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Societally and environmentally impor-
tant resources can be separated into five 
major categories: water, food, energy, 
human health, and ecosystem function. 
These resources, however, are intimately 
interlinked (Figure 1). Water, for exam-
ple, is required for each of the other four 
resources. Estimating availability of water 

resources, as well as other resources, 
requires an assessment of the threats they 
face. As stated by Pielke et al. [2009],

If communities are to become more resil-
ient to the entire spectrum of possible envi-
ronmental and social variability and change 
[Vörösmarty et al., 2000], scientists must 
properly assess the vulnerabilities and risks 
associated with the choices made by mod-
ern society and anticipate the demands for 
resources several decades into the future.

With respect to water, the world we live 
in has finite water resources that are under 
stress from rising demand due to population 
growth, urbanization, and industrialization 
[Gleick and Palaniappan, 2010]. According to 
a United Nations report, the current rate of 
growth is expected to take world population 
to 9 billion by the end of this century. More 
than 80% of this population will be residing 
in urban areas [United Nations Department 
of Economic and Social Affairs, 2008]. A dra-
matic expansion in urban and industrialized 
areas of the world is likely. Thus, knowledge 
of water that can actually be harnessed for 
use is the key element in defining society’s 
ability to achieve sustainable living in the 
21st century. 

Gaining an accurate understanding of 
how much water will be available for future 
use requires a multidimensional approach. 
The water that is usable can occur in vari-
ous forms such as rainfall, surface water, 
rechargeable and fossil groundwater, snow, 
natural lakes, and artificial reservoirs, and 
through state and international treaties. There 
are multiple threats to these water resources 
through health epidemics and contamination, 
changes in precipitation extremes, popula-
tion demand, industrial and agricultural con-
sumption, contamination, national water poli-
cies, and climate. Lately, the consideration of 

such issues (or threats) has led to the coining 
of the term “nexus.” A nexus can be regarded 
as a joint investigation addressing a few key 
issues, such as the “water- energy nexus,” 
“water- health nexus,” “water- weather nexus,” 
or even the “water- weather- energy nexus.” 
But is such a focus adequate, or should we 
attempt to integrate as many major threats as 
possible?

The resilience to known threats to water 
availability can be region specific and vary 
due to a multiplicity of factors. For exam-
ple, annual flooding of about one fourth 
of the Ganges River delta is considered 
an integral part of livelihood and sustain-
ability (by recharge of shallow aquifers 
and enrichment of soil with silt and nutri-
ents [Mirza, 2003]). Yet similar levels of 
annual flooding in the Mississippi River 
delta would spell disaster possibly more 
catastrophic than Hurricane Katrina. Simi-
larly, it takes about 100 liters of water to 
produce 1 kilowatt- hour of fossil fuel– based 

electricity [Jones, 2008]. But the depen-
dence on energy is not the same every-
where. A 15- minute power outage has a 
far more drastic impact on water supply 
in New York City than on the island of Fiji. 
The factors affecting availability of water in 
most parts of the world are many, and more 
than a few key issues are involved. For 
example, the most pressing factors affect-
ing water availability for the vast majority 
in Bangladesh are arsenic contamination 
of shallow aquifers, impoundment of trans-
boundary rivers by upstream nations, treat-
ment of water and wastewater effluents, 
arrival times of monsoons, agricultural 
demand, and public health epidemics such 
as cholera in coastal regions [Ahmed and 
Karmakar, 2006; Akanda et al., 2009; Hos-
sain and Sivakumar, 2008; Nishat and Rah-
man, 2010]. Almost all nations today have 
multiple threats to the availability of water 
resources, if not as many as Bangladesh 
[Gleick, 1998].

It is now important to gain a much broader 
view of what really affects today’s water 
resources. To make sense of the water that we 
have at our disposal for future use, we need 
to ask ourselves the following questions:

 • What are the key environmental and 
social variables that influence water 
resources?

 • What is the sensitivity of these water 
resources to changes in each of these 
key variables?

 • What actions (adaptation or mitiga-
tion) can be undertaken to minimize or 
eliminate the negative consequences of 
these changes (or to optimize a positive 
response)?

We now need a vulnerability assess-
ment approach to evaluate the effect of 
environmental and societal threats to fresh 
water. This vulnerability concept requires 
the determination of the major threats to 

measurement of the megathrust activity is 
needed to better understand seismicity in 
the region. “To evaluate the risk of subduc-
tion megathrusts, we have to handle the 
records covering longer time periods.” What 
is really needed is “to understand the whole 
process of strain buildup and release in 
[the] subduction zone.”

