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is similar to that proposed for explaining the equilibrium 
global warming land/sea warming contrast. The link of the 
Tland to the dominant mode of tropical and global interan-
nual climate variability, the El Niño Southern Oscillation 
(ENSO), is found to be an indirect and delayed connection. 
ENSO SST variability affects the oceans outside the tropi-
cal Pacific, which in turn leads to a further, amplified and 
delayed response of Tland.

Keywords Land sea thermal contrast · Interannual 
variability  · Tropical troposphere · ENSO · Pacemaker 
experiment · Atmospheric bridge

1 Introduction

In a transient climate the global land surface tempera-
tures (Tland) warm with greater amplitude than sea surface 
temperatures (SSTs), leading to a land/sea warming con-
trast. The ratio of land to sea warming tends to a value of 
around 1.5 (Sutton et al. 2007; Lambert and Chiang 2007; 
Compo and Sardeshmukh 2008; Dommenget 2009). Pre-
vious studies have shown the land/sea warming contrast 
is not simply due to the larger heat capacity of the ocean 
when compared to land, but is a result of the dynamics of 
the climate system. Sutton et al. (2007) described an energy 
balance argument; assuming the anomalous downward sur-
face energy flux is equal over land and ocean the land/sea 
warming contrast is caused by the difference in the parti-
tioning of the upward energy flux into sensible and latent 
heat. Lambert and Chiang (2007) proposed that the sta-
bility of land/sea contrast over annual, 5 year and longer 
timescales is maintained by a land to ocean heat flux where 
the ability of the ocean to absorb the extra heat leads to a 
damping of Tland variability. In this scenario the value of 

Abstract In global warming scenarios, global land sur-
face temperatures (Tland) warm with greater amplitude 
than sea surface temperatures (SSTs), leading to a land/sea 
warming contrast even in equilibrium. Similarly, the inter-
annual variability of Tland is larger than the covariant inter-
annual SST variability, leading to a land/sea contrast in nat-
ural variability. This work investigates the land/sea contrast 
in natural variability based on global observations, coupled 
general circulation model simulations and idealised atmos-
pheric general circulation model simulations with different 
SST forcings. The land/sea temperature contrast in interan-
nual variability is found to exist in observations and mod-
els to a varying extent in global, tropical and extra-tropical 
bands. There is agreement between models and observa-
tions in the tropics but not the extra-tropics. Causality in 
the land-sea relationship is explored with modelling experi-
ments forced with prescribed SSTs, where an amplifica-
tion of the imposed SST variability is seen over land. The 
amplification of Tland to tropical SST anomalies is due to 
the enhanced upper level atmospheric warming that cor-
responds with tropical moist convection over oceans lead-
ing to upper level temperature variations that are larger in 
amplitude than the source SST anomalies. This mechanism 
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the land/sea contrast depends on the ratio of the land and 
sea climate sensitivity parameters, and can be related to the 
results of Sutton et al. (2007). However, as stated by Byrne 
and O’Gorman (2013) the energy balance argument does 
not give a sufficient quantitative value of land warming. 
Joshi and Gregory (2008) proposed a conceptual model 
to explain how the SSTs can force Tland, leading to a land/
sea warming contrast above unity. There is a level in the 
atmosphere above which there is no significant land/sea 
contrast and thermal anomalies are transported efficiently 
around the globe. The lapse rate below that level is affected 
by temperature and moisture and different land and ocean 
lapse rates cause the land temperatures to reach an equilib-
rium warmer than the oceans.

Dommenget (2009) demonstrates the ability of oceans 
to cause a land/sea contrast on interannual and longer time 
scales, arguing that the asymmetric forcing of ocean to land 
is not only due to the asymmetry in area but also due to 
atmospheric water vapour feedbacks. Thus the land/sea 
warming contrast is a natural phenomena that also applies 
to internal interannual to decadal climate variability. When 
we think of the land/sea contrast in natural variability we 
can recognise a number of differences relative to that seen 
in global warming:

Firstly, global warming is mostly a coherent warming 
on a global scale with a time evolution that is only going 
upwards for the relevent timescales, for example Compo 
and Sardeshmukh (2008) in figure 1b show that the pattern 
of observed surface air temperature change, calculated as 
the 1991–2006 average minus the 1961–1990 average, is 
largely homogeneous across the globe. In natural climate 
variability we have inhomogeneous warming and cooling 
patterns, some of them are regional others are more global, 
some of them have coherent warming and cooling (e.g. 
multi-pole structures) at the same time, some of them are 
closer to the land and some are over tropical warm ocean 
regions and others are over the colder extra-tropical oceans. 
The El Nino-Southern oscillation is one such mode of vari-
ability which is associated with regional warming and cool-
ing (Halpert and Ropelewski 1992). When we analyse the 
land/sea contrast in natural climate variability we have to 
take these structures into account.

When looking at the interannual variability of land and 
ocean the El Niño-Southern Oscillation and its telecon-
nections are the leading source of variability on a global 
scale. Klein et al. (1999) discuss the concept of an atmos-
pheric bridge as a method of communicating temperature 
anomalies from the equatorial Pacific to the remote tropical 
oceans (outside the Pacific). Similarly, Chiang and Sobel 
(2002) discuss a mechanism for warming of remote tropi-
cal oceans during El Niño conditions. The tropical tropo-
spheric temperature (Ttropos) increases during El Niño, and 
is largely uniform across the tropical strip, 20S–20N. They 

attributed the amplified response over land to the smaller 
thermal inertia and reduced cooling due to evaporation. 
Chiang and Lintner (2005) further found an almost instan-
taneous response of Tland to El Niño and an ocean response 
with a 2–3 month lag. The ratio between Ttropos and the 
surface warming signal was 1:1 for land but only 1:0.3 for 
oceans. Their findings support the mechanism over oceans 
described by Chiang and Sobel (2002) as holding true on 
the larger scale they were investigating. No mechanism 
was proposed for land warming, the higher ratio of warm-
ing was attributed to differing heat capacities of ocean and 
land. The processes of the atmospheric bridge responsible 
for the El Niño teleconnections are similar in nature to the 
processes of the land/sea contrast as discussed in Joshi and 
Gregory (2008), suggesting that the same principles are 
active.

The study presented here discusses the large-scale land/
sea contrast in natural variability, focusing on interannual 
timescales. We will analyse the characteristics of the large-
scale land/sea contrast variability in observations and Cou-
ple General Circulation Models (CGCMs) from the CMIP5 
data base. The role of the SST in forcing the land vari-
ability will be analysed in Atmospheric General Circula-
tion Models (AGCMs) forced with observed SSTs and in a 
series of sensitivity experiments with an AGCM coupled to 
a slab ocean model or with fixed SST boundary conditions 
forced with different idealised SST forcings. Our analysis 
will discuss the differences between tropical and extra-
tropical regions.

