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[1] On the basis of long simulations performed with a
three-dimensional climate model, we propose an
interhemispheric climate lag mechanism, involving the
long-term memory of deepwater masses. Warm anomalies,
formed in the North Atlantic when warm conditions prevail
at surface, are transported by the deep ocean circulation
towards the Southern Ocean. There, the heat is released
because of large scale upwelling, maintaining warm
conditions and inducing a lagged response of about
150 years compared to the Northern Hemisphere. Model
results and observations covering the first half of the
second millenium suggest a delay between the temperature
evolution in the Northern Hemisphere and in the Southern
Ocean. The mechanism described here provides a reason-
able hypothesis to explain such an interhemipsheric
lag. INDEX TERMS: 1620 Global Change: Climate dynamics
(3309); 4207 Oceanography: General: Arctic and Antarctic
oceanography; 4532 Oceanography: Physical: General circulation;
3339 Meteorology and Atmospheric Dynamics: Ocean/atmosphere
interactions (0312, 4504); 4215 Oceanography: General: Climate
and interannual variability (3309). Citation: Goosse, H.,
V. Masson-Delmotte, H. Renssen, M. Delmotte, T. Fichefet,
V. Morgan, T. van Ommen, B. K. Khim, and B. Stenni (2004), A
late medieval warm period in the Southern Ocean as a delayed
response to external forcing?, Geophys. Res. Lett., 31, 1L.06203,
doi:10.1029/2003GL019140.

1. Introduction

[2] The potential asymmetry of the climate evolution
between the Northern and the Southern Hemisphere has
been widely analyzed both for past and future variations.
Our goal here is to further study the mechanisms that could
be responsible for such a different behavior between the two
hemispheres on centennial times-scales. First, we use ide-
alized simulations performed with the climate model
ECBILT-CLIO to investigate the processes behind inter-
hemispheric relationships. In a second step, we test if the
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mechanisms described in this simulation could explain the
past evolution of temperature. The attention is focussed on
the first half of the second millenium AD. Indeed, Northern
Hemisphere surface temperature reconstructions consistently
display relatively warm century-scale conditions at the
beginning of the last millennium (the so-called “Medieval
Warm Period”), although the amplitude, timing and extent
of this warm event is still under debate [e.g., Mann et al.,
1999; Crowley, 2000; Crowley and Lowery, 2000; Bradley,
2000]. In the present study, we check if this warm period is
present in the Southern Hemisphere in the model simula-
tions and in observations and, if it is the case, how it is
related to Northern Hemisphere climate.

2. Methods

[3] The atmospheric component of our coupled model is
ECBILT2 [Opsteegh et al., 1998], a T21, 3-level quasi-
geostrophic model, with simple parameterizations for the
diabatic heating due to radiative fluxes, the release of latent
heat and the exchange of sensible heat with the surface.
ECBILT2 is coupled to the CLIO [Goosse and Fichefet,
1999] model that is made up of a primitive equation, free
surface ocean general circulation model coupled to a com-
prehensive thermodynamic-dynamic sea ice model. The
horizontal resolution of CLIO is 3 degrees in latitude
and longitude, and there are 20 unevenly spaced vertical
levels in the ocean. More information about the model
and a complete list of references is available at http://
www.knmi.nl/onderzk/CKO/ecbilt-papers.html.

[4] As a first modelling step, a 5000-year simulation has
been performed with ECBILT-CLIO using solar irradiance
following an idealized sinusoidal evolution with an ampli-
tude of 3W m~2 and a period of 1000 years. Taking into
account the Earth’s cross-sectional surface area and the
contribution from the albedo, this corresponds approximately
to a peak surface forcing of 0.6 W m™2. In addition, ten
simulations have been performed using realistic forcings
over the period AD 1000—-2000, i.e. the main natural (solar
and volcanic) and anthropogenic forcings (increase in
greenhouse gas concentrations and in sulfate aerosol load).
The evolution of solar irradiance follows the reconstruction
of Lean et al. [1995] extended back in time [Bard et al.,
2000]. In contrast with previous studies analyzing shorter
time periods [Shindell et al., 2001], the model does not
include a representation of the effect of changes in solar
irradiance on stratospheric ozone concentration. This could
have an impact on the simulated response of the tropo-
spheric circulation to the forcing. The effect of volcanism is
derived from Crowley [2000] and is included through
changes in solar irradiance. The influence of sulfate aero-
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sols is taken into account through a modification of surface
albedo. The 10 simulations differ only in their initial
conditions.

