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FIG. 3. Comparison of routed simulated runoff (dashed lines) with observed (or naturalized) streamflows (solid
lines). Ordinate values are runoff in m3 s"1, abcissa is a 10-yr period, the beginning of which varies by basin,
depending on observed flow availability. Shaded areas in center panel are the contributing regions to each identified
point.

off show the best correspondence with observed vari-
ance, plotting very close to the dashed line at the radial
value of unity.
The overall success at reproducing runoff hydro-

graphs, taken together with the use of observed precip-
itation, implies that, over timescales long enough for
the change in surface storage to be small relative to the
accumulated values for other variables in the water bud-
get, evapotranspiration (ET) is realistically estimated.
In addition, due to the physically based representation

of soil moisture and runoff generation processes within
the model, simulations of other surface flux and state
variables (e.g., ET, total soil moisture storage, and snow)
should reasonably represent the true (but unobserved)
variables. Although runoff can be validated against ob-
served streamflow at many locations, validation of other
model-simulated variables, such as ET and soil moisture
are more difficult due to the paucity of long-term ob-
servations over broad spatial domains. Ongoing vali-
dation of the dataset presented here will identify areas



15 NOVEMBER 2002 3243M A U R E R E T A L .

FIG. 3. Comparison of routed simulated runoff (dashed lines) with observed (or naturalized) streamflows (solid
lines). Ordinate values are runoff in m3 s"1, abcissa is a 10-yr period, the beginning of which varies by basin,
depending on observed flow availability. Shaded areas in center panel are the contributing regions to each identified
point.

off show the best correspondence with observed vari-
ance, plotting very close to the dashed line at the radial
value of unity.
The overall success at reproducing runoff hydro-

graphs, taken together with the use of observed precip-
itation, implies that, over timescales long enough for
the change in surface storage to be small relative to the
accumulated values for other variables in the water bud-
get, evapotranspiration (ET) is realistically estimated.
In addition, due to the physically based representation

of soil moisture and runoff generation processes within
the model, simulations of other surface flux and state
variables (e.g., ET, total soil moisture storage, and snow)
should reasonably represent the true (but unobserved)
variables. Although runoff can be validated against ob-
served streamflow at many locations, validation of other
model-simulated variables, such as ET and soil moisture
are more difficult due to the paucity of long-term ob-
servations over broad spatial domains. Ongoing vali-
dation of the dataset presented here will identify areas

gronewold
Pencil



3312 VOLUME 14J O U R N A L O F C L I M A T E

FIG. 2. Location of the 26 selected river basins. The nine dark-shaded basins form the primary group, and the light-shaded basins form
the secondary group.

layer is largely determined by the parameters selected
for calibration, because the VIC model calculates the
hydraulic conductivity as

n n
u Wnk 5 k 5 k , (1)s s max1 2 1 2f W n

with k the hydraulic conductivity, u the moisture con-
tent, f the porosity, Wn the moisture storage, and

the maximum moisture storage equal to fD, withmaxW n

D the depth of the layer. The moisture storage is dy-
namically determined by the model. A change in the
thickness of the second layer affects not only the hy-
draulic conductivity, but also the maximum storage
available in the second layer and consequently the water
available for transpiration.

Climatic characteristics were selected as the basis for
the transfer of calibration parameters under the premise
that hydrological processes and the parameters used to
describe them are more similar within than between
different climate zones. To this end, each of the model
grid cells was classified into one of five climatic zones
(Table 2). These zones were constructed by regrouping
the zones of the Köppen classification (e.g., Hubert et
al. 1998).

An initial set of nine basins was selected for calibra-
tion on the basis of the following:

R the quality of the observed discharge record;

R the geographical location, to represent each climatic
zone and continent, and

R the number of climate zones in each basin.

We tried to represent each climate zone and to have at
least one basin on each continent. Australia was not
represented, due to the high amount of regulation on
the Australian rivers for which discharge data were
available. To facilitate calibration and parameter trans-
fer, the primary basins were selected to be located as
much as possible within a single climate zone.

