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Starting in 1983, theNational Oceanic andAtmospheric Administration (NOAA)Great Lakes Environmental Research
Laboratory (GLERL) has been developing and maintaining a historical time series of North American Great Lakes
basin-scale monthly hydrometeorological data. This collection of data sets, which we hereafter refer to as the
NOAA-GLERL monthly hydrometeorological database (GLM-HMD), is, to our knowledge, the first (and perhaps
still the only) to assimilate hydrometeorologicalmeasurements intomodel simulations for each of themajor compo-
nents of thewater budget across the entirety (i.e., bothUnited States andCanadian portions) of the Great Lakes basin
for a period of record dating back to the early andmid 1900s. Here, we describe the development of data sets in the
first (GLM-HMD-I) of two subsets of the GLM-HMD including basin-scale estimates of over-lake and over-land
precipitation and air temperature, runoff, and over-lake evaporation. Our synthesis of the GLM-HMD-I includes a
summary of the monitoring network associated with each variable and an indication of how each monitoring net-
work has changed over time.We concludewith two representative applications of the GLM-HMD aimed at advanc-
ing understanding of seasonal and long-term changes in Great Lakes regional meteorology and climatology. These
two examples implicitly reflect the historical utility of the GLM-HMD in numerous previous studies, and explicitly
demonstrate its potential utility in ongoing and future regional hydrological science and climate change research.

Published by Elsevier B.V. on behalf of International Association for Great Lakes Research.
Introduction

Starting in 1983, the National Oceanic and Atmospheric Administra-
tion (NOAA) Great Lakes Environmental Research Laboratory (GLERL)
has been developing and maintaining a historical time series of North
American Great Lakes basin-scale monthly hydrometeorological data.
Most of this data, which we hereafter refer to collectively as the
NOAA-GLERL monthly hydrometeorological database (GLM-HMD), ei-
ther represents or is directly related to the major components of the
Great Lakes water budget. The GLH-HMD can be accessed at the follow-
ing site: www.glerl.noaa.gov/data/arc/hydro/mnth-hydro.html.

Here we describe the historical development and continuing evolu-
tion of the first (GLM-HMD-I) of two subsets of the GLM-HMD including
over-lake evaporation, over-land and over-lake precipitation, runoff, and
both over-lake and over-land air temperature.We intend to describe the
variables from the second subset (GLM-HMD-II), including wind speed,
cloud cover, and other hydrometeorological variables indirectly related
to the major components of the Great Lakes water budget, in a separate
study. We note that ice cover data, as well as hydrometeorological vari-
ables at higher spatio-temporal resolutions, are distributed separately
ewold).

tional Association for Great Lakes Re
through the NOAA Great Lakes Ice Atlas (Assel, 2003; Wang et al.,
2012) and, respectively, the Great Lakes Coastal Forecasting System
(Schwab and Bedford, 1994).

With the exception of historical over-lake evaporation estimates,
which are currently derived from physically-based model simulations,
data in the GLM-HMD-I are derived from measurements collected pri-
marily at monitoring stations owned and operated by federal agencies
in both the United States and Canada. Examples include tributary flow
measurements from both the United States Geological Survey (USGS)
and Water Survey of Canada (WSC), as well as meteorological station
measurements (including precipitation and air temperature, among
others) from both NOAA's National Climatic Data Center (NCDC) and
the Meteorological Service of Canada (MSC). For some of these vari-
ables, records extend back to the late 1880s; however, the spatiotempo-
ral density of the respective monitoring networks has changed
significantly over time.

