene interval have been a subject of
a number of studies in the past, even though the exact timing
and nature of these changes are still not entirely settled
[Huang et al., 2007; Gupta and Thomas, 2003]. Often the
intensification of the South Asian monsoon is linked to the
uplift of the Tibetan Plateau [Clift and Plumb, 2008; Molnar
et al., 2010; Boos and Kuang, 2010], but here, we show that

the strengthening of the South Asian monsoon could be
caused by SST changes alone rather than by orographic
variations.

4. Discussion

[49] Clearly, there are a number of limitations affecting
our study. First, with the way we define the meridional
SST profile, we most likely underestimate changes in high‐
latitude SST, north of ∼60°N. Taking into account the

Figure 9. The impact of increasing meridional and zonal SST gradients on the P ‐ E field over Africa
and surrounding regions. (top) Impact of increasing the meridional SST gradient on (right) boreal summer
and (left) boreal winter and (bottom) consequences of establishing modern zonal SST gradients on the
same seasons. The colors show changes in P ‐ E over land (in mm d−1). The lines show changes in
P ‐ E with a contour interval of 2 mm d−1 over the ocean; the bold line corresponds to 0, and negative
contours are dashed.
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cooling of the high‐latitude ocean fully would further
amplify the impacts of the reduction in the meridional SST
gradient. The assumption of ocean basins that have zon-
ally uniform SSTs (except for South Pacific) is also an
idealization. The wind stress in all the simulations would
drive ocean circulation, creating boundary currents and hence
zonal temperature gradients (albeit rather weak according to
observations [see Fedorov et al., 2006; Brierley et al., 2009;
Dekens et al., 2007]).
[50] Second, this work has not incorporated interactive ice

sheets, so it is not possible to determine whether the impacts
of the changes in SST gradients alone were sufficient to
initiate glaciation. Overall, it is likely that SST changes
worked in tandem with other environmental factors during
the Pliocene, specifically with CO2 variations. Likewise, our
results are not sufficient to make definite conclusions about
the impacts of meridional SST changes on the Greenland ice
sheet. A more thorough analysis would be needed, perhaps
similar to that by Lunt et al. [2008], who employed an off‐
line ice sheet model and considered changes in CO2,
Greenland’s tectonic uplift, and other factors but not the
changes in the tropical meridional SST contrast.
[51] Our study is motivated in part by the results presented

in Figure 1a: it is worth discussing the fidelity of these data
(originating in the work of Wara et al. [2005] and Brierley
et al. [2009]). The zonal temperature contrast is calculated
as the difference between Mg/Ca proxy SST at Ocean
Drilling Program (ODP) Site 806 in the western equatorial
Pacific and ODP Site 847 in the eastern equatorial Pacific.
These sites have been slowly converging because of plate
tectonics [Pisias et al., 1995]; however, this convergence
can account for less than 0.5°C of the temperature changes
seen over the past 4 Myr. Tectonics could have had a sim-
ilarly small effect on the meridional SST gradient, which is
calculated as the difference between alkenone SST (Uk

37‐
based) at ODP 846 in the east equatorial Pacific and ODP
1012 in the California margin. Although both sites have
seen over 200 km of horizontal movement [Pisias et al.,
1995; Lyle, 1997], they have remained in the same ocean-
ographic settings throughout the period. The locations of the
four ODP sites at 4 Ma, 2 Ma, and the present‐day are
shown overlaid in Figures 3a, 3b, and 3c, respectively.
[52] There is a systematic difference between the tem-

perature data from the two geochemical proxies mentioned
above: alkenones can produce temperatures 0.5°C –1°C
colder than the Mg/Ca proxy [Dekens et al., 2008]. Because
of this issue, and also because different ODP sites show
somewhat different evolution of temperature in the eastern
Pacific, the exact timing when the zonal SST gradient along
the equator reached modern values differs from one study to
the next [Philander and Fedorov, 2003; Molnar and Cane,
2002; Wara et al., 2005; Fedorov et al., 2006; Lawrence et
al., 2006].
[53] We have treated the SST changes over the past 4 Myr

as two independent processes: an increase in the meridional
gradient followed by an increase in the zonal gradient in the
tropics. The justification of this treatment is the apparent
different evolution of the two indices shown in Figure 1a
and in the different responses of the atmospheric circula-
tion to the two effects (for example, the two have opposite

effects on the strength of the Hadley circulation). Further-
more, as argued by Brierley et al. [2009], the increase in the
meridional SST gradient and the general cooling of the
subtropics and midlatitudes are necessary conditions for
the appearance of cold water in the equatorial upwelling
region. Nevertheless, it is clear that in the full climate system,
our treatment of the SST gradients as independent has certain
limitations, for instance, because of nonlinearity of the
atmospheric response.
[54] It has been suggested that potential aliasing in the

