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Topics covered

• Internal variability versus external forced variability
• What is model (response) uncertainty
• Atlantic multi-decadal variability
• Future changes in tropical Atlantic climate



Causes of short and long-term changes in climate

Year to year fluctuations 
caused by natural processes 

in the climate system

Long-term trend caused 
mainly by global warming

Decade to decade 
changes caused by both 

natural and 
anthropogenic factors



Example of internal climate variability:
El Niño Southern Oscillation, events occur every 2-7 years
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ENSO is a pattern of climate variability that arises from strong coupling between ocean and 
atmosphere. Wang (2004) found a correlation between the Pacific Walker Circulation and 
Niño 3 SST anomalies of 0.79. The large-scale circulation anomalies associated with ENSO 
variability have global impacts on climate and weather all over the globe (Fleer 1991; Dai 
and Wigley 2000; Alexander et al. 2002; Barsugli and Sardeshmukh 2002). ENSO has the 
strongest regional and global impacts during NH winter (StateClimateOffice 2017), but paper 
I and II will show the impact of ENSO variability in NH summer, while paper III considers 
the annual mean trends. Due to its global impacts and high predictability, ENSO is a useful 
predictor of tropical climate several months in advance. 
 

2.2.2 Sources of seasonal predictability 

 

Weather predictions’ reliability reduces rapidly in time due to the strong non-linearity of 
atmospheric dynamics, which as explained by chaos theory and means that small 
uncertainties in the initial conditions grow exponentially in time (Lorenz 1993). On seasonal 
time scales predictability depends less on the atmospheric initial conditions, but rather on 
persistence and inter-annual variability patterns, like ENSO. Therefore the main source of 
predictability is the only slowly changing ocean. The tropical large-scale circulation and 
rainfall pattern are strongly constrained by sea surface temperatures, therefor the tropical 
atmosphere is more predictable than extra-tropical regions (Shukla 1998).  
 

There are two basic approaches to seasonal predictions: statistical and numerical. Statistical 
predictions use pre-season predictors, often SST indices, to estimate the future state of the 
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Figure 3 Monthly Niño 3.4 time series from 1979 to 2016 (data from NOAA 2017). 

Surface Temperature of the Central Eastern Pacific Ocean
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External forcing + internal variability
Short and long-term climate variations

1900    1950 2000 2100

surface air temperature

Hiatus Acceleration



Multidecadal temperature fluctuations:
Internal versus externally driven

El Nino 97/98



Observed surface temperature trends

Keenlyside and Ba (2010)

1978-2008  (°C/10 yr)

1910-1940 (°C/10 yr) 1940-1970 (°C/10 yr)



Internal variability large at decadal/regional scales
External dominates on centennial 
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1978-2008  (°C/10 yr) 1910-2008  (°C/30 yr)
Surface temperature trends

Keenlyside and Ba (2010)



Uncertainties in future projections



Externally driven climate projections
Prediction uncertainty: scenario, model, and internal

scenarioM
odel

Internal

Surface temperature projections from 15 climate models

Hawkins and Sutton, BAMS, 2009

30-years



Near-term surface temperature prediction: 
model and initial condition uncertainty large

Hawkins and Sutton, BAMS, 
2009

Relative importance computed from CMIP3 models

First decade, scenario uncertainty ~10% at global scale

Hawkins and Sutton, BAMS, 2009



Atlantic multi-decadal variability



Atlantic Multi-decadal variability (AMV)

• Commonly defined as 
detrend SST anomalies 
averaged over the North 
Atlantic (0-60N), with a 
decadal low-pass filter

• Index shows pronounced 70-
80 year variations, even 
without filtering

• Also known as the Atlantic 
multi-decadal Oscillation 
(AMO)

HadISST observations



Atlantic multi-decadal variability existed before 
the instrumental record

the instrumental SST record from the Atlantic with warm periods from 1860 to 1890 and 1940 to 1970, and a
cold period from 1900 to 1930. The time series have a correlation of 0.53 at a zero lag. This and other
correlations discussed below are summarized in Table 1. PC1 captures an additional cold period in the 1930s
that is not present in the observed AMV-index. This cooling is present in four out of the five proxy records
included in our analysis, suggesting that this cold period is a tropical signal. However, this cooling is not
present in the observed records for the western tropical Atlantic. Prior to the instrumental record, PC1 has a
cold period from 1820 to 1860 and a warm period from the beginning of the record (1781) to 1820. When we
repeat the PCA for the five coral records without detrending the records first, PC1, now explaining 35% of the
variability, captures the same periodicity and timing of warm and cold periods as for the detrended records
(not shown). In addition, there is a positive linear trend. PC1 provides evidence that the multidecadal
variability in Atlantic SSTs may have persisted prior to the instrumental record.

PC1 is also comparable to the AMV
reconstruction from both Gray et al.
[2004] (G04) andMann et al. [2009] (M09),
but the reconstructions are somewhat
displaced in time (Figure 2). For instance,
the first warm period in the beginning of
PC1 ends later than the corresponding
warm period in the land-based
reconstructions; hence, the cold period that
lasts until about 1860 starts later in PC1
(Figure 1b). The cross correlation between
PC1 and the AMV reconstruction from Gray
et al. [2004] has a maximum value of 0.44
when PC1 lags the reconstruction by
11years. At a zero lag the correlation is
0.26. The cross correlation between PC1
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Figure 1. (a) Correlation between PC1 and annually averaged observed SST (HadISST), showing only values at a 95% confidence
level for the effective degrees of freedom. Blue dots indicate the sampling sites. (b) PC1 (solid black line) and the AMV-index from
HadISST data (dashed blue line).
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Figure 2. Normalized decadally filtered PC1 (solid black line), AMV
reconstructions from Gray et al. [2004] (G04, red line) and Mann et al.
[2009] (M09, orange line), and the AMV-index from HadlSST data
(dashed blue line).