The GLM-HMD (subsets I and II), to our knowledge, represents the
only comprehensive database of Great Lakes basin-scale water budget
variables that overcomes the challenges associated with assimilating
measurements distributed across the international border from NCDC
and MSC dating to the early and mid 1900s. For further discussion on
internationally-coordinated Great Lakes hydrometeorological research,
see Gronewold and Fortin (2012). Prior documentation of the GLM-
search.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jglr.2014.12.006&domain=pdf
http://www.glerl.noaa.gov/data/arc/hydro/mnth-hydro.html
http://dx.doi.org/10.1016/j.jglr.2014.12.006
mailto:drew.gronewold@noaa.gov
http://dx.doi.org/10.1016/j.jglr.2014.12.006
http://www.sciencedirect.com/science/journal/03801330
www.elsevier.com/locate/jglr
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HMD is limited to two NOAA technical memoranda (Quinn and Kelley,
1983; Croley and Hunter, 1994) targeting an audience that, at the
time of their publication, included a relatively small user group of feder-
al agency representatives responsible for water level regulation on
Lakes Superior and Ontario (Lee et al., 1997; Clites and Quinn, 2003).
Since then, the database has been employed by a growing group of sci-
entists, water resourcemanagers, and planning agencies in applications
ranging from historical analysis of regional ecosystem and climate
trends to seasonal experimental and operational hydrological forecast-
ing (e.g., Magnuson et al., 1997; Thorp and Casper, 2002; Lofgren
et al., 2002; McBean and Motiee, 2008; Ghanbari and Bravo, 2008;
Gronewold et al., 2011, 2013a; Deacu et al., 2012; Clites et al., 2014).

Here, we provide a research-oriented synthesis of the GLM-HMD-I
while also describing important modifications implemented over the
past several decades following the previous updates of Quinn and
Kelley (1983) and Croley andHunter (1994).We beginwith a brief syn-
opsis of key attributes of the Great Lakes and the Great Lakes basin that
serve as a basis for the spatial framework of the GLM-HMD-I hydrome-
teorological data sets. We then provide a detailed synthesis of the GLM-
HMD-I components. We conclude with two representative examples of
the GLM-HMD-I that improve understanding of seasonal and long-term
changes in Great Lakes regional hydrometeorology and climatology.

Overview of the Great Lakes hydrologic system

The North American Laurentian Great Lakes (Fig. 1) contain roughly
20% of Earth's fresh unfrozen surface water (close to 23,000 km3) and,
Fig. 1. The North American Laurentian Great Lakes and
Credit: USACE, Detroit District.
with their surrounding watershed, cover an area of about 766,000 km2

across the United States and Canada (Fig. 1 and Table 1). Changes in
the rate of water flowing through the Great Lakes and changes in their
surface water elevations are driven primarily by changes in the regional
water budget, regional meteorology, and the hydraulics of the channels
that connect the lakes. The flow of water through the Great Lakes and
Great Lakes water levels are also affected (though to a lesser extent)
by interbasin flow diversions, the regulation of outflows from Lake Su-
perior and Lake Ontario (Derecki, 1985; Changnon, 2004), and glacial
isostatic rebound (Mainville and Craymer, 2005).

Unlike most other freshwater basins of comparable magnitude,
quantifying the water budget of the Great Lakes basin requires an ex-
plicit understanding of over-lake precipitation and over-lake evapora-
tion. This challenge arises directly from the fact that the Great Lakes
collectively constitute the largest freshwater surface on the planet
(Lake Superior alone has the largest surface area of any lake) and that
few over-lake hydrometeorological measurements are available, partic-
ularlywhen compared to the spatial density and length of record of cor-
responding terrestrialmeasurements (for further discussion, see Spence
et al., 2011, 2013; Blanken et al., 2011; Holman et al., 2012).

Methodology for developing database components

In this section, we describe our approach to developing each of
the components of the GLM-HMD-I including over-lake and over-
land precipitation and surface air temperature (Precipitation and
air temperature section), over-lake evaporation (Over-lake
the boundary of the Great Lakes drainage basin.



Table 1
Lake and land surface area estimates for each lake basin from the Coordinating Committee
on Great Lakes Basic Hydraulic and Hydrologic Data (1977).

