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water management, given that Earth's ten largest lakes contain rough-
ly 80% of all fresh, unfrozen surface water (Cael et al., 2017; Messager 
et al., 2016). On the Great Lakes, for example, an understanding of his-
torical and potential future changes in the major components of the wa-
ter balance guides decisions related to flood risk (particularly along the 
shoreline of Lake Ontario), hydropower management, and commercial 
navigation (Gronewold & Rood, 2019; Labuhn et al., 2020; Millerd, 2011).

Understanding the water balance of large lakes is important not only 
because it facilitates water resources management by accounting for 
the majority of Earth's fresh surface water storage, but also because it 
provides insight into pathways through which climate change and oth-
er continental-scale phenomena are propagating into processes that are 
not addressed in conventional land surface hydrology (Lofgren & Grone-
wold,  2013; Milly & Dunne,  2017). These processes include, for exam-
ple, the subsidence of the Earth's surface beneath the lakes in response 
to the weight of the increased load of the recent water level rise (Argus 
et al., 2020).

Here, we fill a gap in knowledge about the distinction between land and lake surface hydrological processes 
on the continental water balance through an analysis of the Upper St. Lawrence River Basin. The St. Law-
rence River has the second highest annual average discharge from the North American continent (Table 1; 
estimates of discharge are derived from Nilsson et al. [2005]), though the variability of that discharge is 
relatively low compared to other continental rivers because the water balance of the upper portion of the 
basin is dominated by the storage capacity of the Laurentian Great Lakes. It is informative to note that 
there are multiple potential delineations of the boundary of the St. Lawrence River basin, depending on the 
definition of the River's outlet. We extracted a basin boundary delineation from the HydroBASINS data set 
(Lehner & Grill, 2013) where the Great Lakes and St. Lawrence River system outlet is defined as the point 
where it meets the Saguenay River; our delineations are also consistent with definitions in the Global Lakes 
and Wetlands Database (Lehner & Döll, 2004).

We note that most historical studies of the water balance in North America are constrained to land surface 
processes either strictly within the United States or strictly within Canada because of the challenges asso-
ciated with harmonizing hydrometeorological data across the international border (Gronewold et al., 2018; 
Mason et al., 2019). Historical studies linking climate change to hydrology also commonly omit basins with 
large lakes because, we believe, of the challenge of representing them accurately in land surface and atmos-
pheric models (Gu et al., 2013; Maurer et al., 2002; Nijssen et al., 2001; Notaro et al., 2013). To address this 
limitation, we have synthesized the most reliable estimates for each component of the water balance of the 
Laurentian Great Lakes. Importantly, these estimates address components of the water balance not only 
over the land surface, but also over the lake surfaces of this massive freshwater system.

2. Data Sets
2.1. Historical Great Lakes Water Levels

We obtained monthly average Great Lakes water level data from the Coordinating Committee on Great 
Lakes Basic Hydraulic and Hydrologic Data (hereafter simply “Coordinating Committee”). This ad hoc 
group of federal scientists from the United States and Canada synthesizes, and distributes to the public, a 
comprehensive suite of climate and hydrological data for the Great Lakes and St. Lawrence River system 
(Gronewold et al., 2018). The Coordinating Committee calculates, and reports, monthly average water level 
values for each of the Great Lakes based on a network of shoreline-based water level monitoring stations 
maintained by the National Oceanic and Atmospheric Administration (NOAA) and the Canadian Hydro-
graphic Service. The data is distributed through multiple portals, including web sites hosted by the Coordi-
nating Committee, the United States Army Corps of Engineers, and NOAA (Smith et al., 2016).

GRONEWOLD ET AL.
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River Annual average discharge (cms)

Mississippi 18,400

St. Lawrence 10,800

Mackenzie 9,900

Columbia 7,500

Yukon 6,400

Fraser 3,600

Nelson 2,800

Koksoak 2,400

Table 1 
Annual Average Discharge (in Cubic Meters Per Second, cms) of North 
America's Eight Largest Rivers (Rounded to the Nearest Hundred)



Manuscript submitted to Geophysical Research Letters

itation over the land surfaces of the basin (figure 3A) has risen steadily over the past two162

decades and is now at extraordinary levels. The three highest years of precipitation be-163

tween 1950 and 2020 were 2018 (highest), 2013 (second highest), and 2016 (third high-164

est). Furthermore, precipitation in eight of the past ten years has exceeded the upper165

bound of the inner-quartile range for annual precipitation between 1950 to 2010. The166

probability of this set of events is extremely low (0.00003) and is not explained by nat-167

ural variability alone; an explanation that acknowledges the role of contemporary climate168

change is needed, particularly if it is to support future water resources management plan-169

ning [Milly et al., 2008].170
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Figure 3. Anomalies in the components of the Great Lakes water balance including over-

land precipitation (A), evapotranspiration (B), lateral tributary (or the “net” difference between

land precipitation and land evapotranspiration) runoff (C), over-lake precipitation (D), over-lake

evaporation (E), and the difference (i.e. “net” moisture flux) between over-lake precipitation

and over-lake evaporation (D) from 1950 to present. Values are expressed as annual water totals

distributed over the collective surface area of the lakes (A-C) and the land portion (D-F) of the

basin. Colors differentiate positive and negative anomalies. Black lines represent the (centered)

ten-year rolling mean. Grey regions bound anomalies between 2013 and 2018.
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flow between lakes. The NBS for each lake is defined as

the sum of the overlake precipitation and drainage basin

runoff minus lake evaporation. Each lake’s drainage

basin is larger than the lake’s surface area; therefore, if

precipitation rates are equal over land and lake, then the

water accumulated over land will add a greater mass of

water to the lake. The impact of runoff on lake depth is

computed bymultiplying the runoff per area by the ratio

of the corresponding basin area to lake area.

A treaty between the United States and Canada regu-

lates the channel flow between Lakes Superior and Huron

and out of Lake Ontario. The Lake Superior regulation

and routingmodule determines the human-controlled flow

out of Lake Superior and includes theOgoki andLongLac

diversions into the lake, as well as total Superior outflow

and the permitted minima and maxima in side channel

outflow. This model is combined with a coordinated hy-

drologic response model for the middle Great Lakes, the

FIG. 2. Projected changes in 2-m air temperature (8C) and precipitation (mmday21), both

(a) annually and (b)–(e) by season, across the Great Lakes region (408–508N, 958–708W; land

only), computed as the difference between either 2040–59 or 2080–99 and 1980–99. Each dot

represents one of 33 CMIP5 GCMs for mid-twenty-first- (orange) or late twenty-first- (red)

century projections. Model-mean projections are shown for the mid- and late twenty-first

century with brown and blue crosses, respectively. Projections from GCM-CNRM (large dot)

andGCM-MIROC5 (sideways triangle) are identified with green and blue symbols for themid-

twenty-first and late twenty-first century, respectively.
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Introduction
Historical levels

Drivers
Models

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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DNR approves water plan 
The Wisconsin Department of Natural Resources said Tuesday it will 
forward the City of Waukesha's request for Lake Michigan water to the 
Conference of Great Lakes Governors. Waukesha's application to 
purchase lake water from Oak Creek needs the unanimous approval of 
the Great Lakes governors . 
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Source: City of Waukesha water utility Journal Sentinel 
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