In this article, the data and model simulations are 
described in the Sect. 2. Section 3 will discuss the evidence 
for the land/sea contrast larger than unity in natural vari-
ability in observations and model simulations. This analy-
sis will also explore some of the regional differences in 
the ocean to land connection. Section 4 discusses a series 
of sensitivity experiments that explore the role of the SST 
forcing, the differences between tropical and extra-tropical 
regions and that highlight the role on El Niño forcing. Sec-
tion 5 is an analysis of the mechanisms involved, illustrat-
ing how the SST forcing is amplified over land to result 
into a land/sea contrast larger than unity. In the final section 
the study will be closed with a summary and discussion.

2  Data and methods

The observational surface temperature datasets used were 
the Climatic Research Unit Temperature data set, version 4 
(CRUTEM4) (Brohan et al. 2006) for Tland and the Hadley 
Centre SST data set, version 2 (HadSST2) (Rayner et al. 
2006) for the SST, Tocean. Temperature data previous to 
1950 was excluded in the analysis of the land/sea interac-
tions as the smaller data coverage area can cause errors in 
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the statistical comparison of the two datasets (Dommenget 
2009).

For the analysis of CGCMs we used all available pre-
industrial control runs from the CMIP5 datasets (Taylor 
et al. 2012), see Table 1. 100 years from each of the 35 
models was used, and anomalies were defined seperately 
for each model relative to its climatology. The multi-model 
mean of the CMIP5 data was calculatedusing the anoma-
lous (relative to each models climatology) timeseries from 
each model, these were combined end-to-end to generate 

a 3,500 year timeseries. The sensitivity experiments were 
performed with the UK Meteorological Office Uni-
fied Model AGCM with HadGEM2 atmospheric physics 
(Davies et al. 2005; Martin et al. 2010, 2011) at an atmos-
pheric resolution of N48 (3.75◦

× 2.5◦). This was forced 
with prescribed SSTs or a slab ocean. The slab ocean 
assumes a constant mixed layer depth of 50 m and is forced 
by flux correction terms to have on average the HadISST 
1950–2010 SST climatology (Wang et al. 2014). A con-
stant mixed layer was chosen in part for simplicity as this 

Table 1  CMIP5 models used in 
this study

100 years of the piControl run 
was used from each model

Originating group(s) Country Model

CSIRO and BOM Australia ACCESS1.0

Beijing Climate Center, China Meteorological Administration China BCC-CSM1.1

Beijing Climate Center, China Meteorological Administration China BCC-CSM1.1-m

GCESS, Beijing National University China BNU-ESM

National Center for Atmospheric Research USA CCSM4

National Center for Atmospheric Research USA CESM1-BGC

National Center for Atmospheric Research USA CESM1-CAM5

National Center for Atmospheric Research USA CESM1-FASTCHEM

National Center for Atmospheric Research USA CESM1-WACCM

Centro Euro-Mediterraneo per i Cambiamenti Italy CMCC-CM

Centro Euro-Mediterraneo per i Cambiamenti Italy CMCC-CMS

CSIRO and QCCCE Australia CSIRO-Mk3-6-0

Meteo-France/Centre National de Recherches Meteorologiques France CNRM-CM5

Canadian Centre for Climate Modelling and Analysis Canada CanESM2

Institute of Atmospheric Physics and Chinese Academy of Sciences China FGOALS-g2

Institute of Atmospheric Physics and Chinese Academy of Sciences China FGOALS-s2

The First Institution of Oceanography China FIO-ESM

Geophysical Fluid Dynamics Laboratory USA GFDL-CM3

Geophysical Fluid Dynamics Laboratory USA GFDL-ESM2G

Geophysical Fluid Dynamics Laboratory USA GFDL-ESM2M

NASA / Goddard Institute for Space Studies USA GISS-E2-H

NASA / Goddard Institute for Space Studies USA GISS-E2-R

Hadley Centre for Climate Prediction and Research/Met Office UK HadCM3

Hadley Centre for Climate Prediction and Research/Met Office UK HadGEM2-CC

Hadley Centre for Climate Prediction and Research/Met Office UK HadGEM2-ES

Institute for Numerical Mathematics Russia INM-CM4

Institut Pierre Simon Laplace France IPSL-CM5A-LR

Institut Pierre Simon Laplace France IPSL-CM5A-MR

Institut Pierre Simon Laplace France IPSL-CM5B-LR

Atmosphere and Ocean Research Institute (AORI),
National Institute for Environmental Studies (NIES) and
Japan Agency for Marine-Earth Science and Technology (JAMSTEC)

Japan MIROC5

AORI, NIES and JAMSTEC Japan MIROC-ESM

Max Planck Institute for Meteorology Germany MPI-ESM-LR

Max Planck Institute for Meteorology Germany MPI-ESM-P

Max Planck Institute for Meteorology Germany MPI-ESM-MR

Meteorological Research Institute Japan MRI-CGCM3

Norwegian Climate Centre Norway NorESM1-M

Norwegian Climate Centre Norway NorESM1-ME
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model setup is intended to be of intermediate complexity, 
between a simple prescribed SST run and a fully coupled 
dynamic ocean. We use a slab ocean as simple way of mod-
elling SST variability, and while we would expect that the 
response time of the remote oceans would scale with mixed 
layer depth (Su et al. 2005b; Lintner and Chiang 2007), the 
constant 50 metre assumption gives a first order but realis-
tic response.

Three primary types of experiments were conducted: 
AMIP-type; sensitivity to mean SST increases; and El Niño 
pattern forcing experiments, see Table 2. The latter being 
similar to a ‘pacemaker’ experiment, as described by  Alex-
ander (1992a,  b),  Lau and Nath (2000) and  Lu et al. 
(2011). The AMIP type runs used HadISST from 1870 to 
2010. While it was determined that HadSST2 data was only 
suitable from 1950 for calculating statistics relating to the 
observational value of the land/sea contrast, the HadISST 
data was used from 1870. The reason is that the HadISST 
SSTs were primarily used as a representation of realistic 
interannual variability with which to force the atmospheric 
model. In the AMIP runs the SST and Tland are consist-
ent because Tland responds to the prescribed SST. Whether 
or not these were the true SST values in the real world is 
not that important in the context of this study. We use the 
early SST values from HadISST to generate realistic SST 
variability; thus we use the earlier period to get more sta-
tistics. In the statistical analysis of observed SST vs. land 
the errors in the observed SST do matter as they no longer 
co-vary with the land, so we cannot use the early SST and 
Tland values.