Basin Lake surface area
(km2)

Land surface area
(km2)

Superior 82,100 128,000
Michigan 57,800 118,000
Huron (excluding Georgian Bay) 40,600 51,200
Georgian Bay 19,000 82,800
St. Clair 1,110 15,700
Erie 25,700 61,000
Ontario 19,000 64,000
Total 245,310 520,700
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evaporation section), and basin-scale runoff (Runoff section). We
then (in Net basin supply and Spatial aggregation of database
components sections) describe our approach to calculating the net
basin supply (NBS) for each lake basin and to aggregating the data
in the GLM-HMD-I over different combinations of individual lake
surfaces and their watersheds. The final section (Note on quality
assurance section) provides an overview of quality control and qual-
ity assurance protocols for the measurements that we assimilate in
the GLM-HMD-I.

Precipitation and air temperature

The NOAA-GLERL GLM-HMD-I includes over-land, over-lake, and
basin-wide estimates of total monthly precipitation, as well as mini-
mum, maximum, and average monthly air temperature for each of the
Great Lakes and their watersheds (and certain combinations thereof).
As described in greater detail in the following subsection, minimum
and maximum monthly air temperatures are calculated as the average
of the minimum daily temperatures over the course of a month, and
the average of the maximum daily temperatures over the course of a
month, respectively. Precipitation estimates are calculated in millime-
ters (mm) and, to facilitate comparison with different components of
Fig. 2. Spatial distribution of meteorological stations within the Great Lakes basin (boundary re
daily precipitation totals in 1880, 1910, 1940, 1970, and 2000. Bottom right-hand panel indica
the Great Lakes water cycle (including, for example, interconnecting
channel flow rates), converted to cubic meters per second (cms). Con-
versions between mm and cms for these and other variables in the
GLM-HMD-I are based on internationally-coordinated land and lake
surface area estimates (Table 1) and the total number of seconds in
each month.

The GLM-HMD-I historical precipitation estimates (which range
from the mid 1800s to present) are divided into three time periods.
Air temperature estimates, as described in greater detail in the following
section, are only developed for the most recent of these three periods.
The beginning and end of each time period correspond with significant
changes in the number of stations in the monitoring network (Figs. 2
and 3) and in the algorithms used to interpolate measurements from
that network. For some time periods, monthly estimates are based on
aggregating daily measurements. For other (generally older) periods,
estimates are based on stations that recorded only monthly summaries.

Period I (mid 20th century to present)
We estimatemonthly total over-lake and over-land precipitation, as

well as minimum, maximum, and average monthly (dry bulb) air tem-
perature from 1948 to present using daily monitoring station data from
NOAA's NCDC daily data sets including the Global Historical Climate
Network — Daily (or GHCN-D, as described in Menne et al., 2012), as
well as MSC's DLY04 and DLY02 data sets. We also develop estimates
of daily precipitation and temperature values at individual stations
from NOAA's NCDC hourly Integrated Surface Data (Smith et al., 2011).

For both over-land and over-lake estimates, we utilize data from all
stations within each lake basin, and from those stations that are outside
but within a limited distance of each lake basin. For time periods when
the gage network is sparse, we may utilize stations up to 50 km outside
a lake's basin; however when the gage network is dense, we may only
utilize stations that are very close to the basin boundary.

While there are other sources of meteorological station data, the
NCDC and MSC measurement summaries are well-suited for the GLM-
HMD-I because they are derived from a relatively dense network of ter-
restrial monitoring stations (Figs. 2 and 3), and because they are
presented by gray line), and outside but within 50 km of the Great Lakes basin, reporting
tes total number of corresponding meteorological stations from 1840 to present.