[5] In addition to some previously published data sets,
water stable isotopes (6'*0, 6D) measured at approximately
annual resolution along the DSS (Dome Summit South) ice
core drilled on Law Dome (66.46°S, 112.48°E, 1390 m
above sea level) have been used for model-data comparison.
The measurement technique and analytical precision are
described in Delmotte et al. [2000] and Masson-Delmotte et
al. [2003], but we provide here a longer time series. The
deuterium excess is a second order isotopic parameter (d =
§D— 8*8'%0) significantly driven by the sea surface tem-
perature at the oceanic moisture source of the precipitation
which, for Law Dome, is mainly located in the Indian sector
of the Southern Ocean. If no major change occurs in the
location of the moisture source, deuterium excess is thus
related to change in sea surface temperature there [Delmotte
et al., 2000; Masson-Delmotte et al., 2003].

3. Idealized Forcing

[6] In the experiment with the idealized forcing, the
Northern Hemisphere surface temperature is nearly in phase
with the forcing. The maximum correlation between this
low frequency forcing and surface temperature averaged
over the hemisphere is found when the latter is lagging by
25 years. In contrast, the response of the surface tempera-
ture in the Southern Ocean is significantly delayed, with the
maximum correlation found for a lag of 145 years there.

[7] Various oceanic processes might be responsible for
this inter-hemispheric phase lag. First, the thermal inertia of
the ocean can be invoked, but it cannot explain such a long
lag. This is demonstrated using a one-dimensional (1-D)
ocean model, driven by the same variations in external
forcing as ECBILT-CLIO. With this 1-D model, it is not
possible to simulate a delay longer than 30 years. Further-
more, the upward oceanic heat flux at surface southward of
60°S becomes positive around year 250 (i.e., at the maxi-
mum of the forcing) and reaches +2 W m 2 in zonal mean
150 years after the forcing maximum. At this time, the
ocean accumulates heat (i.c., negative upward heat flux at
surface) in nearly all the other regions because of the
positive forcing. This confirms that, in addition to the local
heat storage, three-dimensional effects must be responsible
for the long delay.

[8] A plausible mechanism would be an anti-phase rela-
tionship between the North Atlantic and the Southern Ocean
due to a weakening of the oceanic thermohaline circulation
during warm periods in the Northern Hemisphere [Stocker,
1998; Broecker, 2001]. In our simulations, however, the low
frequency variations of the deep-ocean-circulation intensity,
as measured by the maximum of the export of North Atlantic
Deep Water out of the Atlantic at 30°S, reach at most 1 Sv
and they are only weakly correlated with the forcing (0.20).

[9] We therefore propose another mechanism related to
the upwelling of relatively warm deep water in the Southern
Ocean. The maximum correlation between deep tempera-
ture in the Southern Ocean at 50°S and the forcing is found
for a lag of 245 years, i.e., 100 years later than at surface.
This long delay appears to be due to the transport of warm
anomalies created in the North Atlantic when forcing at

GOOSSE ET AL.: LATE MEDIEVAL WARM PERIOD

L.06203

Time (years)

s 0 0N 20
Latitude

-0.12 -0.07 -0.04 -002 002 0.04 007 092
Temperature (°C)

Figure 1. The zonal mean of the temperature anomaly in
the ocean between 1000 and 3500 m depth in the Atlantic is
shown as a function of time in a simulation driven by a
sinusoidal forcing from variations in solar irradiance with a
period of 1000 years and an amplitude of 3 W m~2 The
maximum of the forcing is reached at year 250, while the
minimum occurs at year 750. The black lines underline
the propagation of the anomalies and correspond to a
propagation from the north Atlantic to the Southern Ocean
in 100 years.

surface is strong there. Because of the large heat capacity of
the ocean, the maximum temperature in the deep North
Atlantic at 45°N is found about 150 years after the maxi-
mum in the forcing.