Simulations forced with idealised SST patterns used 
a 12 month climatology of the HadISST data from 
1950–2010 as the reference control climate. The divi-
sion between tropics and extra-tropics for these experi-
ments was chosen to be 28◦N/S, with the tropical forc-
ing applied to the oceans in the zonal band bordered by 
28◦N/S, and the extra-tropical forcing applied from 28◦

N/S to the poles. For the model resolution used this most 
closely divides the oceans in half by area, with slightly 
more area in the extra-tropics. For the El Nino pattern 
forcing experiments a canonical El Nino pattern was gen-
erated using HadISST monthly mean data from a linear 
regression between NINO3 and SSTs, as shown in Fig. 1. 
This pattern was imposed in the tropical Pacific between 
30◦N/S and 155◦E to the eastern boundary of the Pacific, 
on to monthly climatological SSTs (i.e. a repeating 12 
month seasonal cycle). The values of the anomaly were 
based on the regression values, with a maximum tem-
perature anomaly of 1.41 K. The pattern was oscillated 
with a period of 4 years, peaking in January. Outside of 
the tropical Pacific there were two scenarios; fixed SSTs 
using the HadISST 1950–2010 climatology, and the slab 
ocean.

All further analysis is based on annual mean anomalies 
with one exception in Sect. 4.2, which is based on monthly 
mean anomalies for monthly mean lag-lead correlations. 
The land/sea contrast, RL/S, is defined by the following 
regression model;

(1)Tland = RL/S · Tocean

Table 2  Idealised model simulations discussed in this study

Atmospheric component was HadGEM2 at N48 resolution

Name Ocean Time Notes

AMIP-global HadISST 1870–2012

AMIP-tropics Tropics: HadISST 1870–2012 Climatological SSTs with anomalies applied in tropics

Extra-tropics: FIXSST

AMIP-extra-tropics Extra-tropics: HadISST 1870–2012 Climatological SSTs with anomalies applied in extra-tropics

Tropics: FIXSST

FIXSST Climatology 100 years Climatological SSTs based on HadISST 1950–2013

+1 K Global FIXSST, 100 years Climatology with +1 K added to global oceans

+1 K

+1 K Tropics FIXSST, 100 years Climatology with +1 K added to tropical oceans

+1 K in Tropics

+1 K Extra-tropics FIXSST 100 years Climatology with +1 K added to extra-tropical oceans

+1 K in Extra-tropics

Slab 50 m mixed layer ocean 100 years

ENSO-FIXSST FIXSST, 100 years Climatology with oscillating pattern in tropical Pacific

El Niño pattern

ENSO-slab Slab, 100 years 50 m mixed layer ocean with oscillating pattern in tropical Pacific

El Niño pattern
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where

With Tland and Tocean as the annual mean surface tem-
perature anomalies of areal-averaged land and ice-free 
oceans (global or zonal average), respectively, ρland,ocean 
is the correlation coefficient between Tland and Tocean, and 
σland , σocean are the standard deviations of Tland , Tocean. 
While regression coefficients are often used to measure 
co-variability, RL/S can also be thought of as an amplifica-
tion factor; how much is the temperature of land amplified 

(2)RL/S = ρland,ocean ·
σland

σocean

compared to the SST. A simple ratio, as for the land/sea 
contrast in global warming, is unsuitable as we are deal-
ing with anomalies varying around zero. As a simple exam-
ple, if the anomalous SSTs are +1 K the first year and 
−1 K the second, and the land temperature is +1.5 K then 
−1.5 K respectively, we have a value of RL/S = 1.5. In this 
way we consider the regression coefficient an appropriate 
measure of the land/sea temperature contrast in interannual 
variability.

3  Evidence of land/ocean temperature contrast 
in observations and models

In this first analysis section we will characterise RL/S in 
natural internal climate variability in observations and 
model simulations. The focus here will be to illustrate that 
RL/S > 1.0 exists on interannual time scales in observations 
and models, but has some significant regional differences.

We start the analysis with a look at the observations and 
the CMIP5 CGCM simulations. We then focus on AMIP-
type simulations, in which the SST is given as the forcing 
and the Tland are responding, which allows us to draw some 
conclusions about the potential of the SST variability as the 
driving mechanism of Tland variability.

3.1  Observations

The land/sea relation of interannual surface temperature 
variability for different regions is shown in Fig. 2 and 
Table 3. Firstly, we can note that in the comparison of the 

Fig. 1  Pattern used in ENSO experiments. Result of regression 
between NINO3 and global SST

(a) (b)

(c) (d)

Fig. 2  Observational annual mean Tland and Tocean using detrended HadSST2 and CruTEMP4 data
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time series of the global mean Tland and the global mean 
Tocean they both have some common interannual fluctua-
tions (correlation of 0.6; statistically significant at the 99 % 
level), indicating that the global land and ocean have co-
variability on the interannual time-scales. The correlation 
indicates that about 1/3 of the total variance of Tland in the 
global mean is co-variable with Tocean and the majority, 
2/3, of the total variance of Tland is independent of Tocean, 
assuming a simple linear relation. We can further note that 
the variability over land is much larger than over oceans. 
The ratio of the standard deviations is 2.5. The combina-
tion of the correlation and the ratio in standard deviations 
leads to the global mean RL/S = 1.43. Thus the variability 
in surface temperature that is co-variant between the land 
and the oceans is about 43 % larger in amplitude over land 
than over oceans.

In the next step we look at different zonal bands. We 
split the globe into a tropical band (30°N/S round the equa-
tor) and two extra-tropical bands (polewards of 30°N/S 
round the equator), with the combined area of the latter 
two bands having the same area as the tropical band. This 

differs from the previous choice of latitude to define the 
tropics for the experiments with SST forcing. In that case 
28°N/S was chosen in order to allow approximately equal 
ocean areas for the extra-tropical and tropical forcing. First 
of all it is interesting to note that in all three zonal bands 
RL/S is smaller than in the global mean. This suggests that 
the processes controlling RL/S are more effective on global 
scales or that smaller, regional scale variations tend to 
reduce the value of RL/S. In the tropical regions (Fig. 2b) 
the correlation between Tland and Tocean is much stronger 
than for the global means, and although RL/S = 1.2 is 
larger than unity, it is still smaller than the global value. 
Thus the variability in surface temperature that is co-vari-
ant between the land and the oceans is about 20 % larger 
over land than it is over oceans. The larger correlation also 
indicates that about 2/3 of the total variance of Tland in the 
tropics is co-variable with Tocean, again assuming a simple 
linear relation. To some extent these differences in the land/
sea contrast relative to the global mean may reflect the dif-
ferent land and ocean fractions in the tropics. The relatively 
small land fraction suggets that land points are on average 
closer to ocean points and would thus be more strongly 
linked to the nearby SST variability. However, the differ-
ences in the land/sea contrast may also reflect differences 
in physical interactions between land and oceans, which 
will be addressed in the further analysis below.

