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(within 23%) of the VTST calculations with ex-
periment lends credence to the existence of quan-
tized transition states (26, 27) with these large
amounts of vibrational energy.

The tunneling transmission coefficient, which
is the ratio of the ICVT/LAG rate constant to the
ICVT rate constant, is 4.3, 2.1, and 1.6 at 295,
405, and 500 K, respectively. Reactions of 0.11H
may exhibit greater tunneling effects than heavier
isotopes because of the small mass (6), and this
would be true in any one-dimensional treatment

with an isotope-independent effective barrier. How-
ever, the LAG approximation is multidimensional,
including ZPE effects (28, 29) in the effective
tunneling barriers and isotope-dependent tunneling
paths, and the effective barrier to tunneling is much
broader for the 0.11H case because of the large ZPE
of the 0.11H1H product (30). It is very encouraging
that the results based on the LAG tunneling
treatment, which is affordable for complex systems
(31), correctly accounts for the KIE despite the
quite different effective potentials for the two
isotopes, confirming the physicality of the isotope-
dependent barriers.

The Arrhenius (32) activation energy is de-
fined as

Ea ¼ −R
d ln k

d(1/T )
ð1Þ

which is proportional to the negative slope of an
Arrhenius plot. It is well known (33, 34) that Ea
can exhibit substantial temperature dependence,
and the present reactions illustrate this in Fig. 4;
this kind of detail cannot be revealed yet by
experiment. Figure 4 shows that Ea would be
quite different in magnitude and temperature
dependence without tunneling, but with tunnel-
ing, the ICVT/LAG calculation agrees very well
with the dramatic temperature dependence and
isotope dependence shownby the accurate quantum-
dynamical results. These results confirm the useful-
ness ofVTST for interpreting large quantum effects.
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Enhanced Modern Heat Transfer to the
Arctic by Warm Atlantic Water
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Evguenia Kandiano,2 Gereon Budeus,4 Katrine Husum,3 Thomas M. Marchitto,5 Morten Hald3

The Arctic is responding more rapidly to global warming than most other areas on our planet. Northward-
flowing Atlantic Water is themajor means of heat advection toward the Arctic and strongly affects the sea ice
distribution. Records of its natural variability are critical for the understanding of feedback mechanisms and
the future of the Arctic climate system, but continuous historical records reach back only ~150 years. Here,
we present a multidecadal-scale record of ocean temperature variations during the past 2000 years, derived
from marine sediments off Western Svalbard (79°N). We find that early–21st-century temperatures of
Atlantic Water entering the Arctic Ocean are unprecedented over the past 2000 years and are presumably
linked to the Arctic amplification of global warming.

Rising air temperatures (1–3) and a de-
cline of the sea ice cover (4, 5) evidence
a rapid warming in the Arctic that has

reversed a long-term cooling trend (6). Rela-
tively warm Atlantic Water (AW) in the Fram
Strait Branch (FSB) of the North Atlantic Cur-

rent is the major carrier of oceanic heat to the
Arctic Ocean (Fig. 1). It maintains perennially
ice-free conditions in the eastern Fram Strait
today and supplies salt to the intermediate and
bottom waters of the Arctic Ocean, thereby sta-
bilizing the stratification (7, 8). In the eastern
Fram Strait, AW with temperatures of 2° to 6°C
and salinities of >35.0 is found at 50- to 600-m
water depth (Fig. 2). Most of the year it is over-
lain by a mixed layer of lower salinity, seasonally
variable temperatures, and ice coverage in ex-

Fig. 4. Comparison of Arrhenius activation en-
ergies (Ea ≡ EArrhenius) calculated via QM (red solid
lines), ICVT (dashed black lines), and ICVT/LAG (solid
black lines) for the reactions of 4.1H and 0.11H with
H2 as a function of temperature (T ).
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treme winters. These parameters also varied in
the past 2000 years, as shown by sea ice obser-
vations and sediment core studies (5, 9).