Fig. 3. Spatial distribution of meteorological stations within the Great Lakes basin (boundary represented by gray line), and outside but within 25 km of the Great Lakes basin, reporting
maximum, or minimum, or both maximum and minimum daily air temperatures in 1880, 1910, 1940, 1970, and 2000. Bottom right-hand panel indicates total number of corresponding
stations from 1840 to present.
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accompanied by metadata and clearly documented data quality assur-
anceprocedures.Wenote, however, that thesemonitoring networks in-
clude very few stations either over the lake surface or on islands distant
from the lake shoreline. The beginning of this time period (i.e., 1948) in
the GLM-HMD-I is based primarily on a time when many states began
collecting data that contributed to the NCDC and MSC daily data sets.
The beginning of the period of record for these summaries, in turn, is de-
termined by a significant increase in the number of stations in themon-
itoring network (Figs. 2 and 3).

We develop precipitation and temperature basin-scale estimates by
first interpolating daily precipitation and dailyminimumandmaximum
air temperature measurements across a NOAA-GLERL defined set of
subbasins and lake surface areas (Fig. 4) using a modified version
(Croley and Hartmann, 1985) of conventional Thiessen weighting
(Thiessen, 1911), hereafter referred to as the GLERL-DTP (or daily
Thiessen polygon) method.

We then calculate cumulative monthly precipitation over each sub-
basin and lake surface as the sum of the daily precipitation estimates.
Similarly, we calculate monthly minimum and maximum air tempera-
tures for each subbasin and lake surface as the average of the daily min-
imum and maximum (respectively) air temperatures for each month.
Finally,we estimate totalmonthly precipitation and average air temper-
ature across each lake basin as areally-weighted averages (based on the
areas in Table 1) of the corresponding monthly estimates for each
subbasin.

Subbasin delineations employed in this procedure (Fig. 4) were de-
veloped by NOAA-GLERL in the early 1980s using topographic maps. It
is informative to note that, as part of this conventional procedure, the
total area of each subbasin includes the surface areas of off-shore islands
as well (the surface areas of Isle Royale, Manitoulin Island, and Drum-
mond Island, for example, are included as part of the surface area of
the nearest mainland subbasin). The subbasin boundaries were subse-
quently transcribed onto a 1 km × 1 km grid by assigning each cell to ei-
ther the lake surface, the land surface within a basin, or the land surface
outside of a basin. This process, though it represented the state-of-the-
art when it was initiated, leads to a set of subbasin delineations that
are outdated relative to many contemporary geospatial frameworks.
However, we know of no readily-available alternative representation of
the land surface on a comparable spatial scale that is applied consistently
across both sides of the US–Canadian border. We therefore present the
subbasins in Fig. 4 with the explicit awareness that developing and ap-
plying a new generation of state-of-the-art land surface models to the
entire Great Lakes basin is an important area for future research (for fur-
ther discussion, see Gronewold and Fortin, 2012; Fry et al., 2014).

We also acknowledge that estimating over-lake precipitation using
shoreline precipitation estimates (particularly over water surfaces as
large as the Great Lakes) can lead to both annual and monthly biases.
However, for much of the historical period of record of the GLM-
HMD-I, alternative sources of information (including over-lake stations,
see Fig. 2) were not available (Gronewold and Stow, 2014b). Nonethe-
less, we viewmodification or replacement of someor all of the historical
GLM-HMD-I over-lake and over-land precipitation estimates using rela-
tively recent regional climate model (RCM) simulations (see, for exam-
ple, Lofgren et al., 2011; Holman et al., 2012) and very recent over-lake
measurements (Blanken et al., 2011; Spence et al., 2013) as a high prior-
ity for future research.

Period II (early 20th century)
Precipitation estimates in the second time period (i.e., 1931–1947)

were developed by Quinn and Norton (1982) at NOAA-GLERL using
monthly station data and a modification of the conventional Thiessen
polygon interpolation scheme (Thiessen, 1911). Their approach, hereafter
referred to as the GLERL-MTP (monthly Thiessen polygon) method, used
historical meteorological stations that recorded data on a daily ormonth-
ly basis (daily values were subsequently aggregated to monthly values)
and interpolated them across a basin-wide domain of 5 km × 5 km grid
cells.