Geophysical Research Letters 10.1002/2013GL059076
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Principle component analysis of five coral records from the tropical Atlantic

Instrumental AMV in blue

Svendsen et al. 2014



AMV is associated with climatic impacts of strong 
socio-economic importance

Detrended observed timeseries



AMV impacts on marine ecosystems allow prediction of
Barents Sea Cod Total Stock Biomass

R=0.77 (p<0.01)

Observed and predictions based on Atlantic inflow temperature 
and AMO seven years in advance

Årthun et al. 2018



Mechanisms for AMV involves poleward heat 
transport associated with Meridional Overturning 

Circulation
Meridional overturning 

circulation (MOC)
Kiel Climate Model – MOC (black),             

Atlantic sea surface temperature (red)

Model Year
[Latif et al. 2009]
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Additional considerations

• Models do show disagreement in the 
mechanisms, timescales, and patterns for 
Atlantic multidecadal variability (Keenlyside 
and Ba 2010, Zhang et al. 2018)

• Role of ocean dynamics has been questioned 
(Clements 2015)

• Role of external forcing also highlighted 
(Otterå et al. 2010, Booth et al. 2012)



Climate prediction on multi-year timescales 
reaching useful skill levels in the Atlantic

Yeager et al. 2018

Anomaly correlation skill in predicting sea surface temperature 3-7 years ahead
Model: CESM-DPLE, yearly reforecasts 1954-2015, 40 ensemble members



Historical and future changes in 
tropical Atlantic climate

Analysis of CMIP5 models by Lander Crespo



Potential impacts on variability

Weakening of 
equatorial 
cold tongue 

Weakening 
SST and 
rainfall 
variability

1950-2009 SST trend in JJA

21-year running variance, equatorial zonal SST gradient 
and Guinea coast rainfall 

Tokinaga and Xie 2011



HadISST

Dashed black = Multi-model mean

Historical period: observed and simulated SST
Sea surface temperature in the equatorial Atlantic cold tongue (ATL3 index) 



Dashed black = Multi-model mean

Future changes in Atlantic SST

Sea surface temperature in the equatorial Atlantic cold tongue (ATL3 index) 



SST trends tropical Atlantic (MME)



SST trends tropical Atlantic (MME)

- The observed warming rate is
zonally homogeneous in the
tropical Atlantic.

- Angola-Benguela region has
warmed more.



SST trends tropical Atlantic (MME)

- The equatorial Atlantic and Angola-
Benguela region larger warming
rate.

- The observed warming rate is
zonally homogeneous in the
tropical Atlantic.

- Angola-Benguela region has
warmed more.
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Models indicate reduction in future SST variability

Historical reference period: 1951-2000



Focus Article wires.wiley.com/climatechange

Subtropical
NE Atlantic

Subtr.
SE
AtlanticSubtr.

SE
Pacific

Subtropical
NE Pacific

FIGURE 1 | (a) Observed annual mean sea-surface temperature (SST) from the optimally interpolated (OI) SST data set.1 (b) Annual mean bias of
the CMIP52 ensemble relative to OISST. See Table 1 for a list of models. The gray boxes denote the regions discussed in this article and their
longitudinal and latitudinal extents correspond to the ranges plotted in Figures 2 and 3, respectively. The text labels refer to the naming used in
Figure 2.

GCMs produce in vicinity to the eastern boundaries
(Figure 1(b); see Table 1 for a list of the models used
to generate the ensemble mean).14–16 This is usually
accompanied by an underrepresentation of the stra-
tocumulus decks that leads to excessive shortwave
radiation reaching the ocean surface (Figure 2(a) and
(b)).17–19 The poor GCM performance in reproducing
SST and cloud cover is troubling because it under-
mines the credibility of climate change projections for
the region. The response of stratocumulus clouds in
these projections varies widely among models, with
some models projecting increasing cloud cover (nega-
tive feedback) and others predicting decreasing cloud
cover (positive feedback).20–23 This disagreement adds

substantially to the uncertainty of global temperature
projections under greenhouse gas forcing.24–26 More-
over, eastern boundary regions are also subject to
pronounced year-to-year variability in upwelling
strength and SST. This variability can have severe
impacts on fisheries and also affect weather over
the adjacent continents.27–30 GCMs form the basis
of many seasonal prediction systems and thus east-
ern ocean biases may hamper skillful predictions of
climate anomalies around coastal upwelling regions.

Given the importance of tropical eastern bound-
aries to the climate system, it is crucial to alleviate
the persistent GCM biases in the region. The present
article aims to contribute to this goal by summarizing

© 2015 John Wiley & Sons, Ltd.

Richter, WIRES, 2015

°C

CMIP5 multi-model mean sea surface temperature error

Model biases in the South Eastern Tropical Atlantic 
among the most severe  



Climate change: Atlantic Niño warming when 
warm bias reduced 

  

Difference of SST (control) for present and future projection

  

Difference of SST (control) for present and future projection

Sea surface temperature change: 2080-2100 minus 1980-2000

Standard NorESM Anom. Coupled NorESM

Courtesy: Teferi Demissie



Long-term climate variability and climate 
change in the tropical Atlantic

• Tropical Atlantic shows long-term warming with multi-decadal 
changes

• Internal variability and external forcing may explain the multi-
decadal changes

• Observations show recent weakening of the Atlantic cold 
tongue strength and variability

• Model with historical forcing tend to fail to simulate the 
historical weakening of the cold tongue

• Large uncertainties in future changes in the tropical Atlantic

Thank you for your attention