Calibration was performed manually and focused on
matching the total annual flow volume and the shape of
the mean monthly hydrograph. In the first round of cal-
ibration, all primary basins were grouped by climate
zone and all basins within the same climate zone were
calibrated using the same parameters. Although this ap-
proach was successful in the arctic and temperate cli-
mate zones, it did not work as well in the tropical climate
zone. In particular, the calibrated parameters for the Am-
azon did not improve the model results for the Congo
and vice versa. The tropical climate zone was therefore
subdivided into three geographical regions: an Ameri-
can region from 1808 to 308W, an African region from
308W to 608E, and an Asian–Australian region from
608E to 1808. It should be noted that the tropical climate
zone encompasses all climates that are not defined as
dry and where the mean daily maximum temperature is
greater than 188C in all months. However, this climate
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Fig. 3 Historical monthly and annual average surface water elevations in the North American Great
Lakes and at other gauges from around the world. Annual average water levels are represented by
black dots, and monthly average water levels are represented by light blue dots. Average elevations
for each period of record are represented by horizontal red lines. Surface water elevations are
referenced to either the 1985 International Great Lakes Datum (for the Great Lakes) or mean sea
water level and are plotted at the same vertical scale. Breaks in the y-axis values between Great
Lakes data sets reflect elevation changes through the St. Marys River, Niagara Falls, and the St.
Lawrence River, respectively
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Name Country Surface area Volume
(km2) (mi2) (km3) (mi3)

Michigan–Huron U.S. and Canada 117,702 45,445 8,458 2,029
Superior U.S. and Canada 82,414 31,820 12,100 2,900
Victoria Multiple 69,485 26,828 2,750 660
Tanganyika Multiple 32,893 12,700 18,900 4,500
Baikal Russia 31,500 12,200 23,600 5,700
Great Bear Lake Canada 31,080 12,000 2,236 536
Malawi Multiple 30,044 11,600 8,400 2,000
Great Slave Lake Canada 28,930 11,170 2,090 500
Erie U.S. and Canada 25,719 9,930 489 117
Winnipeg Canada 23,553 9,094 283 68
Ontario U.S. and Canada 19,477 7,520 1,639 393

Table: Water volume and surface area of Earth’s largest (ranked by surface area) fresh surface waters.

From: Gronewold, Fortin, Lofgren, Clites, Stow, and Quinn (2013). Climatic Change.
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Great Lakes water budget
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ImprovIng HydrologIcal modelIng predIctIons 
In tHe great lakes

whAt: More than 20 scientists from the United States 
and Canada met to assess and recommend 
strategies for advancing the state of the art in 
Great Lakes regional climate, hydrological, and 
hydrodynamic modeling

when: 11–13 October 2011
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a s one of the Earth’s largest surface freshwater  
 resources, the North American Laurentian  
 Great Lakes are an ideal test bed for under-

standing water balance dynamics of large hydro-
logic systems and for establishing effective protocols 
for collaborative binational water resources and 
ecosystem services research. To leverage ongoing 
and future federal government research efforts 
in the Great Lakes region, representatives from 
the National Oceanic and Atmospheric Admin-
istration (NOAA), the Cooperative Institute for 
Limnology and Ecosystems Research (CILER), and 
Environment Canada (EC) convened a workshop 
on Great Lakes hydrological modeling with an emphasis on improving regional hydrological and 

hydrodynamic science. Workshop presentations and 
discussions collectively underscored the following 
three motivating themes for current and future 
research:

1) utilizing investments in monitoring infrastruc-
ture and model development from the recently 
completed International Upper Great Lakes Study 
(IUGLS), a binational, multiagency, multimillion 
dollar effort intended to improve understanding 
of water-level dynamics and evaluate alternative 
plans for regulating Lake Superior water levels;

2) identifying appropriate roles for NOAA, CILER, 
and EC in post-IUGLS “adaptive management” 
research, while leveraging ongoing efforts and 
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Recent events: 1997-2000 decline and 2000-2013 low levels