proxy data can disguise changes in El Niño‐‐Southern
Oscillation (ENSO) frequency as a change in the zonal SST
gradient along the equator: a characteristic of the mean state
of the ocean [Wunsch, 2009]. Even though aliasing in the
paleodata is a serious problem indeed, the abundance of data
for the early Pliocene does indicate that the mean climate
state then was very different from the present and cannot
be simply explained by aliasing of the ENSO signal in
paleorecords. For example, on ENSO timescales, the SSTs
in the eastern equatorial Pacific are correlated to those in the
California margin. However, variations in the latter tem-
peratures do not exceed 1°C –2°C even for strong El Niño
events. This is compared to a roughly 10°C temperature
decrease in the California margin since the early Pliocene.
[55] Another important issue is the “low gradient para-

dox,” that is, how to maintain a weak meridional tempera-
ture gradient (as in the early Pliocene) and a sufficiently
strong poleward heat transport at the same time. Many
studies emphasize this problem for hothouse climates such
as the Eocene [e.g., Huber and Sloan, 1999]. Brierley et al.
[2009] discuss this problem in relevance to the early Plio-
cene. The present study implicitly assumes that there exists a
sufficient mechanism for transporting heat poleward but
does not address the nature of this mechanism.

5. Conclusions

[56] Recently available SST estimates show that there
have been significant changes in both meridional and zonal
SST distribution over the past 4–5 Myr [Fedorov et al.,
2006; Brierley et al., 2009]. Whereas the early Pliocene is
characterized by weak meridional and zonal temperature
gradients especially in the tropics and subtropics, subse-
quent climate evolution resulted in the development of more
pronounced SST gradients. Eventually, a much stronger
temperature contrast developed between the equator and the
subtropics/midlatitudes and between the western and eastern
parts of the equatorial Pacific. The latter occurrence signaled
the demise of permanent El Niño‐like conditions in the
tropical region.
[57] Using simulations with an atmospheric general cir-

culation model, we have investigated and compared various
climatic impacts of the changes in meridional and zonal SST
distributions. In particular, we have shown that both factors
can facilitate the growth of ice sheets over North America.
However, the impacts of the increasing meridional SST
gradient are substantially larger that the impacts of changes
in the zonal SST gradient. The timing of the development of
the two gradients (Figure 1) provides additional clues,
suggesting that the meridional gradient had started to
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increase long before the zonal SST contrast reached modern
values, even though the exact timing when the zonal SST
gradient reached modern values differs between different
proxies and different sites.
[58] The meridional SST gradients changes also appear to

dominate global changes in average climate properties. For
example, the shift to the modern meridional SST gradient in
the model leads to a global mean temperature reduction of
∼3.2°C versus ∼0.6°C in case of the zonal changes. This is
mainly due to a much greater reduction in the atmospheric
water vapor content (which is a potent greenhouse gas) in
the former case. These results indicate that reproducing the
correct SST distribution appears to be critical for a model to
account not only for the ice sheet inception and changes in
precipitation but also to reproduce proper changes in the key
elements of the global radiative forcing, such as the distri-
bution of water vapor and cloud cover (both high and low
clouds) in the atmosphere.
[59] Furthermore, the establishment of present‐day

meridional and zonal SST gradients leads to substantial
regional‐scale climate changes. The increase in meridional
SST gradient causes a substantial aridification of the Sahara
and the Arabian Peninsula, while the increase in zonal SST
gradient causes similar drying elsewhere in Africa. The
aridification of southwest Africa seen over the Pliocene‐
Pleistocene appears to be caused by changes in both zonal
and meridional SST gradients.
[60] The South Asian monsoon is substantially strength-

ened, and its spatial distribution is altered with the estab-
lishment of zonal SST gradients. One of the consequences
of this is the drying of East Africa. The monsoon
strengthening in this study is caused by SST changes alone

rather than by slow orographic variations as suggested by a
number of authors [e.g., Molnar et al., 2010; Boos and
Kuang, 2010].
[61] Perhaps one of the most important questions that this

study does not address is related to the ultimate causes of the
changes in the SST gradients over the last 4–5 Myr or so.
These causes are currently poorly understood; in general,
they can be related to the reduction in the atmospheric CO2

concentration since the early Pliocene [Pagani et al., 2010],
gradual shoaling of the ocean thermocline that culminated in
the appearance of cold upwelling region in the ocean and led
to ocean‐atmosphere coupled feedbacks [Philander and
Fedorov, 2003], or major changes in the atmospheric
high‐latitude circulation [Gupta and Thomas, 2003] or in
the ocean circulation [Bartoli et al., 2005]: all of these are
amplified by climate feedbacks. Nevertheless, despite this
uncertainty, from the results of this study, it appears very
likely that the growth of Northern Hemisphere ice sheets
was a result of the global, symmetrical with respect to the
equator, cooling of Earth’s climate since ∼4 Ma rather than
its initial cause.
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