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Abstract
This study describes time evolution of the Southern Annular Mode (SAM) in Mid- to Late Holocene simulated with a state-
of-the-art transient simulation of the last 6000 years carried out with the IPSL-CM5A2 model. Simulated SAM index exhib-
its significant long-term linear trends of different sign depending on the season that are closely related to multi-millennial 
changes in insolation which was the main driver of long-term climate change in the study period. Interactions between 
changes in insolation and the SAM are linked to temperature and pressure changes developed through the entire Southern 
Hemisphere. In fact, model results suggest that insolation changes produced significant changes in extratropical temperature 
gradients that, in turn, induced changes in pressure gradients synthesized by significant long-term linear trends in the SAM 
index from Mid- to Late-Holocene. Considering that changes in the SAM index synthetize changes in hemispheric patterns 
of temperature, pressure and winds, results exposed in this study should be considered as reference for reconstructions of 
SAM evolution in the last 6000 years from climate proxy archives.
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1  Introduction

The Southern Annular Mode (SAM), also referred as High 
Latitude Mode or Antarctic Oscillation in pioneer papers, 
is the leading Empirical Orthogonal Function of Southern 
Hemisphere atmospheric circulation variability at extratropi-
cal latitudes (e.g., Rogers and van Loon 1982; Kidson 1988, 
1999; Limpasuvan and Hartmann 2000; Thompson and 

Wallace 2000). The spatial structure of the SAM is almost 
similar year-round being characterized by strong zonal sym-
metry with synchronous anomalies of opposite sign over 
middle and high latitudes through the entire troposphere on 
daily to decadal times scales (e.g., Kidson 1999; Mo 2000; 
Baldwin 2001; Cai and Watterson 2002; Fogt and Bromwich 
2006). The corresponding Principal Component time series 
is usually referred as the SAM index. The positive SAM 
phase (i.e., positive value in the SAM index) is defined by 
anomalously high pressure in middle latitudes (~ 40° S) rela-
tive to anomalously low pressures over Antarctica (~ 65° S) 
while inverse pressure anomalies relation defines the nega-
tive SAM phase (i.e., negative value in the SAM index).

Conceptually, the SAM synthesizes the seesaw pattern 
(negative correlation) that exists between pressure anom-
alies at middle and high latitudes in the Southern Hemi-
sphere. This pattern of atmospheric circulation anomalies 
is closely related to changes in position and intensity of 
the southern westerlies that encircle mid-high latitudes 
(~ 50° S to ~ 70° S): the westerlies tend to intensify and the 
latitude of maximum wind speed shifts toward Antarctica 
when the SAM index increases while the westerlies tend 
to weaken and the maximum wind moves toward the equa-
tor when the SAM index decreases (see more details in 
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Sect. 3). Additionally, several studies demonstrated signifi-
cant influence of the SAM on surface weather and climate 
variability at middle and high latitudes of the Southern 
Hemisphere (e.g., Fogt and Marshall 2020, and references 
therein). Although the SAM is consequence of internal 
atmospheric dynamical processes (e.g., Limpasuvan and 
Hartmann 2000), its intensity and phase can be markedly 
affected by external forcings such as changes in greenhouse 
gas and stratospheric ozone concentrations (e.g., Thompson 
and Solomon 2002; Cai et al. 2003; Shindell and Schmidt 
2004; Arblaster and Meehl 2006; Miller et al. 2006; Polvani 
et al. 2011; Fogt et al. 2017) and changes in solar irradiance 
(e.g., Kuroda and Kodera 2005; Kuroda and Shibata 2006). 
A complete review of key aspects of the scientific literature 
regarding SAM variability, climate impacts, trends, and forc-
ing was recently summarized by Fogt and Marshall (2020).