Highly variable AW advection to the Arctic
in the Late Quaternary has been recorded by
proxies like microfossil abundances, flux rates,
and species ratios (subpolar versus polar species)
in sediment cores. Advection maxima occurred
mostly during relatively warm periods (inter-
glacials and interstadials) (10–12). The Holocene
[past 12 ky (ky, thousand years)] was charac-
terized by a thermal maximum at 10 to 9 ky and
a cooling thereafter (13). Previous studies, how-
ever, were unable to clearly resolve variations
within a few hundred years or less. Such varia-

tions are well known from historical and proxy
data of European climate (14) and subdivide the
last 2 ky into the Roman Warm Period (RWP,
until ~600 CE), the Dark Ages Cold Period
(DACP, ~600 to ~900 CE), the Medieval Cli-
mate Anomaly (MCA, ~900 to ~1500 CE), the
Little Ice Age (LIA, ~1500 to ~1900 CE), and the
Modern (Industrial) Period. Ages of boundaries
between individual periods may vary regionally.

To reconstruct the temperature variability of
AW in the FSB within the past ~2000 years, we
investigated planktic foraminifers in a sediment
core obtained in August 2007 from the western
Svalbard continental margin at site MSM5/5-
712 (Fig. 1). This site is strategically situated in

the path of AW inflow to the Arctic Ocean. Ra-
diocarbon dates in core MSM5/5-712-1 (table S1)
revealed sedimentation rates of 18 to 20 cm ky−1

for the period 120 BCE to 1475 CE and 27.7 cm
ky−1 thereafter, resulting in a resolution of 28 and
18 years per 0.5-cm sample, respectively (Fig. 3).
The core top had a modern age. Bioturbation
by bottom-living organisms is expected to some-
what smooth paleoenvironmental signals, but a
quantification of the effect is difficult. Our tem-
perature reconstruction of AW inflow to the Arctic
Ocean is based on two independent methods:
(i) The SIMMAX modern analog technique
(15) applied on planktic foraminifer species
counts to calculate temperatures at 50-m water
depth and (ii) Mg/Ca measurements on the spe-
cies Neogloboquadrina pachyderma (sinistral).
Method details are given in the Supporting On-
line Material (SOM). Habitat and calcification
depth of planktic foraminifers in the eastern Fram
Strait are below 50-m water depth and reach
down to ~300 m, but the distribution maximum
is above 150 m (16). In this area, plankton blooms
usually occur in August (16). Thus, our temper-
ature reconstructions reflect mid-summer condi-
tions in the uppermost part of the AW layer,
averaged over a few decades.

Planktic foraminifer associations are useful
indicators of water mass distributions and oceanic
fronts in the northernmost North Atlantic (17).
The planktic foraminiferal data from core MSM5/5-
712-1 reveal multicentennial changes underlying
a high-frequency (multidecadal) variability (Fig.
3A; for details of species distributions, see fig.
S1). High flux rates of both polar and subpolar
species characterize the RWP, the MCA-LIA
transition, and the Modern Period, whereas low
fluxes are recorded for the DACP and the late
LIA (Fig. 3A). These flux variations likely reflect
sea ice cover, because lowest planktic forami-
niferal fluxes are today found in the ice-covered
areas of the Fram Strait, and highest fluxes at
the ice margins (18). In sediments from before
~1900 CE, 10 to 40% of all planktic foraminifers
belong to subpolar species. In contrast, the youn-
gest sediments reflecting the past ~100 years show
a steep increase in subpolar foraminifer fluxes and
an unprecedented inversion of the subpolar/polar
species ratio, reaching 66% subpolar specimens
in the surface sample (Fig. 3B). Because the per-
centage of subpolar specimens is closely related
to the water mass distribution, with low values
in Arctic waters and high values in AW (16–18),
highest subpolar foraminifer fluxes and percent-
ages in samples from the Modern Period indicate
a strongly increased influence of warm AW ad-
vected from the Norwegian Sea.

Results from SIMMAX and Mg/Ca measure-
ments allowed us to quantify the temperature
increase associated with the stronger influence
of AW off Western Svalbard during the Modern
Period. Until ~1850 CE, average summer tem-
peratures varied between 2.8° and 4.4°C (mean T
SE: 3.4° T 0.06°C) according to SIMMAX, with
low values during the well-known cold periods