In the extra-tropical regions of the Northern Hemisphere 
the land/sea contrast is about unity and therefore weaker 
than in the tropics, but the correlation between Tland and 
Tocean is about as large as for the global mean. The extra-
tropical regions of the Northern Hemisphere are marked 
by a pronounced low-frequency evolution, that is about the 
same amplitude in both Tland and Tocean. However, some 
interannual fluctuations appear to be similar in Tland and 
Tocean as well (e.g. around the years 1965 and 1990), but 
with much larger amplitudes over land. In the extra-tropical 
regions of the Southern Hemisphere the land/sea contrast 
is weaker than in the other zonal bands. Again, this may to 
some extent be related to the distribution of the land frac-
tion and in particular to the isolated location of the main 
southern hemispheric land mass of Antarctica.

Since land and ocean areas are unequally distributed 
over the zonal bands, the correlations between the zonal 
bands may be of interest. In particular, most of the interan-
nual SST variability is in the tropical oceans, so one may 
wonder if Tland of the extra-tropical regions of the North-
ern Hemisphere is more strongly related to the tropical 
or global Tocean rather than to the extra-tropical Northern 
Hemisphere Tocean. Table 4 shows a number of interest-
ing correlations between the zonal bands and between 
land and ocean areas. First of all we can note that the 
global mean Tocean is strongly dominated by the tropical 
Tocean, which is clearly related to the dominant mode of 

Table 3  Annual mean Tland and Tocean used to calculate land/sea con-
trast, ratio of land/sea standard deviations and correlation coefficient 
between land and sea

Observation data is detrended HadSST2 and CruTEMP4 data. CMIP5 
is combined pre-industrial control runs from 35 models, showing 
one standard deviation between the individual models. AMIP run 
was forced with HadISST and detrended. ENSO-like run forced with 
oscillating canonical ENSO pattern in the tropical Pacific, slab ocean 
elsewhere

Data set and region L/S contrast L/S correlation Ratio SD

Observations

Global 1.43 0.58 2.45

Tropical 1.19 0.81 1.48

NH Extra-tropics 1.00 0.61 1.64

SH Extra-tropics 0.22 0.10 2.28

CMIP5, multi-model mean values

Global 1.26 ± 0.23 0.64 ± 0.13 1.97 ± 0.26

Tropics 1.35 ± 0.16 0.87 ± 0.06 1.55 ± 0.15

NH extra-tropics 0.32 ± 0.30 0.19 ± 0.18 1.63 ± 0.29

SH extra-tropics 0.03 ± 0.68 0.01 ± 0.20 3.41 ± 0.70

AMIP run

Global 1.27 0.74 1.72

Tropical 1.26 0.88 1.43

NH Extra-tropics 0.53 0.34 1.59

SH Extra-tropics 0.64 0.16 2.41

ENSO-Slab

Global 1.50 0.71 2.13

Tropical 1.17 0.85 1.37

NH Extra-tropics 0.57 0.28 2.08

SH Extra-tropics −0.42 −0.11 3.69
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variability—ENSO—and to the fact that the tropical oceans 
are the largest part of the global oceans. We can further 
note that the extra-tropical regions of the Northern Hemi-
sphere oceans have a moderate positive correlation to the 
global mean, but not to the tropical Tocean. The global and 
Northern Hemisphere Tland are nearly identical, as most of 
the land is in the Northern Hemisphere. Although global 
Tocean is dominated by the tropical Tocean the global and the 
Northern Hemisphere Tland have only a moderate correla-
tion to tropical Tocean, suggesting only a weak direct influ-
ence of the tropical Tocean on Northern Hemisphere Tland.

In summary, in the observations we find a land/sea con-
trast in the temperature variability that has, in most regions, 
stronger amplitudes over land than over oceans. In particu-
lar in the tropics there is a strong link between Tland and 
Tocean variability, whereas in the extra-tropical regions of the 
Northern Hemisphere the link appears to be much weaker.

3.2  Coupled general circulation model simulations 
(CMIP5)

We now explore how CGCM simulations can represent the 
land/sea contrast in natural variability. This helps us to under-
stand the mechanisms behind the land/sea contrast as well as 
providing a much larger data base, which allows us to explore 
the characteristics of the land/sea contrast in more detail. We 
therefore analysise the preindustrial (no external forcings) 
simulations from the CMIP5 data base, using a multi model 
ensemble of 35 models, with 100 years taken from each 
model. The multi-model ensemble was constructed by com-
bining the anomalous surface temperature timeseries from 
each model to make a single, 3,500 year long timeseries, 
which was used for all further analysis and statistics.

In analog to the analysis of the observations (e.g. Fig. 2; 
Table 3) we summarise the statistics of the land/sea con-
trast from all models for the global, tropical and the two 
extra-tropical hemispheres in Tables 3 and 4. The CMIP5 
simulations multi model mean shows a very similar land/
sea contrast in both RL/S and the correlation value for both 
global and tropical means. They also have a very weak 

connection between Southern Hemispheric extra-tropical 
land and ocean. However, in the Northern Hemisphere 
extra-tropics the models show a weaker link between ocean 
and land variability than observations. The CMIP5 models 
also do not show much impact from the Northern Hemi-
spheric Tocean to global mean Tocean. In a similar way the 
Northern Hemispheric Tland does not dominate global mean 
Tland in the CMIP5 simulation as it does in observations.

We can now look at the inter-model variations. The 
scatter plots in Fig. 3 show that amongst the CMIP5 mod-
els the land/sea correlation in the tropics is linearly related 
to the global value of the land/sea correlation (Fig. 3b). 
Models with a strong land/sea connection in the tropics 
also tend to have a stronger global land/sea connection 
(Fig. 3a). The extra-tropical interactions are not strongly 
related to the global values. We can further note that the 
spread in the extra-tropical values in both RL/S and the 
correlation values are much larger than in the tropics. This 
suggests that the CMIP5 models disagree much more on 
the extra-tropical land/ocean interactions than they do in 
the tropics.

The results suggest that tropical values of the land/sea 
correlation are more important in determining the global 
value, and tropical processes connecting ocean and land 
surface temperatures on these timescales are unrelated to 
the extra-tropics. Again it should be noted here that global 
Tland is dominated by the large land fractions in the extra-
tropical Northern Hemisphere. The tropical land fraction is 
much smaller. In turn, Tocean is dominated by the large trop-
ical SST variability. Thus, the strong link between global 
and tropical land/sea correlation suggests that it is the tropi-
cal SST variability that is a significant cause of the land/sea 
contrast.