Atmospheric reanalyses allow detailed descriptions of 
SAM evolution and variability since 1979 when informa-
tion from satellites is available. For previous periods, the 
lack of meteorological information over wide portions of 
the Southern Hemisphere reduces the quality of those grid-
ded data sets. However, Marshall (2003) provided a recon-
struction of the SAM index since 1957 based on information 
from meteorological stations located at ~ 40° S and ~ 65° S. 
Additionally, Fogt et al. (2009) and Visbeck (2009) recon-
structed the SAM index to the last decades of the nine-
teenth century allowing studies of SAM behavior over the 
past ~ 150 years. To extend the SAM record further back, 
a wide variety of climate proxy data and methodologies 
were employed. In fact, Jones and Widmann (2003), Zhang 
et al. (2010), Villalba et al. (2012), Abram et al. (2014), and 
Dätwyler et al. (2018) reconstructed time evolution of the 
SAM index through past centuries. In particular, Abram’s 
and Dätwyler’s reconstructions cover the entire past millen-
nium suggesting that the pronounced positive trend in the 
SAM index observed recently and attributed to the action of 
anthropogenic climate forcing (e.g., Sexton 2001; Thompson 
and Solomon 2002; Gillett and Thompson 2003; Arblaster 
and Meehl 2006; Thompson et al. 2011) is unprecedented 
over past centuries. Although there are some inconsisten-
cies among reconstructed indices, especially before the nine-
teenth century (Hessl et al. 2017; Hernández et al. 2020), 
all of them agree in a pronounced positive trend since 
the ~ 1950s. Differences among reconstructed SAM index 
prior to the window over which the proxies are calibrated 
might be consequence of non-stationary proxy-SAM tel-
econnections (Huiskamp and McGregor 2020).

Reconstructions mentioned in the previous paragraph 
demonstrate the significant effort made to reconstruct long 
records of SAM variability. However, there is still a lack of 
proxy-based reconstructions of the SAM extended more than 
the past millennium. Although this information is essential 
to assess long-term trends prior to the influence of modern 

anthropogenic forcing, the lack of appropriated climate proxy 
records makes difficult to infer characteristics of the SAM 
before ~ 1000 years BP. In this context, the close relationship 
between SAM and position/intensity of southern westerlies 
suggests that reconstructed characteristics of these winds 
might be an alternative way to infer relevant features of past 
long-term SAM evolution. Unfortunately, there is not a clear 
consensus related to the evolution of the westerlies through 
the Holocene having marked discrepancies among available 
reconstructions regarding periods in which these winds rein-
forced/weakened or shifted southward/northward (Hernández 
et al. 2020; Laprida et al. 2021 and references therein). In light 
of these limitations in the available proxy information, numeri-
cal climate model simulations emerge as a valuable tool to 
infer how the SAM could have responded to long-term changes 
in natural climate forcings through the Holocene prior to the 
beginning of the modern Industrial Era in ~ 1850s. Addition-
ally, numerical simulations can help to define the most relevant 
features of atmospheric circulation that should be the focus of 
future proxy-based studies related to reconstructions of past 
SAM behavior. In this context, the state-of-the-art multi-mil-
lennial transient simulations of global climate conditions from 
Mid- to Late Holocene carried out with the IPSL-CM5A2 
model contain a continuous description of atmospheric vari-
ability during the last 6000 years. Consequently, these simu-
lations provide an excellent opportunity to infer patterns of 
SAM evolution through that period. Therefore, the aim of our 
analysis is to investigate long-term changes in the SAM vari-
ability using the transient IPSL-CM5A2 model simulations. 
To the best of our knowledge, this study first describes SAM 
evolution considering a transient model simulation of the last 
6000 years. This information is essential in order to have a 
complete picture of past climate evolution giving a long-term 
historical context of both present-day conditions and projected 
future changes. Additionally, results of this analysis might be 
a significant contribution to improve paleoclimatic studies 
focused on reconstructions of large-scale atmospheric circu-
lation patterns in the Southern Hemisphere.

The article is organized as follows. Model simulation and 
methodology are described in Sect. 2. Modeled SAM index 
evolution in the study period is showed in Sect. 3. Available 
information from proxy-based reconstructions is discussed 
in Sect. 4. The influence of Pacific Ocean sea surface tem-
perature (SST) on SAM evolution is analyzed in Sect. 5. The 
main conclusions are summarized in Sect. 6.

2 � Model simulation and methodology

2.1 � Model simulation

The present study uses IPSL-CM5A2, the Earth system 
model developed at IPSL (Institut Pierre Simon Laplace, 
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France). It couples atmosphere, land surface, ocean and 
sea-ice, and accounts for energy, water and carbon cycles. 
A complete description of the different components of this 
model version, the coupling scheme and model perfor-
mances can be found in Dufresne et al. (2013), Mignot and 
Bony (2013), and Sepulchre et al. (2020). IPSL-CM5A2 is 
an enhancement of IPSL-CM5A, whose ability to reproduce 
the mid-Holocene climate (6000 years BP) was discussed in 
Kageyama et al. (2013a, b). This model represents all scale 
of variability from hours to centuries or millennium. For 
instance, Braconnot et al. (2019) used the transient climate 
simulation to characterize the multiscale variability of the 
Indian and West African monsoons in the last 6000 years 
concluding that the 2- to 20-year variability of the Holo-
cene simulation changes in time with a good correlation 
to the orbital forcing, and the long-term trend is driven by 
the orbital forcing with a very strong correlation. Further-
more, Crétat et al. (2020) studied the model variability for 
the Indian monsoon region showing a large variability in 
the 50–500 year range in addition to the more traditional 
decadal variability.