Fig. 1. Bathymetric map of the
Fram Strait area and the eastern
Arctic Ocean (inset; source: www.
ibcao.org). Average sea ice cov-
erage for April [1989 to 1995;
stippled line: 1963 to 1969 (31)]
and September (inset; 1979 to
2000; source: http://nsidc.org) is
indicated by white shading. White
arrows indicate ice flow direction
in Fram Strait area. Red arrows indi-
cate flow direction of Atlantic Water.
Atlantic water flow is below halocline
waters in the Arctic Ocean proper.
Yellow spot marks station MSM5/5-
712 at 78°54.94'N, 6°46.04'E, 1491-m
water depth. BS, Barents Sea; LS,
Laptev Sea.
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Fig. 2. Water-mass structure of the upper 600 m at station MSM5/5-712. Seasonal variability of tem-
perature (red lines) and salinity (blue lines) in the Atlantic Water (pink) is revealed by our measurements
in summer (4 August 2007; bold lines) and early winter (11 October 2006; thin lines). The main habitat of
planktic foraminifers in the eastern Fram Strait (16, 18) is marked by a dashed pattern.
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(early DACP, LIA) and maxima during the early
MCA at 800 to 1100 CE (Fig. 3C). The record
shows strong similarities to terrestrial records of
Northern Hemispheric and circum-Arctic temper-
ature variability (6, 19) (Fig. 3E). AW temper-
atures since 1890 CE were 4.1° to 6.0°C (mean T
SE: 5.2° T 0.22°C) and thus ~2°C higher than
during the previous 2 ky. The rapid increase to
an unprecedented maximum of 6°C calculated
for the surface sample apparently started already
around 1850 CE. However, the gradual tran-
sition may be an artifact caused by bioturbation
mixing of foraminifer-poor sediments from the
late LIA and foraminifer-rich sediments from
the Modern Period. Temperature reconstructions
from Mg/Ca measurements give results very sim-
ilar to those of SIMMAX (Fig. 3D). Variability
before the Modern Period is high (0.7° to 5.7°C),
probably because the Mg/Ca method could not
precisely reproduce temperatures below 3°C [(20);
see discussion in the SOM], but the tempera-
ture mean of 3.6°C (T0.3°C, SE) confirms the
SIMMAX results. The same agreement applies
for the Modern Period: Temperatures since 1890,
as calculated from Mg/Ca data, range from 4.4
to 7.1 with a mean value of 5.8°C (T0.5°C, SE).
For both methods, the temperature mean of the
Modern Period exceeds all individual values from
the preceding 2000 years. These results reveal
a rapid warming by ~2°C of uppermost AW in
the FSB in the Arctic Gateway during the past
~120 years, consistent with the documented sea
ice retreat in the Barents Sea (5), terrestrial paleo-
climate reference records (6, 19) (Fig. 3, C to E),
and atmospheric measurements (3). Notably,
modern summer temperatures of uppermost
AW in the eastern Fram Strait are >1.5°C higher
than multidecadal mean temperature maxima
(averaged by bioturbation and sampling) during
the MCA.

Our reconstructed warming of ~2°C since the
LIA matches the reported temperature increase
of the Arctic Atlantic Water Layer (AAWL), ob-
tained from observational data of the past ~120
years (21) (Fig. 3C). At present, there are no
subcentennial-scale open ocean proxy data se-
ries available to document the temperature evolu-
tion of AAWL in the Arctic Ocean proper in the
preceding two millennia. Further upstream, in the
eastern Norwegian Sea, high-resolution records
of summer sea surface temperature (SSST) vari-
ability from diatoms (22) and stable isotopes of
planktic foraminifera (23) indicate a warming of
~1.5°C off western Norway since the LIA. How-
ever, eastern Norwegian Sea SSSTs in the late
1990s do not clearly deviate from those occurring
periodically during the MCA (22, 23). Our find-
ing of unequaled warm modern AW temperatures
in the eastern Fram Strait with respect to the
previous 2000 years (including the warm pe-
riods in Roman and Medieval times) may thus
express another facet of the Arctic amplification
(1, 24) of global warming. Recent model results
(25, 26) reveal the important role of sea ice and
atmospheric pressure fields in the Barents Sea as
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Fig. 3. Planktic foraminiferal data and temperature reconstructions of upper Atlantic Water in the eastern
Fram Strait over the past ~2100 years from sediment core MSM5/5-712-1. Thin lines are raw data, bold lines
are three-point runningmeans. Black triangles on the age scalemark calibrated acceleratormass spectrometry
14C ages. (A) Fluxes of polar and subpolar planktic foraminifers (100- to 250-mm fraction). (B) Percentage of
subpolar planktic foraminifers in the 100- to 250-mm fraction. (C) Summer temperatures at 50-m water depth
(red) calculated by the SIMMAX Modern Analog Technique. Gray bars mark averages until 1835 CE and 1890
to 2007 CE. Blue line is the normalized Atlantic Water core temperature (AWCT) record (standard deviations)
from the Arctic Ocean (1895 to 2002; 6-year averages) obtained from (21). (D) Summer temperatures (purple)
calculated from Mg/Ca ratios in planktic foraminifers N. pachyderma (sinistral). Gray bars mark averages until
1835 CE and 1890 to 2007 CE. Blue line is the sea ice margin anomaly (11-year means, less ice is up) in the
Barents Sea (BS) obtained from (5). Dashed lines mark less reliable data before 1850 CE. (E) Terrestrial Arctic
[green, from (6)] and Northern Hemisphere [black, 25-year means, from (19)] temperature anomaly records
with reference to the 980 to 1800 CE and 1961 to 1990 CE averages, respectively.
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a possible amplifier, which may, at least in part,
be responsible for the exceptionally warm AW
advection.