The relationship between global mean Tland and the 
regional SST variability is explored next to illustrate which 
patterns of variability are related to land variability. We cor-
relate Tland with local SST variability, see Fig. 4. Here the 
timeseries of Tland and surface temperature anomalies of all 
CMIP5 models were combined and the annually averaged 
global Tland is correlated with surface temperatures. The 
same analysis was done in Dommenget (2009) (Fig. 3a) for 
observations. The CMIP5 model results are largely similar 
to the observations as shown in Dommenget (2009), but 
due to the much larger database the emerging pattern is 
much less noisy and more details can be seen.

The CMIP5 models show a strong relationship between 
global Tland and tropical ocean and land temperatures. All 
the tropical land masses are highly correlated and there are 
distinct patterns of high correlations in the tropical oceans. 
There are some similarities in the patterns between the 
ocean basins; there is a minimum at the equator and on the 
eastern edge of each of the basins. Larger correlations in 
all three tropical ocean basins are on the western side of 

Table 4  Correlation coefficient of annual mean Tland and Tocean 
between regions, all data detrended

Region Observations CMIP5 AMIP

Global Ocean—Tropical Ocean 0.81 0.92 0.90

Global Ocean—N Hemis ExTr. Ocean 0.37 0.09 0.36

Tropical Ocean—N Hemis ExTr. 
Ocean

0.15 −0.16 0.02

Tropical Ocean—Tropical Land 0.81 0.87 0.88

Tropical Ocean—Global Land 0.40 0.66 0.78

Gobal Land—N Hemis. ExTr. Land 0.95 0.74 0.78
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the basin. The highest correlations are in the Indian ocean 
where there is a large region with correlation values above 
0.6. The patterns seem to suggest that the SST variability 
close to the land regions and in the upwind direction of the 
prevailing easterly trade winds are most strongly linked to 
the global Tland. It is remarkable in this figure that the most 

dominant pattern of SST variability, El Niño, is not directly 
visible here, as there is a local minimum of correlations on 
the equator.

In the extra-tropical regions we see bands of negative 
correlations in both hemispheres. Thus positive anoma-
lies in the global mean Tland are related to negative SST 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 3  Scatter plot with CMIP5 models showing relationship between global and tropical (top row) and global and extra-tropical (bottom row) 
values of the land/sea contrast (a, d, g), land/sea correlation (b, e, h) and ratio standard deviations (c, f, i)
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anomalies over large parts of the extra-tropical oceans. This 
SST pattern is somewhat similar to the ENSO teleconnec-
tions or decadal variations of global SST variability (Lau 
and Nath 1996; Dommenget and Latif 2008). It indicates 
that changes in the extra-tropical atmospheric circulation 
linked to the tropical SST variability can lead to the nega-
tive SST correlations in the extra-tropical regions.

To summarise, coupled global climate models are effec-
tive in simulating the land/sea contrast in natural variabil-
ity. Tropical values of the land/sea correlation and ratio of 

standard deviations are consistent between models and 
observations. The largest discrepancy between observations 
and models is in the extra-tropics, especially the Northern 
Hemisphere. These results indicate that the physical pro-
cesses controlling these metrics are well represented by the 
models in the tropics but may not be as well simulated in 
the extra-tropics.

3.3  Atmospheric response to SST forcing 
(AMIP-simulations)

In the previous section we have characterised the land/
sea contrast in observations and CGCM simulations. We 
now address the causality of this link by assuming that the 
land is responding to SST variability. Thus testing the idea 
that the natural SST variability is leading to an amplified 
response over land. We therefore do a series of AMIP-type 
experiments, in which we prescribe historical SST variabil-
ity globally or in parts of the global oceans and analyse the 
response of the Tland and other atmospheric variables.

Figure 5 shows the same plots as Fig. 2 except for an 
AMIP simulation using the an AGCM forced with the his-
torical global HadISST SST variability (see Sect. 2 for 
details). The land/sea contrast values are largely consistent 
with observations. The globally averaged values are higher 
than observed; there is a lower ratio of standard deviation 
between land and oceans but a higher correlation. The 
AMIP tropically averaged values of land/sea contrast, cor-
relation and ratio of standard deviations are almost identi-
cal to observations. AMIP runs are forced only by SSTs, so 

Fig. 4  Correlation between Tsurf  at each grid point and globally aver-
aged timeseries of Tland. Data is the annual mean temperature anoma-
lies from 35 CMIP5 pre-industrial control runs, 100 years from each 
model combined end-to-end to generate a 3,500 year timeseries

(a) (b)

(c) (d)

Fig. 5  Annual mean Tland and Tocean for a global, b tropical, c Northern Hemisphere extra-tropical, d Southern Hemisphere extra-tropical. 
Detrended AMIP run forced with HadISST
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the high correlation between land and ocean surface tem-
peratures in the tropics indicates a direct, strong connection 
from ocean to land. For both the tropical and global mean 
the values of land/sea contrast are larger than unity, indicat-
ing that the SST forcing is amplified over the continents.

The extra-tropical Northern Hemisphere land/sea contrast 
value is substantially lower than observed. The low values 
of land/sea contrast in the extra-tropics are due to the low 
correlations between ocean and land; there is still a much 
greater variance of land compared to ocean temperatures. 
The low correlation of annual mean temperature implies that 
on these timescales the influence of the extra-tropical oceans 
is either less significant or more subtle and less direct than in 
the tropics. If we assume that the models capture the correct 
ocean-land interactions and that the observed extra-tropical 
land/sea contrast is accurate, then we have to conclude that 
the extra-tropical land/sea contrast is not forced by the SST 
variability. It may be the atmospheric internal variability 
forcing the extra-tropical SST variability and Tland, with the 
Tland having the larger amplitudes. This picture is consistent 
with Barsugli and Battisti (1998).

In Fig. 6 f-tests are used to measure the increase in 
annual temperature variability due to SST variability at 
the surface and at the 300 hPa pressure level relative to a 
simulation with fixed SST climatology. Figure 6a, d shows 
that global SST variability has a substantial impact on the 
tropical atmospheric and surface temperature variability. 
However, in the extra-tropical regions the impact is much 
weaker, but still statistically significant in some regions.

In order to separate the influence of the tropical SST varia-
bility from that of the extra-tropical SST, we repeat the AMIP 

experiment forced with the historical SST variability just in 
the tropics or just in the extra-tropical regions. The impact of 
the tropical SST variability is similar to the global SST vari-
ability, with a clear and strong impact in the tropical regions. 
The AMIP simulation with just the extra-tropical SST varia-
bility has only a very weak to no impact on the regional (grid-
box scale) atmospheric and surface temperature variability. 
However, if we compare the global AMIP versus the tropical 
only AMIP run we still can see a somewhat larger increase 
in variance over land in the global AMIP run. This indirectly 
suggests that the extra-tropical SST forcing does play a role, 
although it is much smaller than the tropical forcing. In sum-
mary the AMIP experiments suggest a clear tropical SST 
forcing to the atmospheric and land surface temperatures, but 
a much weaker or no forcing from the extra-tropical SST.

