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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 appropriate 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 landbased gauges in the US and Canada (using a methodology described in Croley
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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 AHPS model 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 a wider 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-ofcentury 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 very much mitigated 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
about 1.5 ft for most of the Great Lakes under the higher scenario by endof-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 consistent with those observed

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.
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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 the Great Lakes region are projected to continue, with much
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 coldrelated 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 precipitation were likely to balance
each other out over much of the coming century, leading to little net
change in Great Lakes levels in coming decades. Only towards the end of
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 low water 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
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Abstract Regional climate modelling represents an appealing approach to projecting Great
Lakes water supplies under a changing climate. In this study, we investigate the response of the
Great Lakes Basin to increasing greenhouse gas and aerosols emissions using an ensemble of
sixteen climate change simulations generated by three different Regional Climate Models
(RCMs): CRCM4, HadRM3 and WRFG. Annual and monthly means of simulated hydrometeorological variables that affect Great Lakes levels are first compared to observation-based
estimates. The climate change signal is then assessed by computing differences between
simulated future (2041–2070) and present (1971–1999) climates. Finally, an analysis of the
annual minima and maxima of the Net Basin Supply (NBS), derived from the simulated NBS
components, is conducted using Generalized Extreme Value distribution. Results reveal
notable model differences in simulated water budget components throughout the year, especially for the lake evaporation component. These differences are reflected in the resulting NBS.
Although uncertainties in observation-based estimates are quite large, our analysis indicates
that all three RCMs tend to underestimate NBS in late summer and fall, which is related to
biases in simulated runoff, lake evaporation, and over-lake precipitation. The climate change
signal derived from the total ensemble mean indicates no change in future mean annual NBS.
However, our analysis suggests an amplification of the NBS annual cycle and an intensification of the annual NBS minima in future climate. This emphasizes the need for an adaptive
management of water to minimize potential negative implications associated with more severe
and frequent NBS minima.
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Dynamical Downscaling–Based Projections of Great Lakes Water Levels*,1
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ABSTRACT
Projections of regional climate, net basin supply (NBS), and water levels are developed for the mid- and late
twenty-first century across the Laurentian Great Lakes basin. Two state-of-the-art global climate models
(GCMs) are dynamically downscaled using a regional climate model (RCM) interactively coupled to a onedimensional lake model, and then a hydrologic routing model is forced with time series of perturbed NBS. The
dynamical downscaling and coupling with a lake model to represent the Great Lakes create added value beyond
the parent GCM in terms of simulated seasonal cycles of temperature, precipitation, and surface fluxes. However, limitations related to this rudimentary treatment of the Great Lakes result in warm summer biases in lake
temperatures, excessive ice cover, and an abnormally early peak in lake evaporation. While the downscaling of
both GCMs led to consistent projections of increases in annual air temperature, precipitation, and all NBS
components (overlake precipitation, basinwide runoff, and lake evaporation), the resulting projected water level
trends are opposite in sign. Clearly, it is not sufficient to correctly simulate the signs of the projected change in
each NBS component; one must also account for their relative magnitudes. The potential risk of more frequent
episodes of lake levels below the low water datum, a critical shipping threshold, is explored.

1. Introduction
The Laurentian Great Lakes contain Earth’s largest
surface freshwater resources, support a vast population
within their watersheds, and are vital to the U.S. and
Canadian economies. Their basin has been a regional
hotspot in observed climate change, including rising air
temperatures, reduced cloud cover, more frequent
heavy precipitation events, rapid lake warming, and diminished lake ice cover. Annual air temperatures across
the U.S. Midwest increased by at least 0.88C during
1900–2010 (Kunkel et al. 2013; Pryor et al. 2014). The

* Supplemental information related to this paper is available at
the Journals Online website: http://dx.doi.org/10.1175/JCLI-D-1400847.s1.
1
Center for Climatic Research Contribution Number 1334.

