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reason, the SOA observed in polluted air cannot
be unambiguously attributed to formation from
SVOCs and IVOCs. The DWH oil spill provided
a unique look at this chemistry because the emis-
sions of VOCs, IVOCs, and SVOCswere spatially
separated and the importance of SOA formation
from IVOCs could be clearly demonstrated. These
results form a well-constrained case to improve
our quantitative understanding of IVOC chemis-
try, which will help to describe the importance of
IVOCs for SOA formation in other polluted re-
gions of the atmosphere.
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Catastrophic Drought in the Afro-Asian
Monsoon Region During Heinrich Event 1
J. Curt Stager,1,2* David B. Ryves,3 Brian M. Chase,4,5 Francesco S. R. Pausata6,7,8

Between 15,000 and 18,000 years ago, large amounts of ice and meltwater entered the North
Atlantic during Heinrich stadial 1. This caused substantial regional cooling, but major climatic
impacts also occurred in the tropics. Here, we demonstrate that the height of this stadial, about
16,000 to 17,000 years ago (Heinrich event 1), coincided with one of the most extreme and
widespread megadroughts of the past 50,000 years or more in the Afro-Asian monsoon region,
with potentially serious consequences for Paleolithic cultures. Late Quaternary tropical drying
commonly is attributed to southward drift of the intertropical convergence zone, but the broad
geographic range of the Heinrich event 1 megadrought suggests that severe, systemic weakening
of Afro-Asian rainfall systems also occurred, probably in response to sea surface cooling.

Meridional repositioning of the inter-
tropical convergence zone (ITCZ), the
primary source of rainfall in most of

the tropics, is thought to have been a major source
of hydrological variability during the late Quater-
nary (1–4). For example, ice sheet expansion forced
the mean latitudinal position of the ITCZ south-
ward along with other atmospheric circulation
systems in the Northern Hemisphere during the
Last Glacial Maximum (3), and abrupt North
Atlantic cooling during deglacial melting and ice-

rafting episodes such as Heinrich stadial 1 (HS-1),
along with associated reductions of marine me-
ridional overturning circulation (MOC), is also
thought to have had a similar effect on rain belts
associated with the ITCZ (1, 3, 4). Some model
simulations of Northern Hemisphere climatic
changes associated with HS-1 indicate a south-
ward drift of up to 10 latitudinal degrees (2). Most
of northern Africa became unusually dry around
16 to 17 thousand calendar years ago (ka) during
the HS-1 ice-rafting peak of Heinrich event 1 (H1),
including the Sahara and Sahel (5), Ethiopia (6),
and the Red Sea region (7), as did most of south-
ern Asia (8–11) (Figs. 1 and 2). Affecting most of
the northern Old World tropics, this arid episode
brought some of the most severe drought con-
ditions of the past 50,000 years or more to many
of the terrestrial sites that cover such long time
periods in detail (Fig. 2 and SOM Text).

Under such circumstances, a more southerly
positioned ITCZ would presumably deliver less
rain to the northern tropics while causing little
change near the equator and wetter conditions
in the southern tropics. However, a relative scar-
city of high-resolution paleoclimate records from
much of the inner and southern tropics has left

this commonly cited hypothesis sparsely tested,
particularly in Africa. This, in turn, has also lim-
ited understanding of the effects of major events
such as H1 on global climates. We present a col-
lection of new and recently published records
fromAfrica that register severe aridity in the equa-
torial and southern tropics about 16 to 17 ka,
thereby showing that the H1 megadrought ex-
tended far beyond the northern tropics and was
therefore one of themost intense and far-reaching
dry periods in the history of anatomically modern
humans. Together, these records also show that
southward drift of the ITCZ cannot have been the
only cause of low-latitude drought during H1,
and instead suggest that a substantial weakening
of tropical rainfall systems also occurred.

If the ITCZ did shift several degrees south-
ward over Africa and Asia during H1, it should
still have delivered rains to equatorial regions
once or twice annually unless the latitudinal shift
was unrealistically large, on the order of 20° ormore.
However, extreme equatorial drying centered on
16 to 17 ka also occurred in northern Tanzania
[(12) and this study], Ghana (13), and the Niger-
Sanaga and Congo watersheds (14, 15) (Fig. 1),
as well as in Borneo on the opposite side of the
Indian Ocean (16), much as it did in the more
northerly reaches of the tropics from the Medi-
terranean Basin to the western Pacific (Figs. 1 to
3 and SOM Text).

