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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-
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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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Gronewold et al. 2011). Scheffer et al. (2012) propose 
that rising variance is a leading indicator of a pend-
ing regime shift; it appears that disruptions in the 
normal oscillation pattern of Lake Erie water levels 
could indeed be a symptom of a system in transition.

Changes in the Lake Erie seasonal water cycle also 
underscore potential economic, human and envi-
ronmental health, and water resource management 
challenges, not only for Lake Erie and the other Great 
Lakes but, as noted by Milly et al. (2008), for other 
large freshwater systems undergoing changes in the 
magnitude and timing of precipitation, evaporation, 
and runoff. Williamson et al. (2009) and Adrian 
et al. (2009) describe these systems, collectively, as 
sentinels of regional and global changes in climate, 
land use, and water resource management policy 
because they integrate the effects of multiple system 
drivers over broad spatial and temporal scales. Im-
pacts from these changes, such as those documented 
by Clark et al. (2001) and Livingstone (2003), range 
from shifts in the timing and intensity of freshwater 
inputs and pollutant loadings, to habitat and ecosys-
tem disruption following the invasion and spread of 
nonindigenous species. The formation and spread of 
harmful algal blooms in the Great Lakes, including 
the 2011 record-setting algal bloom on Lake Erie 
(Michalak et al. 2013), followed by the unexpected 
loss of nearshore fish-spawning habitats and reduced 
capacity of regional hydropower facilities on the Great 
Lakes in 2012, collectively underscore the importance 
of understanding linkages between changes in the 
regional water budget and water levels, and changes 
in ecosystem response.
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