Corresponding author address: Michael Notaro, Nelson Institute
Center for Climatic Research, University of Wisconsin–Madison,
1225 West Dayton St., Madison, WI 53706.
E-mail: mnotaro@wisc.edu
DOI: 10.1175/JCLI-D-14-00847.1
Ó 2015 American Meteorological Society

wintertime warming trend of 10.48–0.78C decade21
during 1973–2010 across the basin led to a 71% reduction in Great Lakes ice cover (Wang et al. 2012).
Declining ice cover, along with more frequent intense
cyclones tracking across the basin, has supported a
positive trend in lake-effect snowfall since the early
twentieth century (Angel and Isard 1998; Burnett et al.
2003; Ellis and Johnson 2004; Kunkel et al. 2009).
Higher air temperatures and an associated enhancement
in the saturation water vapor pressure of the atmosphere
have led to more frequent heavy precipitation events
(Kunkel et al. 1999, 2003). Lake Superior’s surface water
temperatures during July–September increased by 12.58C
during 1979–2006, at a far greater rate than the regional
atmospheric warming (Austin and Colman 2007). During
1985–2008, the atmospheric surface layer over Lake
Superior became increasingly destabilized and overlake
winds accelerated during the lake stable summer months,
resulting from rising air and water temperatures and a
diminished lake–atmosphere temperature gradient (Desai
et al. 2009). Cloud cover decreased over the lakes
by 22% decade21 during 1982–2012 (Ackerman et al. 2013).
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FIG. 1. (a) RCM domain, with shading for elevation (m) and small dots for the 25-km grid points. The inner
domain, within the buffer zone, is shown with the red box. (b) Lake depth (shown as negative elevation; m) and
outline of each drainage basin.

When provided LBCs from reanalysis, the model generally reproduces the seasonal cycle of LSTs compared to
buoy and remote sensing data, although with a summertime warm bias and anomalously early stratification
(Bennington et al. 2014; Notaro et al. 2015). RegCM4
produces a fair representation of the spatial distribution
and seasonal evolution of lake ice cover, but the absence
of horizontal mixing and ice movement causes an excessive and overly persistent ice cover (Notaro et al. 2013b,
2015). Based on a reanalysis-forced simulation, Notaro
et al. (2013b) found biases in October–May mean ice
cover, which ranged from 111% for Lake Huron
to 120% for Lake Superior, coinciding with a mean ice
duration that exceeded observations by 13 and 32 days,
respectively. The model simulates a reasonable spatial
pattern of annual snowfall, including the lake-effect snow
regions (Notaro et al. 2013b). It accurately simulates the
interannual fluctuations and long-term historical trends in
basinwide air temperatures, lake ice cover, and snowfall
(Notaro et al. 2013b). The reanalysis-driven RegCM4
simulation of Notaro et al. (2013b) exhibited a temporal
correlation of 0.95 compared to the Great Lakes Ice Atlas
in terms of the time series of mean Great Lakes ice cover
for December–May during 1976/77–2001/02, with close
agreement between the observed (20.75% yr21) and
simulated (20.70% yr21) ice cover trends.

c. Experimental design
The RegCM4 simulations apply 25-km grid spacing
for a domain of 217 3 141 grid cells, covering most of the
continental United States and southern Canada (Fig. 1).

The Great Lakes are represented by 431 grid cells. LBCs
are provided to a 15 gridcell buffer zone, surrounding
the inner domain, according to a linear relaxation
scheme. RegCM4 is applied to dynamically downscale
both historical and future simulations, according to
RCP8.5, from two CMIP5 GCMs: the Model for
Interdisciplinary Research on Climate, version 5
(MIROC5), and the Centre National de Recherches
Météorologiques Coupled Global Climate Model, version 5 (CNRM-CM5). The RCM-MIROC5 and RCMCNRM simulations are produced for the late twentieth
(1970–99), mid-twenty-first (2030–59), and late twentyfirst (2070–99) centuries. For each period, lake temperatures are initialized uniformly at 48C, followed by a
10-yr spinup. The last 20 years are analyzed per period.
The Great Lakes are crudely represented by these
GCMs. In MIROC5 (Watanabe et al. 2010), only 12 grid
cells in the actual Great Lakes basin are assigned at least
50% water. The Matsiro LSM (Takata et al. 2003) within
MIROC5 includes a simple lake submodel with one
surface layer and four subsurface layers. In CNRMCM5, the Great Lakes are represented by 10 grid cells,
with at least 50% water (Voldoire et al. 2013). Within
CNRM-CM5’s Surface Externalisée (SURFEX) interface, LSTs are updated through extrapolation from
the nearest ocean grid cell. Despite the limitations of a
one-dimensional lake model, the high-resolution coupled RegCM4–lake model is a clear advance over the
Great Lakes’ depiction in either GCM in terms of
horizontal and vertical resolution and represented
processes.
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Adapted from Notaro et al (2015)