[10] The warm anomalies propagate towards the Southern
Ocean in 90 to 100 years (Figure 1). This time scale is
consistent with previous estimates of the time needed for a
deep anomaly originating from the North Atlantic to influ-
ence the Southern Ocean [e.g., England and Holloway,
1998]. Nevertheless, because of its coarse resolution, the
model is not able to simulate well the fast currents and this
estimate of the advective time-scale must be taken with
caution. In contrast to the changes in the intensity of the
thermohaline circulation, this southward transport of
anomalies appears robust during the whole simulation.

[11] The warm anomalies upwell towards the surface
mainly southward of 60°S in the model. The temperature
changes at the ocean surface in this region have a magnitude
of 0.2°C, about twice of the magnitude at depth. As a
consequence, the deep anomalies are large enough to play a
role in the delayed temperature evolution at surface, but local
feedback such as the classical temperature-albedo feedback
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Figure 2. (a) Anomaly of annual mean surface temperature
averaged over the Northern Hemisphere in 10 simulations
(grey) and their mean (red). The temperature reconstructions
are in dark blue [Mann et al., 1999], light blue [Crowley and
Lowery, 2000] and green [Mann and Jones, 2003]. (b) Same
as figure a for the Southern Hemisphere. The reconstructions
are in dark blue [Jones et al., 1998] and light blue [Mann and
Jones, 2003].

are clearly needed to explain the magnitude of the changes. It
must be stressed that the upward heat flux in the ocean is
increasing until year 500, because of the long delay of the
deep temperatures. Nevertheless, the highest temperatures
are found at the surface around year 400 because after this
date the upwelling of warmer waters is not able to compen-
sate anymore for the decrease in surface forcing.

4. Forcing Over the Last Millennium

[12] The simulations performed using a realistic forcing
reproduce reasonably well the reconstructed temperature evo-
lution in both hemispheres (Figure 2). In the Northern Hemi-
sphere, the model displays relatively warm conditions during
the 12th and 13th Centuries AD. This is followed by a gradual
cooling from the end of the 13th to the beginning of the 19th
Century and finally, a warming during the last 150 years of the
experiment. In the Southern Hemisphere, the amplitude of the
variation appears smaller at low frequency, although the 13th
to 15th Centuries are slightly warmer than the 18th and 19th
Centuries. Note that the reconstruction of Mann and Jones
[2003] does not display a large warming during the 20th
Century in contrast with observations based on thermometers
that show a warming during this period of about 0.5° C, in
agreement with model results.

[13] At the regional scale, the role of the internal varia-
tions is generally much larger than at the hemispheric scale.
For instance, the amplitude of the modelled climate fluctu-
ations at mid-latitudes in the Southern Hemisphere has the
same order of magnitude as the dispersion between the
various experiments. Any warm period detected in those
areas [e.g., Cook et al., 2002] is thus in the model more
related to local/regional modes of variability than to a large-
scale response to the forcing. Nevertheless, one must be
careful here and should not extrapolate this conclusion for
any region of the world. Further studies are needed to
quantitatively assess the impact of external forcing for the

GOOSSE ET AL.: LATE MEDIEVAL WARM PERIOD

L.06203

different regions and some processes not well represented in
ECBILT-CLIO might play an important role in this response.

[14] In the Southern Ocean area, the centennial-scale
fluctuations are systematically amplified in our simulations.
The surface temperature averaged over the 10 simulations
appears clearly higher during the 13th, 14th and 15th
Centuries than during any period before the 20th Century
(Figure 3). Between AD 1300 and 1450, the average surface
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Figure 3. (a) Annual mean temperature averaged over the
latitudes 55°—75°S in an ensemble of 10 simulations (grey)
and their mean (red). (b) Same as (a) for the annual mean
surface temperature averaged over the region 45°-60°S,
90°~130°E and the deuterium excess measured in the Law
Dome ice core, 67°S—113°E (green curve, left vertical
axes). (c¢) Same as (a) for the annual mean ocean
temperature between 0 and 100 m averaged over the region
60°-63°S, 55°-60°W and the anomaly of magnetic
susceptibility (MS) measured in the Bransfield Basin,
62°S—55°W (green curve, left vertical axes) (in 10° cgs).
(d) Annual mean surface temperature averaged over the
region 68°—~90°S, 70°—190°E and the average for AD 1200
to 1900 of deuterium measured at Dome C (75°S, 123°E),
Law Dome (67°S, 113°E), South Pole and Talos Dome
(72°S, 159°E) and 6'*0 measured at Taylor Dome (77°S,
158°E). Before making this average, we have subtracted for
each isotope time series its mean and divided it by its
standard deviation. This compilation of ice core measure-
ments reflects the temperature evolution over Antarctica.