The initial climate state in the multi-millennial IPSL-
CM5A2 transient simulation corresponds to a Paleoclimate 
Modeling Intercomparison Project simulation run with 
6000 years BP boundary conditions (Kageyama et al. 2018; 
Braconnot et al. 2019). After that, Earth's orbital parameters 
and atmospheric composition were updated each year from 
6000 years BP to the present but the transient simulation 
does not include volcanic forcing (see more details in Brac-
onnot et al. 2019). During the study period, the main driver 
of long-term climate change was the slow change in incom-
ing solar radiation (insolation) at the top of the atmosphere 
due to changes in orbital parameters of the Earth around the 
Sun. Insolation mean values and changes over the Southern 
Hemisphere considering information contained in the IPSL-
CM5A2 simulation are shown in Fig. 1 and Supplementary 

Fig. S1. The annual cycles show maximum (minimum) 
insolation in summer (winter) and reduction of values with 
increasing latitude including winter polar nights (Fig. 1a). 
Slow long-term changes from 6000 years BP to the present 
were characterized by increment of insolation from sum-
mer to autumn and reduced insolation from winter to spring 
(Fig. 1b). However, intensities and timing of these changes 
were not uniform through all latitudes of the Southern Hemi-
sphere (Supplementary Fig. S1a) and the insolation forcing 
was almost constant through the last millennium (Supple-
mentary Fig. S1b).

2.2 � Methodology

Although the SAM is defined as the leading Empirical 
Orthogonal Function of extratropical Southern Hemisphere 
atmospheric variability, the SAM index analyzed in this 
study is calculated following the alternative methodology 
proposed by Gong and Wang (1999). Consequently, the 
SAM index (i.e., the time series equivalent to the first Prin-
cipal Component time series) is calculated as the normalized 
difference between 40° S and 65° S in sea level pressure 
(SLP): SAMINDEX = SLP*

40°S − SLP*
65°S where SLP*

40°S and 
SLP*

65°S are normalized zonally mean SLP of 40° S and 
65° S for every month respectively. The spatial field of the 
SAM (i.e., the spatial field equivalent to the first Principal 
Component spatial field) is calculated as the correlation 
of the SAM index with SLP anomalies in each grid point. 
An example of the use of this alternative methodology to 
calculate the SAM is displayed in Fig. 2 demonstrating the 
similarity with that based on Principal Component analy-
sis in both spatial field and time series. Furthermore, this 
alternative methodology helps to expose that the SAM index 
synthesizes the strength of the meridional gradient of pres-
sure anomalies at middle and high Southern Hemisphere 
latitudes.
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Fig. 1   a Annual cycle of present-day incoming solar radiation (inso-
lation) at the top of the atmosphere averaged over 10° S, 40° S and 
70°  S in the IPSL-CM5A2 simulation. b Insolation changes in the 

band between 10° S and 70° S calculated as insolation in the present 
minus insolation in 6000 years BP



	 G. Silvestri et al.

1 3

Simulations performed with the IPSL-CM5A2 model 
extend from 6000 years BP to the present considering the 
present (or year zero) to 1950. However, to exclude the 
incipient anthropogenic effect on climate system, the last 
simulated century (i.e., the period 1850–1950) is omitted in 
the analysis. Mean values and standard deviations involved 
in definition of the SAM index correspond to the period 
of 5900 years extended from 6000 years BP to 1849. The 
selection of this time period of reference does not affect the 
characteristics of SAM long-term trends showed through 
the study because those characteristics are independent of 
the precise time period over which zonally mean SLP is 
normalized.

In order to simplify descriptions of climate evolution 
through the Holocene, two specific time-periods are taken 
into account: the period identified as Mid-Holocene (MidH) 
corresponding to the initial period 6000–5500 years BP (i.e., 
the first five simulated centuries) and the period identified 
as Late Holocene (LatH) corresponding to the final period 
1350–1849 (i.e., the last five simulated centuries previous 
to the beginning of the Industrial Era).