A dramatic event associated with these equa-
torial changes was the desiccation of Lake Vic-
toria, East Africa (Fig. 1), which today is the
world’s largest tropical lake. With rainfall over
thewatershed possibly reduced to less than a quarter
of its present amount (7), the lake dried out twice
between 15 and 18 ka, although the timing of the
two low stands has previously been unclear (SOM
Text). We present here radiocarbon dates and
diatom records from two cores, which show that
the first of these low stands occurred about 16 to
17 ka (Fig. 3D) (17). The disappearance of Lake
Victoria would have had severe ecological im-
pacts on regional ecosystems and cultures from
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eastern equatorial Africa to the Mediterranean
coast. It is the largest water source for the Nile
River during seasonal low-flood stages, and Lake
Tana, Ethiopia, is the primary source of the Nile’s
seasonal high floods; both lakes dried out com-
pletely at that time (6).

In addition, an analysis of diatom assem-
blages in a core from Lake Tanganyika, Tanzania
(17), supports geochemical evidence (18) that a
major low stand occurred about 16 to 17 ka there,
as well (Figs. 2D and 3F). We therefore link the
synchronous regressions at Lakes Victoria and
Tanganyika to theH1 ice-rafting peak that occurred
about 16 to 17 ka during the longerHeinrich stadial
period in the North Atlantic (3, 19), while rec-
ognizing that the ages assigned to these events
are subject to the limitations of radiocarbon dating,
variable carbon reservoir effects, and bioturba-
tion. Together, these equatorial records demon-
strate that a simple southward shift of the ITCZ
cannot have been the only climatic mechanism to
affect tropical rainfall substantially during H1.

The occurrence of major droughts to the south
of equatorial Africa during H1 even more clearly
requires a mechanism other than southward drift
of the ITCZ over the continent, which would be
expected to make those regions wetter as the north
became drier (Figs. 1 to 3). These sites included
Lake Malawi (20), the Zambezi and Limpopo
watersheds (21, 22), and other locations in south-
eastern Africa (Fig. 1 and SOM Text).

In contrast, parts of southwestern Africa be-
came wetter during H1 (23), but hydrology there
can also be influenced by rainfall systems other
than the ITCZ, such as winter storms carried on

the austral mid-latitude westerlies. The complex-
ity of the interactions between subtropical and
Southern Ocean dynamics is highlighted in a
stable isotope record from the Western Cape,
where changes in sea surface temperatures (SST)
as a result of variability inMOCand/or theAgulhas
Current caused progressivelywetter conditions in
that region across H1 (24) (Fig. 1). Further north,
in the Kalahari, Burrough et al. (25) favored an
easterly ITCZ rainfall source for the enlarged
paleolake Makgadikgadi, proposed largely on
the basis of sandy deposits on western shore-
lines, but droughts to the north and east, along
with the possibility of distant runoff sources in
addition to deflation and downwind sediment
deposition during dry seasons, suggest an alter-
native interpretation as well. Wetter conditions
in the Kalahari at that timemight also be consistent
with a northward extension of winter rains, which
could have brought increased precipitation to
Namibia duringH1 (26).Wetter conditions could
also reflect enhanced runoff from high stratiform
clouds and fogs in the Angola highlands related
to cooling along the Benguela coast (27), rather
than a southward shift of the ITCZ alone.

Hydrological conditions in the New World
tropics are difficult to interpret in this context.
Extreme aridity is registered in cores from the
Cariaco Basin about 16 to 17 ka (1), and regional
increases in precipitation occurred farther south
in the tropical Andes and parts ofAmazonia during
H1 (1, 3). This pattern appears to be consistentwith
a southward shift of themean position of the ITCZ,
although it is not found universally (SOM Text).
Most important in the context of this study, how-

ever, the development of wet conditions in nu-
merous neotropical sites suggests that the proposed
general weakening of rainfall systems over Africa
did not occur in South America and that it appar-
ently represented regional, rather than uniformly
global, changes in tropical atmospheric circulation.

General circulation models (GCMs) often
have more difficulty in simulating precipitation
than temperature, and GCM reconstructions of
tropical rainfall are less well supported by his-
torical instrumental weather data than those that
focus on the northern temperate zone. Further-
more, to our knowledge, no modeling studies of
deglacial climates have as yet been constrained
by a detailed array of paleohydrological records
spanning most of the African continent. Our
findings are therefore useful for evaluatingmodel
reconstructions of past climates in Africa and of
the global effects of H1, and we summarize sev-
eral GCM simulations here to illustrate the dif-
ficulty of reconciling current GCM output with
paleoclimatic reconstructions. For example, al-
though Mulitza et al. (5) correctly simulated
Sahel aridity in response to weakened MOC that
was typical of theHS-1 interval, themodel shows
wetting over much of central Africa that is in-
consistent with the data available. Kageyama et al.
(2) correctly inferred Indian aridity but did not
fully extend it to equatorial and southern Africa,
whereas simulations by Thomas et al. (4), which
identified wetting in the Angola-Kalahari region,
did not completely capture the extreme aridity
that occurred in much of the rest of the continent.