Sato also noted that the region had expe-
rienced four or five large tsunamis over the 
past 3800 years and that the area submerged 
on 11 March is similar to the distribution of 
the tsunami resulting from the great Jogan 
earthquake in 869 C.E. 

“The earthquake we suffered on March 11 
was much, much bigger than what we 
expected and have experienced, and that 
was devastating not just for people but for 
scientists,” added ERI professor Teruyuki 
Kato.

Kato said that although Japan already 
has a vast Global Positioning System (GPS) 
array and many other instruments, including 
tidal gauge records and ocean bottom pres-
sure sensors, there is a need for more obser-
vations to monitor seismicity and tsunamis. 

“In the coming days,” Kato said, “we should 
deploy a dense array offshore in the hypocen-
tral region from the northern end of Japan to 
the southern end of the Japanese island, not 
just for Japan but for any subduction zones 
that could be eligible for super-megathrust 
earthquakes.”

He also mentioned some key questions 
that need to be resolved, including why the 
northeastern Pacific coast subsided rather 
than uplifted. “We have to think about what 
kind of mechanism is working here,” he said.

Emile Okal, professor in Northwestern 
University’s Department of Earth and Plan-
etary Sciences, Evanston, Ill., said the earth-
quake itself, with its classical subduction 
quality, was not surprising. However, he 
said several aspects were surprising, includ-
ing its size, making the Tohoku quake the 
fourth- largest event ever recorded for which 
a documented, verified seismic moment is 
available.

Megaquakes that reach magnitude 9 “were 
generally unknown” in old subduction zones, 
Okal said, adding that megaquakes also were 
“generally unknown” in relatively poorly sedi-
mented areas. “So several models, several para-
digms of the expectability of these mega events, 
have to be abandoned now,” he explained.

“We thought we were smarter than Mother 
Nature, and Mother Nature has taught us a 
lesson. It’s a lesson in humility when you 
realize that, gee, I thought I understood 
something and I don’t,” Okal told Eos.

He added that there has to be a precaution-
ary approach regarding megaquakes and that 
scientists should consider that all long subduc-
tion zones of more than 400 or 500 kilome-
ters may produce very large earthquakes in 
the future. “There are a few places where we 
felt a little bit too secure, and we have to have 
renewed and new vigilance,” Okal said, specif-
ically noting Tonga and the Kermadec Islands, 
the Mariana Islands, Java and East Luzon, the 
Caribbean, and the Solomon Islands.

During the afternoon panel discussion at 
the EGU General Assembly, scientists also 
focused on the nuclear crisis affecting Japan 
that resulted from tsunami waves damag-
ing the Fukushima power plant. “What is in 
order is a review of nuclear plants,” many 
of which are located along shorelines, Okal 
said. He recommended that scientists inves-
tigate how other such nuclear plants might 
fare under similar conditions.

Andreas Stohl, senior scientist with 
the Norwegian Institute for Air Research, 
Kjeller, Norway, who has developed an 

atmospheric dispersion model useful for 
tracking various materials including radia-
tion released at the Fukushima power plant 
as well as volcanic ash that drifted across 
Europe last year from Iceland’s Eyjafjal-
lajökull volcano, said the risk of nuclear 
power should not be judged by the accident 
at the Fukushima power plant, because 
the event could have been even worse. 
“We were extremely lucky that the wind 
was blowing in the right way,” out to sea, 
he said. “Imagine the same situation in a 
nuclear power plant somewhere in central 
Europe where, regardless of which direc-
tion the wind would blow, it’s just a ques-
tion of which city you pollute most. The 
risks there will be much higher.”

Stohl said that Europe may need an emer-
gency response center to deal with these 
types of situations, and he also stressed the 
need for improved prediction models. “That 
concerns probably ocean models, but that 
also concerns especially atmospheric models 
because that is the immediate threat to peo-
ple,” Stohl said. “But there is little opportu-
nity to test these models because, fortunately, 
these accidents are not happening too often.”