The relativeweight assigned to the precipitation value from a partic-
ular station is equivalent to the number of grid cells for which that par-
ticular station is the closest of any station. All stations within each lake



Fig. 4. Historical NOAA-GLERL subbasin delineations (not to scale) that serve as a basis for spatial interpolation of precipitation, temperature, and runoff measurements for the
1948–present period of record.
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basin, as well as stations outside each lake basin but within 25 km of its
boundary, were used to compute monthly over-land precipitation
values for this period. Similarly, all stations within 25 km of the lake
shoreline, and island-based stations on the lake itself,were used to com-
pute over-lake precipitation. The weights applied to measurements
from each station were recomputed for each month to accommodate
changes in the spatiotemporal resolution of the monitoring network,
as well as periods in which measurements from individual stations
were unavailable. While the precipitation records from this period are
available to the public through the GLM-HMD-I, they are no longer
updated as part of the standard GLM-HMD-I maintenance protocol.
For further details regarding the evolution of data for this time period,
we direct readers to Quinn and Norton (1982).

Period III (turn of the 20th century)
Over-land and over-lake precipitation estimates for the oldest time

period in the GLM-HMD-I precipitation record were computed by the
Lake Survey District of the United States Army Corps of Engineers
(USACE) using an areally-weighted “district” (AWD) approach (Quinn
and Norton, 1982). We hereafter refer to this method as USACE-AWD.
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The beginning of the time period for this set of over-land precipitation
estimates varies by lake system. For Lakes Superior and Erie, the record
begins in 1882, while for Lakes Michigan, Huron, and Ontario, it begins
in 1883. For Lake St. Clair, it begins in 1900. For all lakes, this period of
precipitation records ends in 1930.

The USACE-AWD method established districts (relatively large
areas) and subdistricts (relatively small areas) and subsequently calcu-
lated the arithmetic mean of daily precipitation station values within
each subdistrict (Fig. 5). Daily subdistrict precipitation values were
then combined using an areal-weighting scheme to compute daily pre-
cipitation values for each district. Finally, district-wide values were
combined, again using an areal-weighting scheme, to compute basin-
wide over-land precipitation values. Over-lake precipitation estimates
for this time period are based on interpolating measurements from
nearshore gaging stations. As with precipitation records for period II,
precipitation records from period III are described in greater detail in
Quinn and Norton (1982) and are distributed to (but no longer updated
for) the general public as part of the GLM-HMD-I.
Over-lake evaporation

We estimate total monthly evaporation over each lake by aggregat-
ing daily simulations from NOAA-GLERL's one-dimensional Large Lake
ThermodynamicsModel (LLTM, also referred to as the Lake Evaporation
Model, or LEM, as described in Croley, 1989; Croley, 1992; Croley and
Assel, 1994). We calculate evaporation first in units of mm (expressed
as a depth over the surface of each lake) and then in units of cms,
converting between the twousing the areas in Table 1. Herewedescribe
Fig. 5. Historical Great Lakes drainage basin delineation indicating district and subdistrict bou
period beginning in the late 1880s and ending in 1930.
From Quinn and Norton (1982).
three recent improvements to the LLTM that are reflected in the latest
set of over-lake evaporation estimates in the GLM-HMD-I.

First, in 2012, we began implementing an alternative formulation of
over-lake cloud cover (one of the inputs to the LLTM) that, relative to
the pre-2012 methodology, draws from the relatively broad range of
meteorological stations in the NOAA NCDC Integrated Surface Hourly
Database (Smith et al., 2011). Second, we recalibrated (also in 2012)
the LLTM using the most recent set of lake surface water temperature
estimates from NOAA's CoastWatch Great Lakes Surface Environmental
Analysis (GLSEA, see Leshkevich et al., 1996; Schwab et al., 1999, for de-
tails), and the most recent set of ice cover measurements from the
NOAA-GLERL Great Lakes Ice Atlas (Assel and Norton, 2001; Assel,
2005; Wang et al., 2012). Third, and finally, we changed the beginning
of the period of record for the over-lake evaporation estimates from
1948 to 1950, setting aside simulations from 1948 and 1949 as a
model initialization period.
Runoff

We estimate historical monthly runoff by extrapolating daily
streamflowmeasurements (Fig. 6) from both the USGS andWSC across
NOAA-GLERL subbasins (Fig. 4) using a conventional flow-per-unit area
ratio approach. We hereafter refer to this method as the NOAA-GLERL
area ratio method, or GLERL-ARM.