Given the mismatches between recent GCM
simulations and paleoclimate records of H1 in

Fig. 1. Site map of re-
cords showing hydrolog-
ical conditions during the
16- to 17-ka interval (de-
tails in table S3). Red dots,
reduced precipitation-
evaporation. Blue dots,
increased precipitation-
evaporation. Vertically
divided red/blue dots in-
dicate signals of uncertain
climatic importance.Hor-
izontally divided dots
indicate a trend of pro-
gressivelymoisterclimates
across HS-1. Only the
specific study sites and
some of themajor water-
sheds are indicated; the
full geographic area af-
fected by the H1 mega-
drought is not completely
colored in. For exam-
ple, records frommarine
sites 5 and 6 reflect cli-
matic conditions inmuch
of northwestern Africa.
Purple shading in the
Kalahari region indicates
wetter conditions of uncertain origin, timing, and/or geographic extent.
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the Afro-Asian region, we suggest several possi-
ble causal mechanisms here. The occurrence of
droughts throughout tropical Africa indicates that
they most likely involved a reduction of convec-
tion and/or moisture content in the ITCZ, with or
without a concurrent shift in its position. Surface
warming in Lake Tanganyika during the driest

interval of a 60,000-year sediment record (18)
(Fig. 2D), for example, might indicate reduced
evaporative cooling and upwelling linked to a
weakening of atmospheric circulation over East
Africa during H1; a severe reduction of summer
monsoon wind activity was also registered in the
Arabian Sea then (8). It has been hypothesized

elsewhere that the southern limb of the tropical
Hadley circulation system weakened during the
longer HS-1 interval (3), which would also be
consistent with the paleoclimate records indicat-
ing drought in equatorial and southern Africa.

Cooler SSTs in the SE Atlantic and Indian
oceans also represent plausible mechanisms for
the inferred reductions of tropical rainfall because
lower SSTs would tend to reduce the evaporative
moisture content of the ITCZ. Cooling along the
West African coast likely contributed to summer
monsoon failure there (5, 27), and low SSTs in
the western Indian Ocean (28) may likewise have
contributed to aridity over eastern Africa. Con-
ditions elsewhere along the margins of the Indian
Ocean basin during H1 probably made SSTcool-
ing particularly widespread there as well. Stron-
ger upwelling in the Southern Ocean may have
cooled the southern margins of the Indian Ocean
(29) and deflected cold, eastward-flowing water
masses equatorward. Additionally, at that time
much of today’s warm Pacific through-flow was
blocked by land masses in the Indonesian region
due to a sea level low stand, thereby reducing
Pacific heat inputs into the area, and reduced SSTs
in much of the northern Indian Ocean (8, 21)
might have resulted from cooling by strong, south-
trending winter monsoon winds over land masses
that were concurrently chilled by conditions up-
wind in the Mediterranean and North Atlantic (3).

More than half of all humanity is strongly
influenced by Afro-Asian rainfall systems today,
and anatomically modern humans evolved under
their influence, yet the mechanisms behind pre-
cipitation variability in these regions remain rel-
atively poorly understood and difficult to model.
Furthermore, the unusual intensity and exception-
ally broad geographic distribution of the H1
megadrought have not yet been widely recog-
nized. The records presented here show that it was
one of the most intense and extensive tropical dry
periods of the past 50,000 years or more (Figs.
1 and 2), spanning roughly 60 latitudinal degrees,
virtually all of southern Asia, and most of the
African continent, and that it must have involved
a systemic, as yet unexplained weakening of re-
gional rainfall systems in addition to southward
displacement of the ITCZ. Whatever its exact
cause, such a catastrophic drought would have
had powerful effects on Paleolithic cultures. For
example, the desiccations of Lakes Tana and
Victoria reorganized the distribution of wet and
arid-environment resources in the region, Mid-
dle Eastern drying would have hindered over-
land migrations into or out of Africa, and aridity
around this time period likely contributed to
major reductions in human populations in south-
ern Asia (30).
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Complex Multicolor Tilings
and Critical Phenomena
in Tetraphilic Liquid Crystals
Xiangbing Zeng,1 Robert Kieffer,2 Benjamin Glettner,2 Constance Nürnberger,2 Feng Liu,1