It should be noted here, that the AMIP simulations are a 
good tool to examine the observed SST variability, but not 
necessarily to analyse the CMIP5 SST variability, because 
the structure of the SST patterns may be substantially dif-
ferent in the CMIP simulations from those observed. In 
order to gain a better understanding of why the CMIP5 
simulations behave differently than the observations, it 
would be useful to do AMIP simulations with the SST 
variability from the different CMIP5 simulations. However, 
this is beyond the scope of this study.

4  Sensitivity experiments

In the previous section we illustrated that the SST variabil-
ity is forcing an amplified response in the Tland variability. 

(f)(e)(d)

(a) (b) (c)

Fig. 6  F-test of annual mean temperature for AMIP-type runs. Sur-
face temperature response on top row, 300 hPa response on bottom 
row. a, d AMIP run with detrended HadISST used globally, b, e 
AMIP-type run with detrended HadISST in extra-tropics, climatolog-

ical SSTs elsewhere, c, f AMIP-type run with detrended HadISST in 
tropics, climatological SSTs elsewhere tropics. All values masked at 
90 % confidence levels. Hatching indicates areas of ocean with SST 
variability
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It was also shown that the link to tropical SSTs was much 
stronger than the link to extra-tropical SSTs. This result 
suggests that the atmosphere and land are more sensitive 
to tropical SST variability, but it may also illustrate that 
tropical SST variability is stronger than extra-tropical or 
may have patterns of variability that affect the land more 
strongly than those from the extra-tropics. In the first set of 
sensitivity experiments we explore the differences between 
tropical and extra-tropical SST forcing and in the second 
set of sensitivity experiments we take a closer look at 
ENSO SST variability, which is the main driver of global 
SST variability.

4.1  SST perturbation experiments

In order to address the sensitivity of the atmosphere and 
land to identical SST anomalies from the tropical or extra-
tropical regions we conduct a series of idealised sensitivity 
experiments, with homogeneous increases in the SST by 
+1 K. These experiments are similar to some of the clas-
sical SST response experiments done in previous studies in 
the context of global warming or climate sensitivity (Cess 
et al. 1990; Dommenget 2009; Compo and Sardeshmukh 
2008).

Figure 7 shows the surface temperature response (con-
trol removed) from the +1 K experiments; where +1 K was 
added to the oceans in the tropics, extra-tropics or globally. 
In response to a tropical SST perturbation there is a large 
tropical response, greatest over equatorial South America 
and Africa, India and the maritime continent (Fig. 7a). The 
tropical +1 K ocean perturbation leads to Tland > +1K in 
most tropical areas. Thus the SST forcing is amplified. The 
extra-tropical land the response to the tropical forcing is 
not significant everywhere, but some regions also show an 
amplified response to the tropical SST forcing (e.g. central 
Asia and parts of Europe and North America). An extra-
tropical Tland response to tropical SST is seen for seasonal 
averages in the winter months of each hemisphere, the 
Northen Hemsiphere winter response is shown in Fig. 7e.

When looking at the annual mean response of Tland to 
extra-tropical SST perturbations there is little signifi-
cant response, however for seasonal averages both hemi-
spheres show a significant response in their respective 
winter months, shown for the Northern Hemisphere in 
Fig. 7e–g. The response of Tland is also amplified in some 
regions relative to the initial perturbation. However, the 
extra-tropical forcing again leads to a weaker land response 
than the tropical forcing, as was also found in the AMIP 
simulations. Also similar to the AMIP simulations we again 
find that the global SST forcing has a bigger impact than 
the tropical only forcing for the annual mean. In addition 
the response of the global SST forcing is greater than the 
superposition of the tropical and extra-tropical forcing 

(comparing Fig. 7c, d). This again indirectly suggests that 
the extra-tropical SST forcing does lead to a significant 
land response.

4.2  Influence of ENSO

On inter-annual timescales ENSO is the most significant 
global climate driver. It is therefore remarkable that in 
the analysis of the CMIP5 model simulations the NINO3 
region did not show up with a high correlation to global 
Tland (see Fig. 4). The ENSO region in the tropical Pacific 
has a lower correlation with Tland than adjacent regions and 
the other ocean basins. Using the combined monthly mean 
CMIP5 surface temperature anomalies, Fig. 8e) shows the 
lagged correlations between NINO3 SST and global Tland. 
The NINO3 region is seen to lead global land by 4 months. 
Typically land has a fast response time to forcings, which 
would not result in a 4 month delay, so this result suggests 
that the full land response is not directly forced by the 
NINO3 SST but is most likely caused by something else. 
This other forcing may be delayed to the ENSO variabil-
ity by about 4 months. Since we have seen in Fig. 4 that 
global Tland is highly correlated to other tropical ocean 
SST, it seems likely that Tland is linked to the slower ocean 
response in the remote tropical oceans and not directly to 
the NINO3 region.

To address this question we conducted a series of ide-
alised ENSO-response experiments. In the first experiment 
we prescribe an oscillating ENSO pattern (a regression 
between NINO3 and SSTs shown in Fig. 1) in the tropical 
Pacific and fixed SST climatologies elsewhere. The oscilla-
tion period of the ENSO signal is 4 years, peaking in Janu-
ary. In the second experiment we allow SST variability out-
side the tropical Pacific simulated by a simple slab ocean 
model. Thus, in the second experiment the global ocean 
SSTs can respond to the oscillating ENSO pattern forcing.

Figure 8i–l shows cross-correlations from the ENSO-
FIXSST and ENSO-Slab forcing experiments. In i and 
j we see that for the fixed SST experiment the global and 
tropical land responds to the ENSO-like forcing (red line), 
and does so without the delay seen in Fig. 8e). When a slab 
ocean is introduced the land responds with a realistic delay 
of around 4 months. The peak slab ocean response is at 6 
months, implying that the land is responding immediately 
to the initial Pacific ocean forcing and then subsequently to 
the delayed slab ocean response. The delayed land response 
is also associated with a higher correlation to the NINO3 
region. Comparing the global and tropical averages, the 
main difference is the magnitude of the peak correlation, 
but in the tropics the slab ocean also results in the peak 
land correlation being higher than the peak ocean correla-
tion. So the delayed response of the remote tropical oceans 
to a Pacific ocean forcing explains both the delayed land 
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response and some part of the amplification of the oceanic 
temperature signal over land. In the extra-tropics there is 
only a very weak influence of the ENSO forcing on land 
temperatures in the sensitivity experiments (Fig. 8g, h), and 
the tropical Pacific has little influence on the slab ocean in 
the extra-tropics. The observations and CMIP5 models also 
don’t show a significant relationship between the extra-
tropics and NINO3.