From: Gronewold & Stow (2014), Science

See also: Sellinger, Stow, Lamon, and Qian (2007), ES&T
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A dynamic graphical interface for visualizing projected, measured, and
reconstructed surface water elevations on the earth’s largest lakes

Andrew D. Gronewold a,*, Anne H. Clites a, Joeseph P. Smith a,b, Timothy S. Hunter a

aGreat Lakes Environmental Research Laboratory, National Oceanic and Atmospheric Administration, Ann Arbor, MI 48108, USA
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a b s t r a c t

There is a growing need within the international water research and water resources management
community, and the general public, for easy access to time-series of projected, measured, and recon-
structed marine and freshwater coastal surface water elevations. There is also a need for effectively
communicating variability among different surface water elevation data sets, as well as the intrinsic
uncertainties in surface water elevation forecasts. Here, we introduce an interactive web-based interface,
the Great Lakes Water Level Dashboard (GLWLD), designed to address this need for the North American
Laurentian Great Lakes, the largest assemblage of unfrozen fresh surface water bodies on planet Earth,
and one with a coastline of over 16,000 km (roughly 10,000 miles). The GLWLD is a Flash-based tool that
can simultaneously display time-series of measured monthly and annual water level data and seasonal
forecasts for each of the Great Lakes, reconstructed lake levels from paleoclimate research, and decadal
lake level projections under alternative climate scenarios. By employing a suite of novel data transfer,
processing, and visualization tools, the GLWLD allows users to seamlessly transition not only between
alternate displays of Great Lakes water levels over different temporal scales, but between different data
sets and forecasts as well. Furthermore, the unique GLWLD interface can help users understand the
extent to which decisions regarding the use of the lakes depend on an appreciation of uncertainty and
variability within, and between, different sources of Great Lakes water level information.

Published by Elsevier Ltd.

1. Introduction

The North American Laurentian Great Lakes collectively
constitute the largest surface area and the second largest volume of
any unfrozen surface freshwater resource on planet Earth, and are
directly and critically linked to the human, environmental, and
economic health of central North America (Buttle et al., 2004;
Millerd, 2005; Field et al., 2007). As a massive and dynamic
inland coastal system, the Great Lakes respond to a combination of
intrinsic and extrinsic forces ranging from climate change impacts
to anthropogenic controls (Brown et al., 2011). This range of drivers
propagates into a variety of large-scale physical and ecological
features. Of these, changes in the surface water elevations of the
lakes themselves are arguably one of the most important from a
regional water resources planning perspective.

Existing web-based outlets for Great Lakes water level infor-
mation cover a range of spatial and temporal scales. Dynamic dis-
plays of hourly and daily-scale data and forecasts, for example, are
available from the National Oceanic and Atmospheric Administra-
tion (NOAA) Great Lakes Coastal Forecasting System (GLCFS) and
the Great Lakes Observing System (Schwab and Bedford,1994; Read

Software availability

Name of software: The Great Lakes Water Level Dashboard
Developers: National Oceanic and Atmospheric Administration,

Great Lakes Environmental Research Laboratory, Ann
Arbor, Michigan, USA and Cooperative Institute for
Limnology and Ecosystems Research, University of
Michigan, Ann Arbor, Michigan, USA

Hardware required: Adobe Flash Capable Computer with Modern
System Specifications, minimum 1 GB RAM

Software required: Internet browser (Mozilla Firefox, Google
Chrome, Microsoft Internet Explorer, etc.), Adobe Flash
Plugin

Program language: AdobeMXML and ActionScript under the Adobe
Flash Builder, HTML, Javascript

Availability: Free at http://www.glerl.noaa.gov/data/now/wlevels/
dbd/.

* Corresponding author. Tel.: þ1 734 741 2444; fax: þ1 734 741 2055.
E-mail address: drew.gronewold@noaa.gov (A.D. Gronewold).

