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Ground Water, Climate, and River
Basins: An Integrated Strategy for
Sustainable Water Resources
by Christopher J. Duffy, Pennsylvania State University

Historically, the prediction of stream
discharge in large river basins and water-
sheds has given a limited or passive repre-
sentation to soil moisture below the root
zone and the deeper ground water. The
basic assumption is that prevailing atmos-
pheric and land surface conditions are the
principal time scales in river basin runoff.
However, recent research suggests that sur-
face conditions of streamflow, soil mois-
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ture, and vegetation status respond over a
wide range of time scales associated with
the underlying water table and the deeper
hydrogeologic system (Qu and Duffy
2007). In the atmospheric sciences, soil
moisture and ground water have been rep-
resented as “buckets” of limited size and
dynamics, uncoupled or weakly coupled to
rivers or the land surface. For other envi-
ronmental scientists, ground water flow

has been represent-
ed as an infinitely
large and slow
process unlikely to
participate over
human time scales,
especially with
respect to rivers. In
this article, I will
argue that climate
variations and
hydrogeologic con-
ditions are more
closely coupled, and
that the “passive”
and “separate” role
given ground water
resources is a poor
assumption. The
limited representa-
tion of ground water
in present-day mod-
els will substantially
limit our ability to
predict the effects of
man and climate on
the terrestrial water
cycle. A community
modeling strategy is
proposed as a way to
improve models for

sustainable management of the nation’s sur-
face and ground water resources.

The Watershed Conceptual Model
and Space-Time Signatures

The atmosphere, land surface, and sub-
surface components of the global water
cycle represent a complex system of forc-
ings and feedbacks across time scales,
which range from catastrophic events (flash
floods) to seasonal, interannual and longer
time scales associated with drought, land
use, and climate change. At the watershed
scale, existing geospatial surficial informa-
tion and the hydrogeologic conceptual
model can help to form the basis for esti-Figure 1a. Simulated water table geometry for a ground water setting in the

Appalachian Plateau glaciated section of northern Pennsylvania, USA.
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Times have changed. I “pen this note”
on the keyboard of my portable
computer. I’m working from home

today, but my home and are in some senses
indistinguishable these days, thanks (if
that’s the right word) to technology.
On this particular day, the fusion of

home and office is a convenience. New
Jersey is in a state of emergency. Outside,
the winds are howling on the tail end of a
rain-plus-sleet-and-snow Nor’easter that
has closed schools, businesses, govern-
ment offices, and roadways. Between the
howls, I hear the comings and goings of
the sirens of emergency vehicles.
No doubt some people will attribute this

April storm to climate change. I could sneer
that a single realization of a random process
is not a terribly robust indicator of a shift of
a probability density function. But I will
not, because I know that such “popular
attributions” are based not only on the event
in question, but also on experiences and
information accumulated over recent years.
And that information includes reports from the
climate-science community (www.ipcc.ch).
I would argue, in fact, that changing cli-

mate is the new “default hypothesis,” rapid-
ly displacing the assumption of stationarity

upon which generations of hydrologists and
engineers have built their careers—not to
mention untold dollars worth of dams,
wells, levees, reservoirs, hydroelectric
power plants, bridges, irrigation systems,
and culverts.
Stationarity is the assumption that the

future will be similar to the past, in a statis-
tical sense. Historical observations have
been the rawmaterials for hydrologic analy-
ses under the fast-fading regime of station-
arity. If we can no longer invoke stationari-
ty to convert observations into predictions,
what can we do? What additional ingredi-
ents are needed for hydrologic analysis?
Numerical models of climate dynamics

provide one of the ingredients that will
inform hydrologic analyses of the future.
Such models can already suggest the
directions and rates of change of hydro-
logic processes, and this may be enough
information to suggest appropriate
responses to the most urgent risks. In the
future, the models will hopefully become
increasingly accurate and precise, and the
use of their output seems likely to become
increasingly routine.
When discussing application of climate

models to hydrology, it is best to be candid

about the difficulties. Climate models
were not built to support hydrologic analy-
sis. Their representation of continental
water fluxes is crude. Processes are
described on horizontal length scales (hun-
dreds of kilometers) that one is tempted to
dismiss as laughably inadequate. But such
scales are sufficient to define major shifts
in climate, and climate is a major determi-
nant of water availability.
What do climate models tell us about

the decades ahead? The accompanying
figure indicates that the American
Southwest will produce less runoff during
the 21st century than it did during the
20th century. When interpreting the
meaning of “runoff” from a climate
model, we should think not only of sur-
face runoff, but also of recharge to, and
eventual discharge from, ground water
systems, though these are not explicitly
represented in the models. Discharge
response is eventual because ground
water response times, especially in arid
environments, can be long relative to the
time scale of anthropogenic climatic
change.
The prospective reductions in ground

water recharge in the Southwest are
accompanied by projected reductions in
surface runoff. Climate models do not
currently include water use, but it can
reasonably be hypothesized that water
demands for agriculture and domestic
use, other things being equal, will
increase in those regions where climate
warms and dries. With decreasing surface
runoff and increasing water demand, the
development of ground water sources,
within the context of deliberate conjunc-
tive use, probably cannot be taken off the
table categorically as an option, even
where a general decrease in recharge is
projected. However, there is no escape
from the law of conservation of mass.
This discussion is presented only at the

crudest scale. In the West, for example, cli-
mate change does not simply rescale the
size of all water fluxes equally in space and
time. Rising temperatures change the parti-
tioning of precipitation between snow and
rainfall, and this change cascades through
the system, as noted in an accompanying
article in this issue by Mike Dettinger and
Sam Earman.
As the climate warms, mountain glaciers

melt. The liquid remains of their existence
flow to the sea. Meanwhile, ocean water