—ranDy shoWstack, Staff Writer
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FORUM

Making Sense of the Water Resources 
That Will Be Available for Future Use

Fig. 1. The relationships among five key resources (water, food, energy, health, and ecosystem 
function). Outer ring shows a nonexhaustive list of stressors that affect availability or quality of 
the resources.
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Twenty-five scientists met at the Univer-
sity of Hamburg’s KlimaCampus to discuss 
current analyses and future applications 
of spaceborne gravity measurements to 
studies of ocean circulation, cryospheric 
science, and sea level rise. The Challeng-
ing Minisatellite Payload (CHAMP), Grav-
ity Recovery and Climate Experiment 
(GRACE), and Gravity Field and Steady-
State Ocean Circulation Explorer (GOCE) 
satellites, complemented with radar and 
laser altimeters, provide the necessary 
data.

Spaceborne gravity measurements pro-
vide two important quantities for ocean 
circulation studies: (1) the time- averaged 
geoid, which when subtracted from a time 
mean sea surface from radar altimetry 
yields the absolute surface dynamic topog-
raphy and absolute surface geostrophic 
currents, and (2) time changes in ocean 
bottom pressure and total ocean mass. 
For sea level rise, the difference between 
the globally averaged trend from altim-
etry and that from GRACE is used to infer 
the top- to- bottom steric component (the 
component of sea level rise resulting from 
expansion of seawater due to temperature 
and salt), which is observable with data 
from the Argo system, a network of drift-
ing probes that measure temperature up 
to 2000 meters in depth, and from expend-
able bathythermographs (XBT), tempera-
ture sensors towed by ships. 

Mean dynamic topographies have been 
created from the combination of geodetic 
and in situ oceanographic data; workshop 
participants expect these topographies to 
improve significantly at short wavelengths 
with the addition of GOCE data. 

GRACE observes ice mass loss from 
Greenland, Antarctica, and glaciers in 
Alaska and Patagonia; much of this water 

enters the oceans. Trend retrievals depend 
critically on either using a model of glacial 
isostatic adjustment or estimating it together 
with the current mass loss; another compli-
cation noted by participants is the coarse 
“footprint” of GRACE, which mixes signals 
from neighboring basins. 

In addition, participants pointed out 
that ocean bottom pressure signals (of the 
order of 10 millibars at high latitudes and 10 
times smaller at low latitudes) are close to 
the noise level of GRACE and require spe-
cial processing and filtering. Signals sev-
eral hundred kilometers in extent match 
those obtained from in situ bottom pres-
sure recorders in energetic regions and 
have been used to study the Antarctic Cir-
cumpolar Current, the Arctic, and inter-
basin mass exchanges. The data are now 
assimilated into numerical ocean mod-
els, although current models lack some of 
the physics measured by GRACE (loading 

and self attraction, mass conservation); the 
global ocean mean mass constrains the total 
freshwater flux in these ocean models.

In summary, time-averaged and time- 
varying satellite gravity data were dem-
onstrated to be instrumental for physical 
oceanographic and sea level rise studies. 
The discussions centered on future pro-
cessing, future applications of GRACE-
like data, and future missions. Future mis-
sions include an expected GRACE continu-
ity mission, which was strongly endorsed 
by the attendees, has been approved by 
NASA, and is under study in Germany for 
launch in 2016. The GRACE continuity mis-
sion is expected to close the gap between 
GRACE and missions under discussion for 
launch in the 2020s. From the improved 
processing and the future missions, scien-
tists expect more accurate retrievals over 
smaller regions. Furthermore, ocean bot-
tom pressure signals are small and require 

accurate removal of land signals, whether 
continental hydrology, strong earthquakes, 
or glacial isostatic adjustment. Participants 
believe that the addition of bottom pressure 
recorders at the Tropical Ocean– Global 
Atmosphere (TOGA) Tropical Atmosphere- 
Ocean (TAO) project locations (http:// 
www . pmel . noaa .gov/  tao/) would yield the 
overall ocean mass variability because the 
region is dynamically quiet. It is now timely 
to extend GRACE studies beyond the baro-
tropic response of the ocean to wind.

The online supplement to this Eos issue 
(http:// www .agu .org/  eos _ elec) contains 
a slightly expanded version of this report, 
including names of attendees, expertise, 
and references.

