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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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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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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. 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
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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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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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hydrometeorology

Unprecedented SeaSonal  
Water level dynamicS on one of  

the earth’S largeSt lakeS
by Andrew d. Gronewold And CrAiG A. Stow

T he North American Great Lakes (Fig. 1) contain 
roughly 20% of the Earth’s unfrozen fresh sur-
face water and cover a massive area (Lake Supe-

rior alone is the largest unfrozen freshwater surface 
on the planet). Water levels on the Great Lakes have 
been recorded continuously for more than 150 years, 
representing one of the longest sets of direct hydro-
climate measurements. This dataset, synthesized by 
Quinn (1981) and Lenters (2001), among many others, 
indicates that water levels on each of the Great Lakes 
follow a strong seasonal pattern closely linked with 
the timing and magnitude of the major components 
of the regional water budget, with relatively low water 
levels in the winter months, rising water levels in the 
spring, and decreasing water levels in the late summer 
and early fall. Water-level measurements on Lake Erie 
during the 2011 and 2012 water years (October 2010 
through September 2011, and October 2011 through 
September 2012, respectively), however, reflect dra-
matic and unexpected changes in the seasonal water-
level cycle and in the Great Lakes 
regional water budget.

In the 2011 water year, 
monthly average water levels 
on Lake Erie rose more than 
0.8 m from February to June, 
an unprecedented amplifica-
tion of the historical seasonal 
pattern (Fig. 1). Never before 
had water levels on Lake Erie 
risen as much during a four-

month period. More specifically, the water level rose 
0.28 m between February and March of that period. 
Only twice have water levels risen more between 
February and March (0.31 m in both 1976 and 1985). 
Furthermore, the water level between April and May 
2011 rose 0.26 m. Only twice have water levels risen 
more between April and May (0.27 m in 1943 and 
0.30 m in 1947). In the 2012 water year, however, the 
seasonal water level cycle on Lake Erie experienced a 
remarkable shift (as opposed to the 2011 water-year 
amplification) in the historical average seasonal 
pattern. From November to December 2011, for ex-
ample, the monthly average water level on Lake Erie 
rose 0.19 m (Fig. 1), the second-highest increase for 
that time period in recorded history (the highest was 
0.20 m in 1927). Water levels then decreased continu-

AFFILIATIONS: Gronewold And Stow—noaa, great lakes 
environmental research laboratory, ann arbor, michigan
CORRESPONDING AUTHOR: a. d. gronewold, noaa, 
great lakes environmental research laboratory, ann arbor, 
mi 48108
e-mail: drew.gronewold@noaa.gov

doi:10.1175/BamS-d-12-00194.1

Fig. 1. Satellite image of (left) the North American 
Laurentian Great Lakes and (right) seasonal patterns 
in monthly average Lake Erie water levels. Data from 
1918 to 2012 are based on a network of gauges around 
Lake Erie, and data from 1860 to 1917 (before a net-
work was established) are based on a “master gauge.” 
(Image: NASA and NOAA CoastWatch)
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ously from December 2011 to October 2012, repre-
senting the longest continuous decline in monthly 
water levels ever recorded on Lake Erie. Up until the 
2012 water year, the historical record indicates that 
Lake Erie water levels had, with one exception (1892), 
always risen between March and April (bottom panel, 
Fig. 1), and generally rose between both February and 
March, and April and May.

Lake Erie water-level dynamics in 2011 and 2012 
collectively represent unprecedented year-to-year 
variability in the seasonal water-level cycle, yet while 
the water-level cycle in 2011 represented an amplifi-
cation of the average seasonal cycle (Fig. 1), the 2012 
water-level cycle may, in fact, be more consistent 
with a long-term trend (Fig. 2). For example, from 
1860 through the mid-1930s and 1940s, water levels 
on Lake Erie tended to decrease from November to 
December, from December to January, and from 
January to February (indicated by the relative fre-
quency of red vertical lines, and the point at which 
the black trend line crosses zero, in the “Nov,” “Dec,” 
and “Jan” panels of Fig. 2). Since then, it has become 
increasingly common for water levels to rise during 
this time period (a phenomenon ref lected in the 
month-to-month changes in Lake Erie water levels 
from December 2011 to January 2012). In contrast, 
month-to-month water level changes in the spring 
(i.e., March to April, April to May, and May to June), 

though historically positive on aver-
age, have been decreasing steadily 
for roughly 70 to 80 years (Fig. 2). 
Decreases in water levels from June 
to July have also become increasingly 
common for the past 20 to 30 years.