Stationarity Is Dead
by P.C.D. “Chris” Milly, U.S. Geological Survey

Model-Projected Changes in Annual Runoff from U.S. Water Resource Regions, 2041-2060. Percentage change
relative to 1900-1970 baseline. Any color indicates that >66% of models agree on sign of change; diagonal
hatching indicates >90% agreement. After Milly, P.C.D., K.A. Dunne, A.V. Vecchia. 2005. Global pattern of trends
in streamflow and water availability in a changing climate. Nature 438: 347-350. continued on page 8
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NGWA Working to Develop
Ground Water Science Education
Pilot Program
by Cliff Treyens, NGWA director of public awareness

Last year, NGWA initiated a meeting
with the Ohio Department of
Education to discuss how NGWA

could effectively encourage the use of
more ground water science in schools.
During that meeting, it was suggested
NGWA meet with the Environmental
Education Council of Ohio (EECO).

NGWA is now working with EECO to
develop a program that could be the pilot
for a future NGWA initiative to get more
ground water-related science in schools
nationwide. During a December meeting
with EECO, which included a representa-
tive of the Ohio Environmental Protection
Agency, it was tentatively decided to con-
centrate efforts on developing an Ohio
pilot project focusing on grades 5-8. The
intent is to design a pilot program that con-
forms to both Ohio’s academic content
standards and national science curriculum
standards. Its compatibility with national
science curriculum standards should make
it more readily useable by other states.
Another meeting was set for May 22 to
begin looking at Ohio’s academic content
standards for opportunities.

NGWAwants to be a leader in facilitat-
ing the use of ground water science in
schools, while understanding the impor-
tance of providing information that is rele-
vant and useful to educators and students.
We’ve found willing partners eager to help
us in that effort.

NGWA also is interested in making stu-
dents aware of careers in the ground water
professions. Our members are concerned
about where the ground water profession-
als of the future will come from. At the
same time, schools are looking for profes-
sionals to participate in career days and
mentoring programs. This pilot program
can test approaches to making member
professionals available to schools. It could
produce a model for responding to the
needs of NGWAmembers and students.

While work on the pilot program is just
beginning, EECO members indicated that
they may provide training to NGWA vol-

unteers on making classroom presentations
and possibly provide kits for use by
NGWA volunteers in making presenta-
tions.

The effort to expand the use of ground
water science in schools is consistent with
NGWA’s “Declaration on the Importance
of Earth Systems Science Education,”
adopted by its board of directors last
February. In the declaration, NGWA joined
other geoscience organizations, the state-
based national alliance, and federal agen-
cies in recognizing that a science-literate
citizenry is vital to the nation’s well-being
and security.

“To address future environmental and
resources challenges, including complex
water resources evaluation and sustainabil-
ity issues, requires a better understanding
of the interrelationships between earth sys-
tems’ processes. Through earth systems
science education, students learn to under-
stand Earth’s complexity. Moreover, sci-
ence-educated youth appreciate the signifi-
cance of wise utilization of the earth’s
resources. Earth science education promis-
es to play an ever-expanding role in meet-
ing society’s needs. Essentially, earth sys-
tems science constitutes a core element of
students’ curriculum,” the declaration
states.

Among the implementation strategies
included in NGWA’s declaration is promot-
ing earth systems science education at all
levels.

geology. As a result, there is no shortage of
students for research projects. And, as with
most geology majors, our students love to
get into the field. Truthfully, what field
experience is more primeval than playing
with mud? But beyond the simple research
requirement, I try to instill a sense of social
relevance in my students’ research.As a pre-
dominantly regional school, my students
have a keen sense of Southern California’s
precarious environmental setting. This sense
is usually grounded in an earth- shaking
reality; however, it is not too difficult for my
students to understand the region’s water
crisis. Most, if not all, have lived through
multiyear droughts in their short lifetime,
and they realize the impact water has on
their livelihood—a livelihood they hope
continues into the future. Of course,
Southern California’s future is undeniably
connected to water issues. How we deal
with these issues is a matter of ongoing
debate and evolving water management
practices. Undoubtedly an important piece
to understanding, and preparing for, this
future lies in understanding our past.
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warms and expands. As a result of these two
processes (and ignoring speculation about
potential for rapid losses from the Greenland
and Antarctic ice sheets by unmodeled
processes), sea level is expected to rise slow-
ly but relentlessly for the next several cen-
turies. Climate models project a rise (central
estimate) of a bit more than a foot during the
21st century. Impacts on coastal water sup-
plies have not been evaluated quantitatively,
but could be expected to include increased
salinity from subsurface and surface saltwater
intrusion and from increasing frequency of
surface inundation of land.
Stationarity is dead. Times have

changed, and the change is ongoing. The
full extent and nature of the change are
uncertain. The impacts are even foggier.
In view of this, what are the appropriate
adaptations to address those impacts?
Addressing this question will be a major
challenge for water science during the
21st century.
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Stationarity Is Dead

Paleoclimatology
Students Look to the
Past to See the Future