—victor Zlotnicki, Jet Propulsion Laboratory, 
California Institute of Technology, Pasadena; E-mail: 
victor.zlotnicki@  jpl .nasa .gov; and Detlef staMMer, 
KlimaCampus, University of Hamburg, Hamburg, 
Germany

these resources, not only from climate but 
also from other social and environmental 
issues such as the ones described above. 
After these threats are identified for each 
resource, the relative risk from natural 
and human- caused climate variability and 
longer- term change should be compared 
with other risks so that the optimal mitiga-
tion or adaptation strategy can be adopted. 
The advantage of this vulnerability strat-
egy, which should be location-  specific, is 
that even if the forecast of water availabil-
ity due to, say, climate or other threats were 
deemed to be unfounded years later, the 
optimal mitigation or adaptation strategy 
identified from multiple threats should have 
allowed for this margin of error during plan-
ning. In essence, such an approach guaran-
tees a higher chance of success than would 

a one- dimensional strategy such as one 
based on projections only from global cli-
mate models that are reported in literature 
[Schneider et al., 2007].
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A 2-day climate change workshop was 
held at the International Arctic Research 
Center, University of Alaska Fairbanks. The 
workshop, sponsored by Biological and 
Environmental Research, Office of Science, 
U.S. Department of Energy (DOE), was 
attended by 45 subject matter experts from 
universities, DOE national laboratories, and 
other federal and nongovernmental orga-
nizations. The workshop sought to engage 
the Arctic science community in planning 
for a proposed  Next-  Generation Ecosystem 
Experiments ( NGEE-  Arctic) project in Alaska 
(http:// ngee .ornl .gov/). 

The goal of this activity is to provide 
data, theory, and models to improve rep-
resentations of  high-  latitude terrestrial 

processes in Earth system models. In par-
ticular, there is a need to better under-
stand the processes by which warming 
may drive increased plant productivity 
and atmospheric carbon uptake and stor-
age in biomass and soils, as well as those 
processes that may drive an increase in 
the release of methane (CH4) and carbon 
dioxide (CO2) through microbial decom-
position of soil carbon stored in thaw-
ing permafrost. This understanding is 
required to quantify the important feed-
back mechanisms that define the role 
of terrestrial processes in regional and 
global climate.

Speakers and participants worked 
through a series of thematic questions that 

included the following, What are the great-
est uncertainties and sensitivities in cur-
rent generation Arctic ecosystem models 
and Earth system models? What are obser-
vations and experiments telling scientists 
about changes in rates and magnitudes 
of processes and responses, the relative 
importance of terrestrial processes, and the 
role of heterogeneity across scales in space 
and time? What are the strengths and limi-
tations of current observations and experi-
ments, and how can those limitations be 
overcome?

Participants recommended experiments 
and observations to elucidate mechanisms 
underlying greenhouse gas fluxes from 
warming permafrost, changing hydrology, 
shifting distribution of vegetation, and large-
scale geomorphic dynamics. Research to 
address the vulnerability of Arctic ecosys-
tems to global change should be designed 
to characterize chemical, physical, and bio-
logical processes in sufficient detail so that 
current representations in coupled  land- 
 atmosphere models can be improved and 
new mechanisms can be identified and 
quantified for future inclusion in regional 
and global climate models. Discussions 
highlighted the considerable degree of sys-
tem complexity likely to be encountered in 
 high-  latitude ecosystems and the need to 
describe interactions and feedbacks among 

permafrost, snow, soil water, vegetation, 
microbial communities, and atmospheric 
processes. 

Participants also emphasized that 
new experiments and observations must 
be designed to account for landscape 
dynamics, because disturbances like 
fire, subsidence, and thermokarst can be 
expected to exert a dominant control on 
biogeochemical, hydrologic, and ecosys-
tem processes and thus shape how these 
events are ultimately represented in Earth 
system models. A science and imple-
mentation plan is being developed by a 
multidisciplinary team of scientists from 
across DOE national laboratories and stra-
tegic university partners. The plan will 
describe how integration of surface and 
subsurface science (e.g., genomics to geo-
physics) can help quantify the response 
of physical, ecological, and biogeochem-
ical processes to atmospheric and cli-
matic change.

—stan D. Wullschleger, Environmental Sci-
ences Division, Oak Ridge National Laboratory, 
Oak Ridge, Tenn.;  E-mail:  wullschlegsd@ ornl .gov; 
larry D. hinZMan, International Arctic Research 
Center, University of Alaska Fairbanks; and cathy J. 
Wilson, Earth and Environmental Sciences Division, 
Los Alamos National Laboratory, Los Alamos, N. M. 
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