Karsten Pelz,3 Marko Prehm,3 Ute Baumeister,3 Harald Hahn,4 Heinrich Lang,4

Gillian A. Gehring,5 Christa H. M. Weber,5 Jamie K. Hobbs,5 Carsten Tschierske,2* Goran Ungar1,6*

T-shaped molecules with a rod-like aromatic core and a flexible side chain form liquid crystal
honeycombs with aromatic cell walls and a cell interior filled with the side chains. Here, we show
how the addition of a second chain, incompatible with the first (X-shaped molecules), can form
honeycombs with highly complex tiling patterns, with cells of up to five different compositions
(“colors”) and polygonal shapes. The complexity is caused by the inability of the side chains to
separate cleanly because of geometric frustration. Furthermore, a thermoreversible transition
was observed between a multicolor (phase-separated) and a single-color (mixed) honeycomb phase.
This is analogous to the Curie transition in simple and frustrated ferro- and antiferromagnets;
here spin flips are replaced by 180° reorientations of the molecules.

Solid-state materials, particularly those per-
forming useful functions, often have frame-
work or cellular structures on the nanoscale

(1). For example, crystalline zeolites (2) used
in ion exchange or catalysis have frameworks
whose shapes are determined by the covalent
bond lengths and angles that tolerate little change.
Each solid-state framework structure is specific
to the individual compound. In contrast, in soft

matter such as lyotropic liquid crystals (for ex-
ample, surfactant-water systems) (3) or diblock
copolymers (4), as well as in many biological sys-
tems, the shapes of the frameworks are deter-
mined primarily by the curvature of the interface
between the two incompatible liquids (5). Hence
they form a limited range of closed- or open-cell
structures, typically micellar cubic or hexago-
nal (3). Liquid crystal (LC)–forming T-shaped
block molecules bearing three types of mutually
incompatible groups (triphilic) can be said to fall
between those two extreme categories. Their self-
assembly is governed by principles more general
than those of crystals, yet the number of known
framework LC structure types exceeds the num-
ber found in all lyotropics. Here we describe
how the addition of a fourth incompatible group
substantially broadens the range of cellular LC
morphologies.

Among the many LC phases of the T-shaped
compounds are a series of honeycombs (Fig. 1,
A to C) (6, 7). The aromatic rod-like cores (II in
Fig. 1D) form cell walls connected at the “seams”
by terminal hydrogen-bonding groups (I), typi-

cally glycerol (7). The honeycomb cells of po-
lygonal cross-section and infinite length are filled
by the fluid lateral chains (III). Depending on
the ratio of the cubic root of the volume of III to
the length of II, cells ranging from triangular to
hexagonal were obtained (Fig. 1, A to C) (6, 7).
Projected on an Euclidian plane (8), most ob-
served honeycombs are Archimedean tilings (all
vertices are equal) or their duals (tile centers are
replaced by vertices) (6).

The recent example of kagome LC tiling (9),
supported by simulation (9, 10), hints at the po-
tential for substantial expansion of the range
of honeycomb structures using X-shaped mole-
cules bearing two different side chains (Fig. 1E).
We prepared tetraphilic X-shaped LC compounds
(Fig. 2) consisting of a terphenyl- (compounds
A) or a larger oligo(phenyleneethinylene)-based
(compounds B) rigid rod core (II in Fig. 1) with
a glycerol group at each end (I), with two dif-
ferent types of flexible hydrophobic chains at-
tached to either side of the rod-like core (III
and IV) [for analytical details, see the support-
ing online material (SOM) text, section S1). III
is a highly branched carbosilane-based hydro-
carbon chain (Si chain), and IV is a semiper-
fluorinated chain (F chain). The chain volume
to molecular core length ratios were chosen such
(7) that triangular or square cells were expected
in compounds B and hexagonal cells were ex-
pected in A.

Complete segregation of the side chains of
X-shaped molecules into different columns, re-
sulting in two-color tilings (Fig. 1, F and G),
should be possible for triangular and square cells,
where “color” refers to the composition of the
honeycomb cell interior. However, such complete
segregation is frustrated for hexagonal cells, where
some mixing of Si and F chains cannot be
avoided. This is illustrated in Fig. 1H: among
the three molecules sharing a node, at least one
F chain will be mixed with a Si chain. Two uni-
form colorings of the partially phase-separated
hexagonal structure are possible, one three-color
[p3m1 symmetry (Fig. 1I)] and the other two-
color [p6mm (Fig. 1J)].
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