Contents lists available at ScienceDirect

Environmental Modelling & Software

journal homepage: www.elsevier .com/locate/envsoft

1364-8152/$ e see front matter Published by Elsevier Ltd.
http://dx.doi.org/10.1016/j.envsoft.2013.07.003
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cumented needs of regional and international hydrology research and
nities. To address this need within the Laurentian Great Lakes region, we
shboard (GLD), a dynamic web data visualization platform that brings
s together for visual analysis and download. The platform's adaptable,
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(http://creativecommons.org/licenses/by/4.0/).

Availability: All Adobe Flash based products are freely available at
the following sites: http://www.glerl.noaa.gov/data/gldb,
http://www.glerl.noaa.gov/data/wldb, and http://www.
glerl.noaa.gov/data/hcdb

An HTML5 draft version of the Great Lakes Dashboard is available
at: http://www.glerl.noaa.gov/data/dashboard/GLD_
HTML5.html

A portal to all of these products and to source code for the
dashboards is available at: http://www.glerl.noaa.gov/
data/dbportal

1. Introduction

The North American Laurentian Great Lakes comprise the
largest system of freshwater lakes in the world. In response to
changes in the Great Lakes ecosystem, natural resource availability,
and hydrology (Morris and Gill, 1994; Ricciardi and Rasmussen,
1998; Wilcox et al., 2002; Gronewold and Stow, 2014), and
amidst growing regional and international awareness of global
climate change (Stocker et al., 2013) and urban development
(Martine et al., 2008), research and monitoring on the Great Lakes
system has intensified over the past couple of decades. Conse-
quently, large amounts of data have been and continue to be
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White Shoal Lighthouse: Lake Michigan
Photo courtesy Dick Moehl
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What: Forty-one hydrologists and meteorologists 
discussed the intersection of these disciplines, 
especially as applied to issues and impacts of 
climate change.

When: 27–29 August 2012

Where: Muskegon, Michigan
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P rogress in the projection of hydrologic impacts 
of anthropogenic climate change (ACC) call 
for reassessing and documenting the state of 

the art. At this workshop, we placed a particular 
emphasis on understanding how consistency in 
the surface energy budget can be maintained, or 
lost, depending on how general circulation models’ 
internal calculations of hydrologic variables mesh 
with off line hydrologic models driven by their 
climatic variables (Lofgren et al. 2011; Sheffield 
et al. 2012). The science of projecting hydrologic 
impacts of climate change links the disciplines of 
meteorology (applied to long-term climate) and 
hydrology, yet these disciplines typically employ 
different perspectives on surface hydrological pro-
cesses, leading to different modeling methods and 
means of linking models (Gronewold and Fortin 
2012). To begin to resolve these inconsistencies, 

the workshop was structured around the following 
organizing questions:

1) How do we bridge the gap between climate projec-
tion and hydrologic projection?

2) How do we serve the data needs of the hydrologic 
and meteorological communities in a mutually 
consistent way?

3) What is the role of empirical and process-based 
models in a nonstationary regime?

4) How do we educate researchers and the general 
public about relevant caveats in simulations of 
hydrologic impacts of climate change?

BRIDGING CLIMATE AND HYDROLOGI-
CAL SCIENCE. Efforts to converge on a con-
sistent answer to the question of how to bridge the 
gap between projections of climate and hydrology 
have important implications for human and envi-
ronmental health, ranging from an understanding 
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propose that temperature proxy–based PET methods primarily lack an important
negative (balancing) feedback mechanism, whereby ET (latent heat flux) reduces
air temperature and the energy available at the surface. Figure 2 shows this missing
energy feedback as a dashed line, along with the balancing feedback between ET
and moisture availability.

6. Studies applying energy budget–based PET

6.1. Projections

SWAT (Arnold et al. 1998) is frequently used to estimate hydrologic impacts of
climate change. SWAT offers three methods for calculation of PET: 1) Penman–
Monteith (Monteith 1973); 2) Priestley–Taylor (Priestley and Taylor 1972); and
3) Hargreaves–Samani (Hargreaves and Samani 1985). The Penman–Monteith and
Priestley–Taylor options require net surface radiation as an input (among other
variables), while Hargreaves–Samani requires surface air temperature plus maxi-
mum possible solar radiation at the surface.