3of 5



L.06203

temperature of the Southern Ocean is higher than the mean
over the period 1000—1750 by at least 0.17° C in all
simulations. In a very long control experiment performed
with ECBILT-CLIO using forcings corresponding to the year
AD 1750, the probability of such a prolonged warm period
due to internal climate variability is once every 7500 years. It
is thus unlikely that this warm period occurred by chance in
all the 10 experiments at the same time.

[15] The warm conditions in the Southern Hemisphere
appear delayed compared to the Northern Hemisphere
whose surface temperature evolution is nearly in phase with
the forcing. A detailed analysis of the model results reveals
that the transport of warm anomalies, created in the North
Atlantic when conditions are warm there at surface, towards
the Southern Ocean is responsible for the delay in our
experiments. This mechanism is identical to the one de-
scribed for the simulation using idealized forcing.

[16] The modeled signal in the Southern Ocean region
during the last millennium can be compared with the few
available proxies at high southern latitudes. First, the
deuterium excess measured at Law Dome offers a unique
opportunity to gain insights into interannual changes of
sea-surface temperature [Delmotte et al., 2000; Masson-
Delmotte et al., 2003]. This new paleoclimatic archive
exhibits high values (corresponding to warm conditions)
during the 14th and 15th Centuries, followed by a de-
creasing trend until AD 1850. The simulated Southern
Ocean surface temperatures coincide well with those
measurements.

[17] Although the precise dating of marine records is
difficult to obtain due to large uncertainties [Khim et al.,
2002], they provide an independent source of information in
the Southern Ocean, compared to model results and deute-
rium excess measurement. Analyzing a marine core close to
the Antarctic Peninsula, Khim et al. [2002] showed higher
magnetic susceptibility during the period AD 1250—1450.
They show that this high signal reflects warmer ocean
surface conditions during this period, in a good agreement
with simulated ocean temperatures in this area.

[18] Over Antarctica, the proxies of surface temperature
appear strongly influenced by the natural variability noticed
at each site. Nevertheless, on the basis of a new compilation
of various temperature proxies obtained over Antarctica
[Delmotte, 2000; Steig et al., 2000; Stenni et al., 2002], it
is possible to show that the temperature recorded at large
scale exhibits generally cold values after the mid 15th
Century preceded by higher temperatures, but the signal is
less clear than in the two previous records.

5. Conclusions

[19] Although more data about the temperature evolu-
tion in the Southern Hemisphere are clearly needed,
available paleoclimatic proxies give evidence of warm
Southern Ocean conditions during the 14th and 15th
Centuries, consistent with model ensemble simulations.
The signal at mid- and low latitudes as well as averaged
over the entire Southern Hemisphere appears less clear. In
contrast, the Northern Hemisphere was already cooling at
all latitudes during this period. The mechanism proposed
here on the basis of model results provide a reasonable
hypothesis to explain phase lags of about 150 years
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between climate changes in the Northern Hemisphere
and in the Southern Ocean for past climate changes.
Furthermore, our results could help understanding of the
future climate evolution. The mechanism evidenced here
suggests that the present-day Southern Ocean has not yet
completely responded to the increase in the atmospheric
greenhouse-gas concentrations observed during the past
century. Our results would then imply a large warming in
the Southern Ocean when the warm deep water formed
during the 20th Century have reached the Southern Ocean
surface. In this framework, the oceanic warming observed
during the last 50 years [Levitus et al., 2000] would imply
a strong climatic delayed-action effect.

[20] Acknowledgments. C. Bertrand and E. Driesschaert help in the
coding of the forcing due to aerosols. This study is supported by the Federal
Science Policy Office (Belgium). T. F. and H.G. are research associate with
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