5  Mechanism for the continental amplification of the 
SST forcing

RL/S larger than unity in the SST forced experiments indi-
cates that the land’s response to SST variability is ampli-
fied. We now wish to explore how this amplification is 
physically realised. We therefore compare the simulation 
without any SST variability (FIXSST) with the simulation 

(a) (e)

(b) (f)

(c) (g)

(d) (h)

Fig. 7  Mean Tsurf  response for sensitivity experiments, a 1 K added to tropical oceans, b 1 K added to extra-tropical oceans, c 1 K added to 
global oceans, d combined response of tropical 1 K oceans plus extra-tropical 1 K ocean. Masked at 95 % confidence levels
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with the oscillating ENSO signal in the tropical Pacific 
and the slab ocean SST variability in the rest of the oceans 
(ENSO-Slab).

We first take a look at the vertical structure of the rela-
tionship between land and ocean temperatures to highlight 
the link between oceans and land in the free troposphere. 
Using tropical averages above land and ocean points, 
Fig. 9 shows regression values for the Ttropos at differ-
ent pressure levels as a function of the surface tempera-
ture Tland and Tocean. In the simulation without any SST 

variability the higher level tropical temperatures over land 
areas are only weakly related to Tland, indicating that the 
atmospheric internal (independent of SST variability) Tland 
variability is limited to the near surface layers and is not 
strongly related to the upper free Ttropos (green dashed 
line in Fig. 9a). In the simulation with SST variability the 
upper level temperature shows a strong relationship with 
the surface Tland variability (solid green line in Fig. 9a). In 
particular the relation of Tland with upper level tempera-
tures over ocean areas shows a strong increase with height, 

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 8  Cross-correlations between the NINO3 region and land and 
ocean. Observations (top row), combined CMIP5 models (middle 
row), two sensitivity experiments (bottom row); atmospheric model 
forced with ENSO-like oscillation in tropical Pacific and fixed SSTs 
elsewhere (red line), slab ocean elsewhere (green, blue lines). Global 

land and ocean (a, e, i), tropical land and ocean (b, f, j), NH extra-
tropical land and ocean (c, g, k) and SH extra-tropical land and ocean 
(d, h, l). NINO3 autocorrelation included for reference (black dashed 
line)
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with values larger than unity between 500 and 200 hPa 
(solid blue line in Fig.  9a).

Over ocean regions we see a clear increase in the rela-
tionship between the surface Tocean and the 500–200 hPa 
level temperature variability (blue line in Fig. 9b). This is 
a well known signature of moist convection; for a unity 
warming at the surface the upper level temperatures will 
warm more, due to the latent heat release by moist convec-
tion (Joshi et al. 2007; Byrne and O’Gorman 2013; Dom-
menget 2009, etc.). This signature appears to be transported 
to the land regions, which leads to the similarity in the 
regressions between Tland and Tocean with upper level Ttropos 
over ocean regions (compare solid blue lines in Fig. 9a, b).

The combination of the regression values suggests the 
following scenario for the land amplification of the SST 
forcing: SST variability in the tropical ocean regions leads 
to Ttropos at higher levels above the oceans with larger 
amplitudes due to the latent heat release by moist convec-
tion. The well mixed free troposphere transports the ampli-
fied SST signal over land. Here the surface Tland feels the 
increased upper level Ttropos and follows the upper tem-
perature variability, but with smaller amplitudes. Thus the 
amplification of the SST variability is not happening over 
land, but is achieved locally over ocean regions by moist 
convection.

We now take a look at the regional differences in this 
upper level Ttropos amplification. We split the land areas 
into subregions allowing us to focus on large-scale Tland 
values and average out the smaller scale Tland variabil-
ity to get a clearer picture of the large-scale interactions, 
for example Africa was divided into southern, central and 
northern regions and the variables were averaged over each 
of these areas. The areas are roughly selected by similar 
sizes and by averaging over regions with similar mean cli-
mates in humidity and temperature. Figure 10a–c shows 
linear regression coefficients between area average Tland 
and upper level (500–100hPa) Ttropos above. We will first of 
all focus on the tropical regions and then discuss the extra-
tropical regions.

As in the previous analysis (Fig.  9) the regressions 
for the FIXSST run don’t show any strong connections 
between surface temperature and Ttropos. In some regions 
the values are even negative. Compare this to the regres-
sions for the ENSO-Slab forced run where strong positive 
regressions exist between the surface and the troposphere 
in the tropics (Fig. 10b). To highlight the influence of the 
SST variability we plot the difference in the regression val-
ues (Fig. 10c). It shows that tropical ocean forcing leads to 
a large increase in tropospheric forcing of land surface tem-
peratures across all the tropics.

A look at a few other atmospheric variables helps us to 
better understand the ocean forcing of the land areas. The 
regressions between downward longwave radiation (LW) 
and Tland mostly fit to the relationship between Ttropos and 
Tland with increases in Ttropos alongside with increases in 
LW. However, the increase in LW (Fig. 10f) is larger than 
one would expect from the pure black body radiation effect 
of the Ttropos increase (Fig. 10c) with a emissivity lower 
than unity. According to the black body radiation effect, 
the LW increase should be about 1 W/m2/K, but it is sig-
nificantly larger than that over Africa and South America. 
This suggests that the increase in LW is not only due to the 
Ttropos increase.

While the relationship between surface temperature 
and short wave radiation (SW), an indirect measure of the 
total cloud cover (in reversed sign), appears largely simi-
lar in the forced and climatology runs the difference plot 
shows that there is a significant reduction over many of the 
tropical regions in the Tsurf–SW relationship for the forced 
run. This suggests that changes in SW are not responsi-
ble for the Tsurf response to SST forcing. Thus clouds 
are increasing due to SST forced Tland warming, leading 
to cooling. However, the thermal radiation effect related 
to the increases in cloud cover would further increase the 
LW response, which partly explains the large LW effect. 
The surface humidity is also increasing in most tropical 
regions with Tland, which is mostly the opposite of what we 
see in the control FIXSST atmospheric internal variability 

Fig. 9  Linear regression 
coefficients for temperature 
above tropical land and ocean 
as linear model of a Tland 
(1,000 hPa surface) and b 
Tocean, for forced run (solid) 
and control run (dashed). i.e. 
Tplv,land = aTsfc,land + b, and 
Tplv,ocean = aTsfc,land + b

(a) (b)
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(Fig. 10j). This would further strengthen the LW effect by 
increasing the emissivity of the tropospheric layers.

