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Zonal SST gradient 
  Equatorial SSTs 

were much more 
uniform in Early 
Pliocene 

  Zonal SST gradient 
was weaker, with 
some records 
suggesting non-
existent 

  “Permanent El Niño”   

!
Fedorov, Lawrence, Brierley, Liu & Dekens: Review in prep 



Meridional SST gradient 
  Warm coastal 

upwelling regions at 
~30oN  

  Very weak 
meridional SST 
gradient in tropics  

  Polar Amplification: 
high latitudes warm 
more than tropics 80S 60S 40S 20S  EQ 20N 40N 60N 80N
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Temporal Evolution 
  Indices of Meridional 

and Zonal SST 
gradient using ODP 
sites 

  Neither follow trends 
of δ18O or obliquity 

  As SST gradient 
appear loosely 
independent what 
are their impacts? 



Sensitivity Experiment Design 
  Use atmosphere-only 

GCM (CAM3 T85) 
  Keep CO2, insolation 

and topography at 
1990 conditions    

  Prescribe global SSTs 
using different profiles 

  3 Simulations: Early 
Pliocene, Modern 
Zonal, Control !



Isolating the SST gradients 

Inc. 
Meridional 

SSTG 

Inc. 
Zonal SSTG 

Early  
Pliocene 

Modern  
Zonal 

Control 

Annual Mean Sea Surface Temperature 



Global Impacts 

  Increasing the Meridional SST gradient cools the planet 
much more than increasing the zonal gradient 

  This is dominated by the greenhouse effect of water 
vapor in the atmosphere 

  Changes in the gradients also alter hydrological cycle 

Increasing Meridional 
SST Gradient 

Increasing Zonal 
SST Gradient 

Surface Air Temperature -3.2 oC -0.6 oC 
Water Vapor/Lapse Rate -10.8 W/m2 -2.6 W/m2 
Clouds -3.1 W/m2 -2.7 W/m2 
Surface Albedo -1.8 W/m2 -2.7 W/m2 



African Impacts 

Inc. Meridional 
• Sahara much drier 

• Hadley Cell contracts & 
strengthens 

JJA DJF 

Inc. Zonal 
• Substantial Drying 

throughout Africa 
• Stronger Monsoon 



N. American Impacts 

Inc. Meridional 
• West Coast much 

drier in summer 
• US wetter in winter 

Inc. Zonal 
• Wet Gulf of Mexico 

• US drier in winter 

JJA DJF 



Relationship to NH Glaciations 

  Meridional SST 
gradient starts 
changing before 
δ18O NH glaciations 

  Could its changes 
precondition the ice 
changes? 

Onset  NHG 



A measure of expected ice 
accumulation, calculated as: 

  Snowfall – β * PDD 

Snowfall in m/yr l.w.e; PDD is 
positive degree days, and is 
the sum of the surface air 
temperature whenever it is 
above freezing; β is 0.005. 

Control Potential Ice Mass Balance 

m/yr 

  In the Control run, 
ice grows only on 
Greenland (coldest 
of the 3 runs) 



Impacts on Ice Growth 

  Both facilitate ice-growth in Canadian Arctic 
  Meridional SST changes dominate the signal 

(but zonal changes still important)  

Inc. Meridional SSTG Inc. Zonal SSTG 



Conclusions 
  Both meridional and zonal SST gradients have 

increased since the Early Pliocene 
  A sensitivity study with atmospheric GCM indicates: 

  Meridional SST changes were more important than zonal 
for global climate (3.2oC vs 0.6oC on global mean temp) 

  Changes in both gradients alter regional hydrological cycle 
○  Meridional: N. Africa and West coast of N. America  
○  Zonal: the Asian monsoon and E. Africa 

  An increase in meridional and, to a lesser extent, zonal 
SST gradient are favorable for the onset of NH glaciation 

  To simulate the Pliocene-Pleistocene transition 
climate models need to reproduce accurately 
changes in both gradients 



Further Discussion 
  This is only a sensitivity study and not 

complete climate reconstructions 
  Both meridional and zonal changes were 

probably not independent of each other 
  The zonal conditions assume no zonal 

gradients throughout the globe; certainly 
excessive 
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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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