Wu et al. (Wu et al. 2012) applied SWAT to the Upper Mississippi River basin
and used the Penman–Monteith formulation of PET. Using four GCMs as input,
they found a mixture of changes in water yield and soil moisture. There was a trend
toward increased water yield (precipitation minus evapotranspiration) during
winter and spring but a decreasing trend in summer and fall. Soil moisture in-
creased in winter, decreased through much of the summer, and was mixed among
the GCMs in spring and fall. Actual ET generally increased, except in the late
summer, presumably due to earlier onset of moisture-limited conditions.

Also using SWAT, Gosling et al. (Gosling et al. 2011) compared the response of
a global hydrologic model to climate change scenarios applied to several river

Figure 2. Causal loop diagramof surface energy andmoisture budget components.
An increase in a variable causing an increase in another is indicated by a
plus sign, and an increase in a variable causing a decrease in another is
indicated by aminus sign. Temperature proxy–based PET methods neglect
the negative (balancing) feedback that ET has on available energy, which
is shown as a dashed line.

Earth Interactions d Volume 17 (2013) d Paper No. 22 d Page 10



In the future, warming temperatures due to climate change are
expected to continue the observed downward trend in both winter
average ice cover as well as the extent of peak ice coverage. Our
simulations of average February ice cover indicate that Lake Michigan
could experience ice-free winters as soon as 2020 and that annual
average ice cover could fall to near zero before midcentury, consistent
with observed trends.

Here, we use a transient version of the AHPSmodel to estimate actual
year-to-year changes in Lake Michigan levels for the three time periods
used in this analysis: near-term (2010–2039), midcentury (2040–2069),
and end-of-century (2070–2099) under the lower B1 and higher A1fi
emission scenarios. As such, these projections encompass a more narrow
range of climate simulations, but awider range of emission scenarios that
complement the analysis of Angel and Kunkel (2010). Looking at the
drivers of lake-level changes, most climate models project a significant
increase in winter/spring precipitation over the region, while all suggest
an increase in both annual and seasonal temperatures (Fig. 4). This
increase in precipitation largely counters the effects of warming
temperatures, such that there is little net change in lake levels under a
lower emissions scenario. Under the higher emissions scenario, much
larger temperature increases do cause a net drop in lake levels by end-of-
century on the order of 1.5 ft (Fig. 10).

Sensitivity experiments indicate that the main drivers of change are
temperature and precipitation, with smaller contributions from wind
and humidity. Temperature caused the lake levels to drop but these
effects are verymuchmitigated by slight increases in precipitation, with
some additional assistance from wind and humidity. As the various
climatic influences cancel each other out to some degree, particularly
under a lower emissions scenario, projected changes are relatively small
as compared to previous estimates. For that reason, little to no significant
change in lake level is projected under a lower emissions scenario, and
about1.5 ft formost of theGreat Lakesunder the higher scenario by end-
of-century according to the transient runs (Fig. 10). Note, however, that
these are average changes in lake levels; decadal-scale variability on the
order of several feet would still be likely to occur as it has in the past.

Discussion and conclusions

A number of long-term climate changes have already been observed
across the Great Lakes region (Table 1). While it is not possible to
definitively attribute these trends to anthropogenic warming, the
observed trends in temperature, precipitation, and related variables
such as ice and snow cover are certainly consistentwith those observed

at the global scale and simulated by AOGCMs to be the result of
increasing human emissions of greenhouse gases and other radiatively
active gases and particulates.

In the future, many of the climatic trends already observed in
Chicago and theGreat Lakes region areprojected to continue,withmuch
greater changes expected under higher, as compared to lower, emission
scenarios. Depending on future emissions and the response of the
climate system to those emissions, temperatures across the Great Lakes
could increase by 2–6 °C (3.5–11 °F) before the end of the century.