The study is based on modeled monthly mean values of 
sea level pressure (SLP), temperature at 2 m (T2m), and 
zonal component of wind at 850 hPa (U850). The statisti-
cal significance of linear trends is assessed considering the 
Student's t test (Wilks 2006).

3 � Modeled evolution of the SAM index

Long-term evolution of the SAM index in Mid- to Late 
Holocene is displayed by changes of sign, monthly linear 
trends and time series on the whole period extended from 
6000 years BP to 1849 (Fig. 3). Monthly evolutions reveal 
the occurrence of changes of sign and significant long-term 
linear trends with a clear annual pattern (Fig. 3a, b): sig-
nificant positive trends from February to July and signifi-
cant negative trends from September to December while 
January and August are months of transition in which linear 
trends are not statistically significant. This inverse behav-
ior is summarized by the SAM index in austral autumn 
(March–April–May, MAM) and spring (September–Octo-
ber–November, SON) (Fig. 3c). Linear trends in monthly 
SAM index produced long-term shifts in the SAM phase 
(from negative to positive or vice versa depending on the 
month) which sign is related to the time-window taken as 
reference to calculate the corresponding anomalies (see 
Sect. 2.2). In this evolution, time series of modeled SAM 
(Fig. 3c) show a lack of trends during the last ~ 1500 years 
(see more details in Sect. 4).

As was mentioned in Sect. 1, the SAM index synthesizes 
the strength of the meridional gradient of pressure anomalies 
at middle and high Southern Hemisphere latitudes. There-
fore, monthly linear trends displayed in Fig. 3 are conse-
quence of long-term changes in pressure gradients through 
the study period. Actually, the extratropical meridional gra-
dient of SLP (i.e., differences between zonal mean SLP at 
40° S and 65° S) increased from February to August and 
decreased from September to January (Fig. 4a, b). These 
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Fig. 2   a Leading empirical orthogonal function of monthly mean 
sea level pressure (SLP) poleward of 20°  S simulated by the IPSL-
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Long‑term trends in the Southern Annular Mode from transient Mid‑ to Late Holocene simulation…

1 3

changes in extratropical meridional gradients summarize 
changes in the general structure of hemispheric SLP which 
can be described taking as a reference mean conditions and 
changes in austral autumn and spring. In autumn, zonal 
mean SLP decreases from 40° S to 65° S (Fig. 4c) but mean 
values increased in 40° S and decreased in 65° S from Mid- 
to Late-Holocene (Fig. 4c–e). Consequently, the meridional 
gradient increased through the study period (Fig. 4a, b). In 
spring, zonal mean SLP also decreases from 40° S to 65° S 
(Fig. 4d) but mean values decreased in 40° S and increased 
in 65° S from Mid- to Late-Holocene (Fig. 4d, e) weakening 
the meridional gradient (Fig. 4a, b).

Changes in atmospheric circulation described by the 
transient IPSL-CM5A2 model simulation can be compared 
with those of an ensemble mean of various paleoclimate 
simulations contained in the Paleoclimate Modeling Inter-
comparison Project Phase 3 (PMIP3; https://​pmip3.​lsce.​
ipsl.​fr). In fact, PMIP3 simulations reconstruct the climate 

in ~ 6000 years BP and during the 1350–1850 period which 
are the time windows considered for MidH and LatH respec-
tively. The comparison reveals that changes in SLP gradients 
described by the IPSL-CM5A2 model (Fig. 4a, b) are quali-
tatively similar to those of the ensemble mean of PMIP3 
models (Supplementary Fig. S2a, b): the extratropical 
meridional gradient of SLP increased in austral autumn and 
decreased in spring while summer and winter are periods 
of transitions between them. Consequently, these modeled 
atmospheric circulation changes are coincident signals in the 
single IPSL-CM5A2 simulation and the average of various 
PMIP3 paleoclimate simulations. In other words, the single 
IPSL-CM5A2 simulation does not produce artificial signals 
of long-term atmospheric circulation change in the Southern 
Hemisphere.