FIG. 2. Projected changes in 2-m air temperature (8C) and precipitation (mm day21), 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)
and GCM-MIROC5 (sideways triangle) are identified with green and blue symbols for the midtwenty-first and late twenty-first century, respectively.

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 by multiplying the runoff per area by the ratio
of the corresponding basin area to lake area.

A treaty between the United States and Canada regulates the channel flow between Lakes Superior and Huron
and out of Lake Ontario. The Lake Superior regulation
and routing module determines the human-controlled flow
out of Lake Superior and includes the Ogoki and Long Lac
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 hydrologic response model for the middle Great Lakes, the
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Figure 1 - International river basins of North America that intersect land surfaces of the US. The Great
Lakes – St. Lawrence River Basin is outlined in red.

Figure 2 – Jurisdictional boundaries (solid colored regions) of NOAA’s NWS river forecasting centers
(shown here as one of the federal agencies responsible for collecting and disseminating broad-scale
hydrometeorological data). The boundary of the Great Lakes - St. Lawrence River basin is shown (red)
for comparison.
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“2100? IT DOESN’T KEEP ME
UP AT NIGHT!”
Lessons for the Next Generation of Climate Assessments
by

Lee Tryhorn and Art DeGaetano

C

limate change is underway and the impacts are
being felt. Assessments of climate change
impacts, adaptation, and vulnerability (collectively termed “climate assessments”) are being undertaken to inform decision making in this environment
of uncertainty (Carter et al. 2007). The urgent need
for climate information for management and adaptation decisions has led to an increase in the number
of climate assessments being performed across the
United States (National Assessment Synthesis Team
2001; New England Regional Assessment Group 2001;
Frumhoff et al. 2007; Titus et al. 2009; Jacobson et al.
2009; Moser et al. 2009; Karl et al. 2009; NYSERDA
ClimAID Team 2010). Assessment methodologies
have gradually evolved and increased in number
(Carter et al. 2007), and this trend is likely to continue. In recent years, climate assessments have been
progressively propelled from exclusively researchoriented summaries or activities toward analytical
frameworks that are designed for practical decision
making (Carter et al. 2007). The latest climate assessments (the “new generation”) are often required
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to formulate comprehensive adaptation alternatives
or, at the very least, recommendations that will guide
the choice of alternatives. This transition is occurring with mixed success, as the aims of research and
decision analysis differ somewhat in their treatment
of uncertainty (Dessai and Hulme 2004; Rayner et al.
2005). Research seeks to understand and minimize
uncertainty, whereas decision analysis aims to manage uncertainty in order to prioritize and carry out
actions (Carter et al. 2007).
Despite the increase in assessments that deal with
adaptation alternatives, and the increasing recognition that climate impacts and adaptation are unique
issues in each community (Miles et al. 2006; Lynch
and Brunner 2007; Christoplos et al. 2009; Brunner
and Lynch 2010a,b), there has continued to be a lack
of practical advice for adaptation decision making
at the local level (Arnell 2010). This is particularly
true when considering smaller, less urbanized communities. There are a number of examples of larger
well-resourced communities taking adaptation action
(Lowe et al. 2009; NYC Climate Change Adaptation
Task Force), but at smaller scales communities that
are proactive with adaptation are a rarity. The attitude
is captured by the quote used for the title of this essay
from a water supply plant manager when asked about
future planning efforts.
The focus of this essay is therefore ways in which
assessments can make themselves more socially relevant (i.e., better link climate science to real-world
problems being faced by communities) and successfully meet the new demands that are being asked of
them. This essay draws on experiences from the 2010
Integrated Assessment for Effective Climate Change
september 2011
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Gronewold et al. (2018), BAMS
Figure 3 – Four representative precipitation data sets reflecting influence of jurisdictional and international boundaries on
spatial coverage. Panel A includes NOAA’s National Center for Environmental Prediction (NCEP) national stage IV
quantitative precipitation estimates (QPE) that evolve out of the NOAA National Weather Service (NWS) River Forecasting
Centers (RFCs) showing 1-hour cumulative precipitation on 06 September 2016. Panel B includes the NOAA Advanced
Hydrologic Prediction Service (AHPS) ‘water.weather.gov’ product with cumulative precipitation for calendar year 2012.
Note that boundaries of this product follow jurisdictional boundaries of the NOAA NWS RFCs (figure 2) and omit most of the
land and lake surfaces of the Great Lakes – St. Lawrence River Basin. Panel C includes North American Land Data
Assimilation System (NLDAS) cumulative precipitation for calendar year 2012, and reflects significant anomalies along the
US-Canadian border north of Lakes Erie and Ontario. Panel D includes NLDAS cumulative precipitation for calendar year
2002 and indicates an unrealistic precipitation gradient along most of the US-Canada and US-Mexico international borders.
Note that precipitation color contours and scale bars for each product are derived from the original product source.
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TABLE 1. Summary of prior studies of projected Great Lakes NBS and lake levels, including the study reference, source of climate data, horizontal resolution of the atmospheric model,
emission scenario, time period for the projections, type of GCM simulations considered (steady-state 2 3 CO2 runs vs transient runs), hydrologic or hydraulic models forced with the
climate projections, and resulting range of projections in NBS (%) and lake levels (m) (GL: Great Lakes, SUP: Lake Superior, MI–HUR: Lakes Michigan–Huron, ONT: Lake Ontario,
and ERI: Lake Erie). The GLERL suite consists of the LBRM, LLTM, and CGLRRM. Studies applying the GLERL suite forced the hydrologic model with GCM-based mean climate
anomalies superimposed onto observed time series of historical climate data.