Initially, temperatures are projected to increase more rapidly during
the winter season, possibly as a result of feedbacks related to melting
snow. During the second half of the century, however, greater
temperature changes are projected for summer months, exacerbating
concerns regarding water availability. Larger temperature increases are
also projected for the more southerly Great Lake states as compared to
the northern part of the region.

Warmer temperatures imply a range of both positive and negative
impacts for the region. Decreased energy use in winter and risk of cold-
related illness and death must be balanced against a higher demand for
electricity in summer months, accompanied by more frequent extreme
heat events and heat waves and associated increases in heat-related
mortality (Hayhoe et al., 2010). Shifting seasons affect native species and
entire ecosystems, lengthening the growing season and altering
fundamental characteristics such as plant hardiness zone (Hellmann
et al., 2010).

Climate change is also likely to alter the timing and distribution of
precipitation across the region. Specifically, winter and spring
precipitation is projected by rise by as much as 20–30% before the
end of the century, with little change to a decrease in summer
precipitation to balance the warmer temperatures expected during
those months. Slightly larger increases in precipitation are projected
for states south of the Great Lakes, with little decrease in winter snow
at least for the first half of the century.

The projected shift in the timing of precipitation has important
implications for water resources, agriculture, and infrastructure in the
region. Warmer temperatures and similar or reduced precipitation in
summer, during the growing season, means that farmers may have to
increase their reliance on groundwater sources to water their crops
(UCS, 2009). More precipitation in winter and spring could mean
greater chances of both heavy snowfall and rainfall events. Most rivers
reach their peak levels in spring, swelled by melting snow. Combining
increases in precipitation with already high river levels could increase
flood risk for many areas (Cherkauer and Sinha, 2010).

Finally, we also examined the implications of projected changes in
temperature and precipitation on Great Lakes water levels. Although
these are a complex function of both regulatory action and climatic
variables, by altering only the climate controls we found the differential
effects of changing temperature and precipitationwere likely to balance
each other out over much of the coming century, leading to little net
change inGreat Lakes levels in coming decades. Only towards the endof
the century, and under higher emissions, did a significant drop in lake
levels begin to become apparent. It is important to note, however, that
lake levels require decades, sometimes even centuries, to reach
equilibrium under new climate conditions. As evidenced by the work
of Croley and Lewis (2006), transient decreases in lake levels represent
only a small fraction of the long-term equilibrium change that would
result from sustaining these levels of change over time scales of decades
to centuries.

Long-term reductions in lake levels can have significant economic
impacts on Great Lakes shipping and recreational boating, as well as
operations at ports such as Chicago. Lower lake levels require more
dredging and channel maintenance, which incur economic costs and
disturb ecosystems. A case study using the 1964–65 lowwater period as
a proxy for future change (Changnon, 1993) revealed more dredging
than usual was required for both commercial and recreational users.
Lake carrier loads were reduced by 5–10%, requiring more trips and

Fig. 10. Average Great Lakes levels depend on the balance between precipitation and
corresponding runoff in the Great Lakes Basin and evaporation and outflow. The SRES
B1 lower emissions scenario with less warming (not shown) projects little change in
lake levels over the coming century. Under the SRES A1fi higher emissions scenario
(shown here), decreases on the order of 0.5 up to nearly 2.0 ft are projected towards the
end of the century.

19K. Hayhoe et al. / Journal of Great Lakes Research 36 (2010) 7–21
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Glacial isostatic rebound

From: Mainville and Craymer (2005), GSA Bulletin.
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From: NOAA National Ocean Service (CO-OPs) and NOAA-GLERL.
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U.S. Great Lakes Coastline Comparison

 Miles of

Lake Coastline

Lake Superior 1250

Lake Michigan 1640

Lake Huron 840

Lake Erie 470

Lake Ontario 330

TOTAL 4530

Source: The Coastline of the United States. U.S. Dept.

of Commerce, NOAA, NOAA/PA 71046 (Rev. 1975).

*All numbers rounded to the nearest 10 miles.
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