Further investigation will be needed 
to fully understand the range of factors 
driving the changes in the Lake Erie 
seasonal water cycle, and the extent 
to which comparable changes are tak-
ing place on the other Great Lakes. 
Nonetheless, the stark difference in 
seasonal water-level dynamics between 
2011 and 2012 on Lake Erie, and the 
ongoing shift in the Lake Erie seasonal 
water level cycle, are both related to 
changes in the magnitude and timing 
of runoff, overlake precipitation, and 
overlake evaporation. These three vari-
ables constitute the major components 
of the Great Lakes water budget and are 
(unlike the same components of the 

water budget in Earth’s other large basins) all roughly 
of the same order of magnitude. For example, it appears 
that opposite combinations of extremes in precipita-
tion and evaporation are the likely cause of the 2011 to 
2012 interannual seasonal water-level cycle variability. 
Specifically, near-record-high spring precipitation 
combined with below-average evaporation to produce 
the amplified 2011 seasonal rise, while record-high 
evaporation and below-average precipitation character-
ized much of 2012. Additionally, during the extremely 
mild winter of 2011–12, most precipitation fell as rain, 
leading to relatively low seasonal snow accumulation 
and, consequently, low spring runoff. The mild winter 
was also accompanied by minimal ice formation with 
almost no latent heat carryover into the spring, allow-
ing a rapid spring water temperature increase.

While the factors driving the shift in the Lake 
Erie seasonal water cycle are consistent with climate 
change expectations (e.g., higher rain-to-snow ratios 
and increasing fall evaporation rates), the reversal 
of extremes underlying the amplified variability 
from 2011–12 was not anticipated, and it is unclear if 
similar patterns will continue into the future. More 
specifically, the skill of Great Lakes seasonal water-
level forecasts in 2011 and 2012 was significantly 
diminished relative to previous time periods (for 
further discussion on research-oriented and opera-
tional Great Lakes water-level forecasting systems, see 

Fig. 2. Month-to-month changes in Lake Erie monthly average water 
levels. Vertical bars in each panel (one panel for each month) rep-
resent the water-level change (m) from the month indicated at the 
bottom of the panel to the following month for each year from 1860 to 
2012. The left-most panel, for example, includes water-level changes 
from Oct to Nov. Blue vertical bars indicate an increase in monthly 
water level; red vertical bars indicate a decrease in monthly water 
level. The black line within each panel indicates the long-term trend.
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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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Fig. 5 Historical gauge-based basin-wide precipitation estimates (in mm) for the North American
Laurentian Great Lakes and, for comparison, water level observations (for details, see Fig. 3).
Green and orange bars represent annual basin-wide precipitation values (in mm) above and below
(respectively) the average for the period of record

(Woodworth 1999; Ekman 1999). This historical record, synthesized in Quinn (1981)
and Croley and Hunter (1994), underscores important linkages between changes in
Great Lakes regional climate, and how those changes propagate through changes in
the Great Lakes water budget and, ultimately, into changes in Great Lakes water
levels.

Historical variability in annual basin-wide precipitation, for example, coincides
with annual water level fluctuations over much of the period of record (Fig. 5).
Over the Lake Superior basin, annual precipitation follows a somewhat cyclical
pattern, with an increasing trend from the early 1900s toward the 1950s and 1960s,
followed by a slight decreasing trend over the past 30 years. Water levels on Lake
Superior have followed a similar pattern. Precipitation over Michigan-Huron, Erie,
and Ontario, however, has followed a different pattern, with annual averages since
1970 consistently above the long-term average. While water levels on each of these
systems rose significantly during the late 1960s and early 1970s, the water levels on
these systems also dropped significantly between 1997 and 2000 despite relatively
stable annual precipitation (for further discussion, see Assel et al. 2004; Sellinger
et al. 2007; Stow et al. 2008).

The drops in annual average water levels during the late 1990s do, however,
coincide with significant increases in Great Lakes surface water temperatures (not
shown) and overlake evaporation rates (Fig. 6). In particular, the steady increase in
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Fig. 6 Simulated annual overlake evaporation (in mm) based on Croley (1992) and Croley and
Assel (1994) and historical annual lake-wide average water levels. Orange vertical bars represent
annual evaporation rates greater than the average over the simulation period (1948–2010), while
green vertical bars represent annual evaporation rates below the average

overlake evaporation over each of the lake systems for the past 50 years synthesizes
long-term changes in multiple regional climate variables including, most notably,
the difference between air and surface water temperature (for details, see Austin
and Colman 2007) as well as the decreasing areal extent and thickness of lake ice
(Wang et al. 2010, 2012). In light of these changes, and of the recently recorded
(January 2013) all-time record low water levels on Lake Michigan-Huron, one of
the more challenging research questions facing the Great Lakes region at present is,
“will water levels rebound, or have we entered a new hydrologic regime?” Responses
to this question depend, in part, on forecasts of regional climate variables, and ap-
propriate interpretation of how those forecasts propagate into water level dynamics.
Interpretation of these forecasts depends, in turn, on the context in which they are
presented. Importantly, this context rarely includes a comparison between historical
forecasts and data from the same period of record. This comparison is important, as
we discuss further in Section 3, because it provides an indication of model forecasting
skill (Gronewold et al. 2011).

2.1 Great Lakes basin precipitation and evaporation monitoring

Basin-wide annual precipitation totals (Fig. 5) are derived from a network of land-
based gauges in the US and Canada (using a methodology described in Croley

Author's personal copy
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Glacial isostatic rebound

From: Mainville and Craymer (2005), GSA Bulletin.
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