The response in sea level pressure (SLP) is a good first 
order indicator of atmospheric circulation response. In the 
control FIXSST atmospheric internal variability SLP is 
mostly negative for positive Tland (negative regression val-
ues in Fig. 10m). However, in the oscillating ENSO signal 
simulation SLP is positive for large regions. This is a reflec-
tion of the atmospheric circulation changes during El Niño. 
This is particularly strong over the Maritime Continent and 

Australia. The strong SLP response over Australia to some 
extent explains why we do not see a strong response in 
Ttropos and LW over Australia.

In the extra-tropical regions there is much less of an 
effect visible from the SST variability. Here it has to be 
noted that the oscillating ENSO simulation also demon-
strates SST variability in the extra-tropical regions as sim-
ulated by the slab ocean that is in its amplitude about as 
large as observed. This has also been demonstrated in other 
studies (Alexander 1992a, b; Dommenget and Latif 2002). 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

Fig. 10  Regression values between surface and variable aver-
aged over regions. Control run (left), forced run (middle), difference 
(right). a–c Upper tropospheric temperature (500–100 hPa), d–f 

downward longwave radiation, g–i downward shortwave radionation, 
j–l specific humidity 1.5 m, m–o sea level pressure. Dotted regions 
indicate significance levels above 95 %
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However, no substantial influence from the Ttropos, LW or 
humidity can be found. SW and therefore total cloud cover 
do show some impact, which may be related to circulation 
changes, as SLP responses in the extra-tropical regions are 
also more pronounced which suggests that atmospheric cir-
culation responses in these regions are important.

6  Summary and discussion

The aim of this study was to analyse the large-scale land/
sea warming and cooling contrasts in natural variability in 
observations and model simulations. Comparing the statis-
tics between observations, coupled climate model simula-
tions and idealised atmosphere-only SST forced simula-
tions, we found some consistent characteristics of the land/
sea contrast, estimated the role of the SST in forcing the 
land and described the main tropical forcing and amplifica-
tion mechanism for the tropical SST to influence Tland.

The observations, CGCM simulations from the CMIP5 
models and AMIP-type forced AGCM experiments show 
a quite consistent picture for the tropical and global land/
sea interaction. RL/S is larger than unity on both a tropi-
cal and a global scale. The global RL/S tends to be larger 
than any zonal band, suggesting that the land/sea warming 
and cooling contrast in natural variability is stronger on 
the larger-scale. However, substantial regional differences 
exist in this. In particular, in the extra-tropical regions the 
RL/S tends to be smaller or insignificant. We also find some 
disagreement in the Northern hemisphere extra-tropics with 
the observations showing a significant land/sea correlation 
that doesn’t exist in the CGCM simulation. However, it 
is unclear from the analysis whether this points towards a 
model problem or an observational data problem.

An important part of this study was determining causal-
ity in the land/sea relationship. This was investigated with 
AMIP runs and sensitivity experiments. Forcing an AGCM 
model with observed SSTs results in a realistic land/sea 
contrast in the tropics, while in the Northern Hemisphere 
extra-tropics the value differed from observations but was 
still similar to coupled models. This can indicate that: 
either the observed covariance between land and ocean is 
not SST forced and comes from internal atmospheric varia-
bility or a land to ocean feedback exists, which clearly will 
be missing from AMIP runs. The atmosphere in the extra-
tropics is known to generate most of the SST variability in 
the extra-tropics (e.g. Hasselmann 1976; Barsugli and Bat-
tisti 1998; Dommenget and Latif 2002) with only a weak 
feedback to the atmospheric variability (Barsugli and Bat-
tisti 1998). These results suggest that AMIP type simula-
tions will not cause much low-frequency atmospheric vari-
ance in the extra-tropics forced from extra-tropical SST. 
However Folland (2005) demonstrate that an SST forced 

model is capable of simulating large-scale land surface air 
temperature variance.

These uncertainties in the extra-tropical regions of SST 
forced runs shouldn’t be present in coupled Coupled mod-
els, and assuming the observed strong RL/S in the North-
ern Hemisphere extra-tropics is real, the lack of a strong 
RL/S in the CMIP CGCM simulations either suggests that 
the correct atmosphere-ocean interaction is missing or indi-
cates that the CGCM simulations do not produce the right 
kind of natural SST variability. The latter may indeed be a 
problem, as it has been shown that the simulated modes of 
SST variability in the extra-tropical oceans in the CMIP5 
CGCM simulations are indeed quite different from the 
observed (Wang et al. 2014). In this context it may be use-
ful in continuing studies to conduct AMIP simulations with 
the SST variability from the different CMIP5 simulations, 
which may help in understanding the differences towards 
the observed.

An interesting aspect of the tropical connection to Tland 
is the relatively small correlation with the NINO3 SST 
index and the role of the remote tropical oceans in the 
response of Tland. The slow response of the Indian and 
Atlantic tropical basins to the Pacific ocean forcing leads 
to the delay of the Tland response to the NINO3 SST index 
by several months (Lau and Nath 1996; Chiang and Lintner 
2005; Su et al. 2005a). In addition to the delay, the com-
bined Pacific/remote ocean forcing further amplifies the 
Tland response. With the help of the idealised ENSO-like 
experiments we confirmed that the delayed land response 
is due to the slowly responding remote tropical oceans and 
this leads to increased variability of Tland. The process of 
how Tland is being forced by ENSO can be outlined as fol-
lows: the NINO3 SST anomalies in the tropical Pacific are 
transported via the troposphere and land responds without 
delay, the remote tropical oceans respond on a timescale 
of 4–6 months, and tropical land also responds quickly to 
this delayed forcing which leads to a peak in the land’s 
response to ENSO at a delay of 3 months.

The large sensitivity (amplification) of Tland to tropical 
ocean temperature anomalies is due to the enhanced upper 
level atmospheric warming that goes along with tropical 
SST variability. The latent heat released by moist convec-
tion leads to upper level temperature variations that are 
larger in amplitude than the source SST anomalies. The 
amplified positive and negative anomalies are transported 
to land, leading to an increase in temperature variability 
over land compared to oceans. This mechanism is essen-
tially the same as that proposed for explaining the equi-
librium global warming land/sea warming contrast (e.g. 
Joshi and Gregory 2008; Dommenget 2009; or Byrne and 
O’Gorman 2013). The link via the upper level amplifica-
tion by moist convection suggests that the climate will be 
more sensitive to SST variability in warm ocean regions 
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that allow for increases in deep convections. The processes 
we explained don’t extend to the extra-tropics due to the 
lack of strong large-scale moist convection, and as such we 
don’t fully explain extra-tropical values of the land/sea con-
trast. However the Northern Hemispheric correlation values 
seen in observations, and the non-linear model response of 
the extra-tropical continents to tropical and extra-tropical 
ocean forcings indicate that the land/sea connection outside 
of the tropics is more subtle but still important.
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