Basic atmospheric dynamics concepts link the result-
ing changes in meridional pressure gradients to changes 
in near-surface temperature gradients between tropical and 
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Fig. 3   a Sign of the SAM index simulated by the IPSL-CM5A2 
model averaged over 500-year time windows. Positive (negative) val-
ues are indicated in orange (green). b Monthly linear trends of the 
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extratropical regions in response to the slow changes in inso-
lation from Mid- to Late-Holocene. In fact, the most intense 
warming over tropical-extratropical regions (i.e., the latitudi-
nal band between 0° and 60° S) occurred in austral autumn 
(Fig. 5) being more pronounced at lower latitudes and, as a 
result, meridional temperature gradients intensified. Con-
versely, the most intense cooling over tropical-extratropical 
regions occurred in austral spring and meridional tempera-
ture gradients weakened due to more pronounced cooling at 
lower latitudes. As changes in SLP conditions, autumn and 
spring are the seasons when temperature changes are more 

pronounced while summer and winter are periods of transi-
tions between them.

Temperature changes displayed in Fig. 5 indicate that the 
timing of the maximum (minimum) temperature anomaly 
is delayed by about one season relative to the beginning of 
insolation positive (negative) anomaly showed in Fig. 1. In 
fact, the increment (reduction) of insolation with respect to 
6000 years BP conditions started in summer (winter) but 
the maximum warming (cooling) occurred during autumn 
(spring). Delayed response of the climate system to insola-
tion changes was also found in previous model simulations 
analyzed by Renssen et al. (2005), Rojas and Moreno (2011), 
Renssen et al. (2012) and Varma et al. (2012). These studies 
suggested that the action of thermal inertia of the oceans 
and the influence of monsoon systems are factors that might 
have caused seasonal lags in the response of temperature 
to insolation changes. Regarding the influence of monsoon 
systems, increased summer insolation might reinforce mon-
soon systems creating moister conditions that reduce the 
surface heating and shift the maximum warming to autumn 
when the dry season starts. Concerning meridional condi-
tions displayed in Fig. 5, values around zero during spring 
in ~ 50° S are a consequence of non-significant changes of 
temperature over subtropical oceans.

Considering that the SAM index synthesizes the 
strength of the meridional gradient of pressure anomalies 
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at middle and high Southern Hemisphere latitudes, SAM 
trends displayed in Fig. 3 imply long-term changes in posi-
tion and/or intensity of westerly winds. In fact, there is a 
pronounced poleward shift of the latitude of maximum 
wind speed in austral autumn (Fig. 6a) that produce rein-
forced winds in the central and southern regions of the 
westerlies belt (i.e., the latitudinal band ~ 40° S–60° S) 
and weakened winds in the northern portion of the west-
erlies belt (Fig. 6c). In contrast, the latitude of maximum 
wind speed shifts toward the equator in spring (Fig. 6b) 
inducing weakened winds in the central and southern 
regions of the westerlies belt and reinforced winds to the 
north (Fig. 6c). Summer and winter constitute transitional 
states between the extreme inverse conditions developed 
in autumn and spring (figures not shown). These long-
term changes in westerlies simulated by the IPSL-CM5A2 
model are consistent with conclusions of previous model-
based analyses developed by Varma et al. (2012) (analysis 
of Holocene transient simulations) and Rojas and Moreno 
(2011) and Berman et al. (2017) (analysis of differences 
between Mid-Holocene and pre-industrial time windows) 
indicating that they are robust signals in a wide variety of 
paleoclimatic model simulations. Furthermore, it is clear 
that the latitude of maximum wind speed shifted toward 
Antarctica when the SAM index increased from Mid- to 
Late-Holocene (i.e., months around autumn) while the 
westerlies tended to move toward the equator when the 
SAM index decreased (i.e., months around spring).

Results of the IPSL-CM5A2 transient simulation 
depicted in the previous paragraphs provide continued 
descriptions of long-term history of the climate system. 
Changes in temperature and intensity/position of south-
ern westerlies in response to slow insolation changes from 
Mid- to Late-Holocene inferred from this simulation agree 
with results of previous model-based studies. In this con-
text, our transient results bring into light novel information 
regarding long-term SAM variability allowing inferences 
of diverse monthly/seasonal behavior as well as different 
rate of changes.