Instrumental air and AW temperatures in the
Arctic during the 20th century and beyond dis-
play quasi-synchronous multidecadal oscillations
that make isolation of the industrial warming
trend difficult (3, 21). Basinwide observations
since the 1980s detected multiyear events of
AW spreading in the Arctic Ocean that featured
both a strong warming and an increased in-
flow to the Arctic (7, 27, 28). Although we cannot
quantify from our data the variability of previous
AW inflow to the Arctic by volume, our temper-
ature data series and the above observational
link suggest that the modern warm AW inflow
(averaged over two to three decades) is anom-
alous and unique in the past 2000 years and not
just the latest in a series of natural multidecadal
oscillations. Both effects—a temperature rise as
well as a volume transport increase—introduce a
larger heat input into the Arctic Ocean. Although
there is no direct contact of the AAWL with
the ocean surface in the Arctic, such an increased
heat input has far-reaching consequences. The
strong AW warming event in the Arctic Ocean
in the 1990s caused a shoaling of the AW core
and an enhanced heat flux to the surface (29),
concurrent with decreasing sea ice (4). Recent
oceanographic data from the Laptev Sea
continental margin indicate the impact of warm
AW-related water masses on the shallow (<50 m)
shelf (30), a feature not observed before in a >80-
year time series. The data also provide evidence
for a significant heat flux to the overlying shelf
waters (30). Even without any modification of
the vertical heat transfer processes, the enhanced
temperature contrast between the AW and the
surface sea water freezing point (increased from

~5 to 7 K as identified here) leads to an increase
in the vertical heat flux of ~40%. Any positive-
feedback mechanism will magnify the effect of
this flux increase on the ice cover. Complement-
ing the strong feedback between ice and atmo-
spheric temperatures (1), warming of the AW
layer, unprecedented in the past 2000 years, is
most likely another key element in the transition
toward a future ice-free Arctic Ocean.
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The Southern Route “Out of Africa”:
Evidence for an Early Expansion
of Modern Humans into Arabia
Simon J. Armitage,1 Sabah A. Jasim,2 Anthony E. Marks,3 Adrian G. Parker,4

Vitaly I. Usik,5 Hans-Peter Uerpmann6*

The timing of the dispersal of anatomically modern humans (AMH) out of Africa is a fundamental
question in human evolutionary studies. Existing data suggest a rapid coastal exodus via the Indian
Ocean rim around 60,000 years ago. We present evidence from Jebel Faya, United Arab Emirates,
demonstrating human presence in eastern Arabia during the last interglacial. The tool kit found
at Jebel Faya has affinities to the late Middle Stone Age in northeast Africa, indicating that
technological innovation was not necessary to facilitate migration into Arabia. Instead, we propose
that low eustatic sea level and increased rainfall during the transition between marine isotope
stages 6 and 5 allowed humans to populate Arabia. This evidence implies that AMH may have been
present in South Asia before the Toba eruption (1).

The deserts of the Arabian Peninsula have
been thought to represent a major obstacle
for human dispersal out of Africa. AMH

were present in East Africa by about 200 thou-
sand years ago (ka) (2). It is likely that the first
migration of AMH out of Africa occurred im-

mediately before or during the last interglacial
[marine isotope stage (MIS) 5e] (3). During MIS
6, the Afro-Asiatic arid belt was hyperarid, re-
stricting movements of human populations out of
Africa. Finds from Qafzeh and Skhul in the Near
East, dated between 119 T 18 and 81 T 13 thou-
sand years ago (ka) (4, 5), suggest that AMH first
migrated along the “Nile Corridor” and into the
Levant. A later pulse from <65 to 40 ka is thought
to have led to further colonization into Europe
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