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attached CO molecule oscillate horizontally
while approaching another CO molecule on
the surface. By doing this at different heights
over the Cu surface, the authors were able to
obtain a complete map of the forces and energies between the CO molecules.
As the result reported by Weymouth et al.
show, noncontact AFM is a crucial tool in the
quest to image atoms and molecules at ever
higher resolution and to understand the origin
of the forces that keep them together. From
the measured forces, it is possible to identify
the nature of the atoms (8) and to deduce their
interaction energies. Furthermore, it opens
the way for studying chemical reactions at the

individual atom or molecule level. For example, one could choose a particular site on the
surface of a catalyst and position an atom or
molecule there, using the tip as “tweezers.”
By bringing another atom or molecule near
to the first from various directions and at
various distances and measuring the resulting forces, one could determine whether a
reaction occurs and what the products are. In
another scenario, the technique could be used
to construct novel molecules by bringing the
component atoms to the chosen locations one
at a time. Such experiments are already happening in the laboratories of researchers. The
possibilities are endless.
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the mid-1980s, causing extensive erosionrelated damage.
Most of the episodic changes in Great
Lakes water levels over the past century are
attributable to corresponding changes in
annual precipitation. For
example, the increases in
water levels across all of
10
the Great Lakes in the late
1960s, early 1970s, and
6
early 1980s, as well as the
2
water level drop in the late
800
1980s, are more closely
linked to trends in precipi550
tation than overlake evaporation (4). However, the
300
1.0
large water-level drop in
the late 1990s coincided
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with one of the strongest
El Niño events on record
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ing surface water temperaRegional climate trends. Annual climate and hydrological variables tures (~2.5°C from 1997
for Lake Superior (light colors) and Lake Michigan-Huron (dark colors) to 1998) on Lakes Supereﬂect long-term trends and abrupt shifts in surface water temperature rior and Michigan-Huron.
(blue lines) and overlake evaporation (red lines). These factors have con- Strong El Niño events typitributed to recent record low water levels on both lake systems (green cally lead to abnormally
lines). Water surface temperature and overlake evaporation estimates mild winters in the Great
are based on computer models that assimilate measurements from a Lakes, and the 1997–1998
sparse network of shoreline-based stations, offshore stations (many of El Niño appears to show an
which are currently inactive), and seasonal offshore buoys (see second ampliﬁcation of that relaﬁgure). Water levels are based on a comprehensive international nettionship.
work of shoreline monitoring stations. The vertical gray band indicates
Since the late 1990s,
the approximate period of the 1997–1998 El Niño. Point A indicates
record lows on Lake Superior for the months of August and September the higher surface water
(both in 2007). Point B indicates record lows on Lake Michigan-Huron temperatures have perfor the month of December (in 2012) and for all months (in January sisted, promoting increased
2013). Data are from (10, 14).
overlake evaporation,
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changes in regional precipitation (including
both overlake precipitation and terrestrial
runoff) and overlake evaporation. Water levels on Lake Michigan-Huron previously hit
record lows in the mid-1960s and peaked in

Water level
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s marine coastal populations experience and plan for rising ocean levels (1), residents along the coasts of
Earth’s largest lake system are encountering
the opposite problem: persistent low water
levels and a receding shoreline. In January 2013, federal agencies from the United
States and Canada documented the lowest
water levels ever recorded on lakes Michigan
and Huron (2). Only 6 years earlier, historically low water levels were recorded on Lake
Superior (3), which feeds into the Lake Michigan-Huron system. These low water levels
are symptoms of an imbalance in the water
budget of the Great Lakes. Adapting to, and
potentially mitigating, low water level conditions requires improved quantiﬁcation of the
factors that drive the imbalance.
Low water levels have a profound impact
on the Great Lakes region and the North
American economy by limiting navigability of shipping channels, reducing hydropower capacity (e.g., at Niagara Falls, the
largest electricity producer in New York
State), impeding tourism and recreational
activities, and increasing operational risks to
industries that rely on the lakes as a source of
process and cooling water. Relative to water
levels on most marine coasts, annual water
levels on the Great Lakes ﬂuctuate widely.
On Lake Michigan-Huron, for example, the
historical range of recorded annual average
water levels is close to 2 m (see the ﬁrst ﬁgure). These ﬂuctuations are mainly driven by

Knowledge of the drivers behind recent record
low water levels in the North American Great
Lakes can help water resource management
planning.
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decreased winter ice-cover,
and a period of sustained
low water levels. At the
same time, annual precipitation throughout the Great
Lakes basin has, relative
to overlake evaporation,
shown minimal net change,
although extreme dry condiToronto
tions in 2012 combined with
the already below-average
Montreal
water levels to produce the
record seasonal lows of late
2012 and early 2013.
The low levels have catalyzed demands to regulate
outﬂows from Lake Michigan-Huron (5); however, the
demands are often aimed
at reversing reductions
associated with historical
dredging (6) and interbasin
Chicago
diversions (7). DifferentiatNiagara Falls
New York
ing potential justifications
for raising water levels on
Lake Michigan-Huron is
Philadelphia
critical; compensating for
historical dredging alone
would do little to alleviate
Sparse monitoring networks. The Great Lakes basin (black outline) long-term hydrometeorological monitoring network shown
low water-level problems here includes shoreline (red) and offshore (yellow) stations that, for at least 1 year in the historical record, reported measureif declines continue due ments used in model simulations of overlake evaporation and lake surface water temperature. Of these shoreline and offshore
to climate change. Water stations, about half reported data for 10 years or less; many (yellow with concentric black dots) are seasonal buoys that are
resource management plan- only deployed between May and November. The remaining stations (dark gray) are either too far from the lake shoreline to be
ning decisions thus hinge potentially useful in overlake simulations or only monitor variables (such as precipitation) not used in overlake evaporation and
critically on determining the surface water temperature simulations. For location sources, see (15).
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