4 � Proxy‑model comparisons

Validation of the 6000-year-long SAM index simulated 
by the IPSL-CM5A2 model against proxy-based records 
is a challenge due to the lack of reconstructions of the 
SAM covering more than the last millennium (see Sect. 1). 
The longer available reconstructions are those developed 
since AD 1000 by Abram et al. (2014) (hereafter referred 
as A14) for annual means and Dätwyler et  al. (2018) 
(hereafter referred as D18) for annual and austral sum-
mer means (Fig. 7). Although these reconstructions do not 
allow to validate the SAM index in the entire 6000-year-
long simulated period, proxy-model comparisons in the 
last millennium might bright into light useful information 
regarding model performance. In this context, it is impor-
tant to mention that proxy-based SAM index are recon-
structed considering information extracted from sites that 
are not geographically evenly distributed through middle 
and high Southern Hemisphere latitudes. Consequently, 
reconstructed index might have some deficiencies in rep-
resenting zonal mean conditions involved in SAM variabil-
ity. However, taking as reference the observational-based 
index of Marshall (2003), information extracted from few 
specific continental sites constitutes information highly 
representative of the circumpolar mean state of the SAM 
(Fogt and Marshall 2020). In other words, significant 
proxy-model disagreements should not be associated to the 
geographic distribution of sites which paleorecords were 
used to reconstruct long-term evolution of the SAM index.

The annual SAM index reconstructed by A14 (Fig. 7a) 
shows an initial period with not well-defined long-term 
trends until the end of ~ 1300 s when a pronounced nega-
tive trend or abrupt jump to lower values developed. Then, 
positive trend extended until ~ 1800s which is followed by 
negative trend until ~ 1940s and, finally, pronounced posi-
tive trend until the present. The general structure of these 
long-term changes agree reasonably well with the annual 
SAM index reconstructed by D18 (Fig. 7b) except by the 
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fact that the negative trend during 1800s and early 1900s 
suggested by A14 is not observed in D18 reconstruction 
(see also Supplementary Fig. S3a, b). Moreover, the sum-
mer SAM index reconstructed by D18 (Fig. 7e) shows a 
general structure similar to that reconstructed for annual 
means (Fig. 7b) that also agree well with the summer 
reconstruction developed by Villalba et al. (2012) (here-
after referred as V12) since AD 1409 (Fig. 7d).

Pronounced trends spanning past centuries, when the 
anthropogenic forcing was absent, inferred from paleo-
records indicate that internal variability and/or natural 
forcings have influenced long-term SAM variability in the 
last millennium. Changes in solar irradiance and trends in 
tropical Pacific sea surface temperature (SST) have been 
proposed by A14 as possible forcings of SAM trends in pre-
Industrial periods. Moreover, in the context of changes in the 
modern Industrial Era, the unusual positive trends observed 
in V12, A14 and D18 reconstructions since ~ 1950s were 
first described in reconstructions developed by Fogt et al. 
(2009) (hereafter referred as F09) (Supplementary Fig. S4).

Long-term time evolution of annual and summer SAM 
index simulated by the IPSL-CM5A2 model (Fig. 7c–f) dif-
fers from the available proxy-based reconstructions through 

the entire millennium. In fact, modeled SAM index show 
a lack of long-term trends until ~ 1800s when pronounced 
positive trends began. The lack of significant linear trends 
in modeled SAM index during the ~ 1000s–1800s period is 
observed in all months (figures not shown) and might be 
consequence of almost constant insolation forcing through 
that period in the model simulation (see Supplementary Fig. 
S1b).

Proxy-model disagreement in the time-window extended 
from ~ 1400s to ~ 1800s coincides with the period in which 
the Little Ice Age (LIA) developed. Consequently, the SAM 
behavior observed in proxy-based reconstructions might 
be associated to LIA climate forcings that are not properly 
reproduced by the IPSL-CM5A2 model simulation (e.g., 
volcanic activity, solar irradiance describing the Spörer 
Minimum in ~ 1500s and the Mounder Minimum in ~ 1700s). 
After this ~ 1400s–1800s period, and coinciding with the 
inclusion of anthropogenic forcing in the model simulation, 
a persistent positive trend starts in the modeled SAM index 
being an abrupt change not observed in proxy-based recon-
structions (see Supplementary Fig. S3). Nevertheless, pre-
vious last millennium transient climate model simulations 
carried out as part of the Coupled Model Intercomparison 

Fig. 7   Proxy-based and mod-
eled SAM index for the past 
1000 years. All indices are 
smoothed with a 10-year (blue) 
and 50-year (red) running mean. 
Proxy-based reconstructions 
correspond to Villalba et al. 
(2012) (V12), Abram et al. 
(2014) (A14), and Dätwyler 
et al. (2018) (D18). IPSL indi-
cates the SAM index simulated 
by the IPSL-CM5A2 model
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Project fifth phase (CMIP5) also show pronounced positive 
trend starting in ~ 1800s which was related to the fact that 
numerical models seem to be unable to reproduce climate 
conditions inferred from proxy data during the nineteenth 
century (Abram et al. 2014).