—
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Resolving Hydrometeorological Data
Discontinuities along an International Border
Andrew D. Gronewold,Vincent Fortin, Robert Caldwell, and James Noel

M

onitoring, understanding, and forecasting the
hydrologic cycle of large river and lake basins
often require a broad suite of data and models
ranging from in situ and satellite-derived measurements of (among other variables) precipitation, air
and surface water temperature, energy fluxes, and
soil moisture (Rodell et al. 2004; Trenberth et al.
2007) to conceptual and process-based models applied
across varying time and space scales (Loaiciga et al.
1996; Silberstein 2006). Many North American (and
other continental) hydrologic datasets and models,
however, are susceptible to variations in monitoring
infrastructure and data dissemination protocols when
watershed, political, and jurisdictional boundaries
do not align. This is a challenge facing hydrologic
science professionals studying any freshwater basin
that intersects an international boundary.
Reconciling hydrometeorological monitoring
gaps and inconsistencies across the North American
Great Lakes–St. Lawrence River basin (Fig. 1) is particularly challenging not only because of its size but
also because the basin’s dominant hydrologic feature

Fig . 1. River basins of North America (transp arent
blue shaded regions) that intersect either the border
between the United States and Canada or the border
between the United States and Mexico. U.S. land surfaces are colored dark gray; land surfaces of Canada
and Mexico are colored light gray. The Great Lakes–St.
Lawrence River basin is outlined in red.
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is the vast surface waters of the Great Lakes (Table 1).
Furthermore, the international border between the
United States and Canada bisects the basin and four
of the five Great Lakes. No other river basin in North
America poses the same combination of hydrometeorological monitoring and data development challenges.
MONITORING INFRASTRUCTURE AND
DATA INCONSISTENCIES: REPRESENTATIVE EXAMPLES. Many long-term hydrometeorological monitoring platforms in and around the
Great Lakes–St. Lawrence River basin are owned and
operated by federal agencies, including the National
Oceanic and Atmospheric Administration (NOAA),
MAY 2018
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