Limitations in model performance and/or uncertainties in 
the estimation of prescribed boundary conditions and forc-
ings of climate variability in model simulations might pro-
duce the proxy-model disagreement detected in SAM recon-
structions through the last millennium. However, alternative 
explanations may be related to limitations in proxy informa-
tion. In fact, it is possible that the SAM was not the only 
forcing of climate variability through the last millennium 
in areas where the available proxy sites are located. Con-
sequently, variability of proxy-based SAM reconstructions 
might contain information of other forcings affecting climate 
conditions in those areas that, in turn, affects the reconstruc-
tion of a “pure” SAM index. For instance, Southern Hemi-
sphere areas affected by the SAM tend to be the same areas 
affected by the action of Rossby wave trains excited in the 
tropical Pacific (e.g., Mo 2000; Mo and Paegle 2001).

Whatever the reason of proxy-model disagreements 
detected in SAM reconstructions since ~ 1400s, those dis-
crepancies should not affect the credibility of model-based 
results exposed in Sect. 3 because the main driver of climate 
changes in that 6000-year-long period was the orbital forcing 
that induced insolation changes displayed in Fig. 1.

5 � Influence of Pacific Ocean SSTs on SAM 
long‑term evolution

There are numerous evidences for influence of tropical 
Pacific SST on SAM variability during part of the last cen-
tury (e.g., Fogt and Marshall 2020 and references therein). 
However, this relationship should be treated with caution 
due to the nonstationary nature of tropical-extratropical 
atmospheric connections in the Southern Hemisphere. 
Actually, Silvestri and Vera (2009) showed evidence that 
the significant link between tropical Pacific SSTs and the 
SAM index developed since the ~ 1980s was absent in 
previous decades of the twentieth century. Consequently, 
the close tropical-extratropical connection detected since 
the ~ 1980s should not be assumed as a persistent feature 
of Southern Hemisphere atmospheric circulation through 
the entire Holocene. High-quality and reliable proxy-based 
reconstructions are required to study that connection dur-
ing past time windows. In this context, discrepancies 
among available reconstructions make it challenging to 
infer unambiguous signals of tropical Pacific SST evolu-
tion in the last millennium as well as its connection with 
SAM variability. Indeed, the positive trend in the A14 

annual SAM index from the 16th to eighteenth century 
and the reversal of this trend during the nineteenth cen-
tury (Supplementary Fig. S5a) might be mirror changes in 
the mean EN3.4 SST reconstructed by Emile-Geay et al. 
(2013) (Supplementary Fig. S5c) but that relationship 
is absent if the ENSO index reconstructed by Braganza 
et al. (2009) (Supplementary Fig. S5d) or the Interdecadal 
Pacific Oscillation (IPO) index reconstructed by Vance 
et al. (2015) (Supplementary Fig. S5e) and Porter et al. 
(2021) (Supplementary Fig. S5f) are considered. Further-
more, the persist positive trend since the sixteenth cen-
tury in the D18 annual SAM index (Supplementary Fig. 
S5b) might be coincident with the long-term trend in the 
Porter’s IPO index but disagree with the evolution of the 
Emile-Geay’s EN3.4 index, Braganza’s ENSO index, and 
Vance’s IPO index. Moreover, the positive trends in the 
V12 and D18 summer SAM index since the fifteenth cen-
tury (Supplementary Fig. S6a, b) disagree with the lack 
of long-term trends in the EN3.4 and EN3 indices recon-
structed by Dätwyler et al. (2020), Li et al. (2013) and 
D’Arrigo et al. (2005) respectively (Supplementary Fig. 
S6c–e). In summary, available proxy-based reconstruc-
tions of Pacific SSTs make it difficult to have conclusive 
results regarding the influence of ocean conditions on 
long-term SAM changes through the last millennium.

In the context of Mid- to Late Holocene climate evo-
lution simulated by the IPSL-CM5A2 model, the link 
between changes in meridional gradients of pressure and 
near-surface temperature described in Sect. 3 are coherent 
with simulated long-term changes in the IPO index. Actu-
ally, simulated Mid- to Late Holocene evolution of the IPO 
index is characterized by significant positive linear trends 
from summer to winter while significant negative trends 
developed in spring (Supplementary Table S3). As changes 
in meridional gradients of SLP and temperature, signs and 
magnitudes of seasonal linear trends indicate that the long-
term evolution of the IPO index during autumn was inverse 
to that of spring while summer and winter were periods of 
transitions between them. In light of this result, long-term 
changes in the SAM might be forced by changes in the IPO 
index that, in turn, were influenced by the slow changes 
in insolation. However, to confirm this hypothesis and to 
assess the influence of the Pacific Ocean (including IPO 
conditions) on Mid- to Late Holocene evolution of the 
SAM, numerical experiments allowing SST changes only 
in the Pacific basin should be done with the IPSL-CM5A2 
model. The SAM signal forced only by the Pacific should 
emerge from these experiments. Additionally, agreements 
among diverse proxy-based reconstructions of both Pacific 
SSTs (including the IPO index) and the SAM index are 
required in order to have reliable information to validate 
model simulations.
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6 � Conclusions

This study describes long-term changes of the SAM index 
from Mid- to Late Holocene based on the state-of-the-art 
transient simulation of the last 6000 years carried out with 
the IPSL-CM5A2 model. Due to the lack of proxy-based 
reconstructions, numerical model simulations constitute 
an essential tool to infer patterns of SAM evolution during 
this past period when changes in insolation in response to 
orbital forcing was the main driver of long-term changes 
in the climate system.

The modeled SAM index exhibits significant long-
term linear trends, which sign reverses through the year. 
In fact, positive linear trends extend from February to July 
while negative trends develop from September to Decem-
ber. Slow changes in insolation and SAM are linked by 
physical mechanisms based on temperature and pres-
sure changes developed over the Southern Hemisphere. 
Actually, model results indicate that insolation changes 
produced significant changes in meridional temperature 
gradients that, in turn, induced changes in meridional pres-
sure gradients which are synthesized by changes in the 
SAM index.

Results exposed in this paper should be taken into 
account in proxy-based reconstructions of SAM index 
evolution through Middle and Late Holocene. One essen-
tial condition must be satisfied by the proxy network con-
sidered in those reconstructions: selected proxies must 
describe climate conditions at seasonal scale because 
model results show that the long-term SAM variability is 
not homogeneous through the year. Furthermore, paleo-
records should not contain information of other patterns 
of atmospheric variability (as wave-trains excited in the 
tropical Pacific) that masked the “pure” SAM signal. 
Alternatively, congruent paleoclimatic reconstructions of 
westerlies wind behavior can help to infer a framework for 
past SAM evolution due to the close relationship between 
SAM and westerlies. However, this methodology is still 
problematic due to there are marked discrepancies between 
different proxy-based reconstructions of intensity and 
position of southern westerlies.

In summary, paleoclimate proxies and numerical model 
simulations constitute two essential and complementary 
tools to reconstruct past climate conditions. However, 
results exposed in this study indicate that both sources of 
information must be treated with caution when inferring 
SAM evolution in Mid- to Late Holocene. Actually, it is 
well known that reconstructed time-windows are restricted 
to the availability of paleorecords and all proxy-based cli-
mate reconstructions contain uncertainties inherent to the 
quality of used proxy records and the applied methodolo-
gies. Additionally, proxy records required to reconstruct 

the SAM might also be affected by other patterns of atmos-
pheric circulation making difficult to detect and isolate 
time variability of the “pure” SAM index. On the other 
hand, the transient model simulation allows reconstruc-
tions of the “pure” SAM index at monthly time scale 
through the entire study period. This numerical simula-
tion describes the impact of slow changes in insolation 
through Middle and Late Holocene which is the dominant 
long-term signal in modeled extratropical meridional gra-
dients of pressure. Nevertheless, multidecadal variability 
of atmospheric circulation encompassed in the SAM index 
and associated to the influence of individual oceanic basins 
might be captured more accurately by discrete proxy data 
affected by those regional SSTs. Consequently, to have a 
suitable and reliable proxy-based reconstruction of SAM 
index evolution through Middle and Late Holocene is 
highly valuable to validate transient paleoclimatic model 
simulations which provide an historical context for both 
present-day variability and projected future changes of the 
climate system in response to anthropogenic forcings.
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