We begin by identifying, for each lake basin, a set of USGS and WSC
gages that have a relatively long (roughly five years or more) uninter-
rupted period of record and that are far downstream but are not influ-
enced by significant “backwater” effects. For every day in our period of
ndaries established by the Lake Survey Center and used to estimate precipitation for the



Fig. 6. Spatial distribution of USGS andWSC streamflow gages across the Great Lakes basin (boundary represented by gray line) reporting daily measurements in 1880, 1910, 1940, 1970,
and 2000. Yellow dots represent the subset of stations that meet GLERL-ARM selection criteria (blue dots represent stations that do not meet the criteria). Bottom right-hand panel indi-
cates total number of gages reporting daily values from 1840 to present.
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record (from the late 1880s to present), we then identify the subba-
sins within each lake basin that have at least one station meeting our
selection criteria. For each subbasin with at least one station, we es-
timate the cumulative daily flow from that subbasin by dividing the
total gaged flow by the total gaged area, and then multiplying the
resulting subbasin-specific flow-area ratio by the total subbasin
area. We estimate the total flow from all subbasins in a particular
lake basin that do not contain at least one gage meeting our criteria
(i.e., “ungaged subbasins”) by multiplying the average flow-area
ratio of all gaged subbasins of that particular lake basin by the lake
basin's total ungaged area (for further discussion, see Fry et al.,
2013).

Interbasin diversions and impacts on runoff estimates
Of the multiple diversions of water into and out of the Great Lakes

basin (Fig. 1), the Ogoki diversion, the Long Lac diversion, and the
Lake Michigan diversion at Chicago are those that have a relatively sig-
nificant impact on basin-scale runoff. Importantly, alternative ap-
proaches to accounting for these particular diversions may lead to
different estimates of runoff and, subsequently, to different estimates
of net basin supply.

The Ogoki River (Figs. 1 and 7) is located in the Hudson Bay basin to
the north of the boundary between the Hudson Bay and Lake Superior
basins, and flows to the northeast before joining with the Albany River
and discharging into Hudson Bay. In 1943, the Ogoki River diversion
project was completed in an effort to increase hydroelectric power pro-
duction within the Great Lakes basin (for details, see Day et al., 1982;
Clites and Quinn, 2003; Heinmiller, 2007). As a result of this project,
water from the Ogoki River can be diverted into the Lake Superior
basin via Lake Nipigon and, ultimately, into Lake Superior through the
Nipigon River (left-hand panel, Fig. 7). Estimation of runoff from the
Nipigon River watershed, therefore, must account for both the magni-
tude and timing of the Ogoki River diversion as well as the regulation
of outflows from Lake Nipigon. In the GLM-HMD-I, we account for
these impacts by employing measurements from the Nipigon River
flow gage (located roughly 10 kmupstream of themouth of theNipigon
River) in our ARM-based estimate of flow from the entire Nipigon sub-
basin (Lake Superior subbasin 19 in Fig. 4).

While we recognize that the ungaged portion of the Nipigon subba-
sin is relatively small, we also acknowledge that our approach to ac-
counting for the regulated flows out of Lake Nipigon can lead to
biased estimates of flow from the Nipigon River subbasin. These biases
can arise because the “true” (but unobserved) flow-to-area ratio of the
ungaged portion is quite likely different from the flow-to-area ratio cal-
culated from the measurements at the Nipigon River gage. Alternative
approaches to accounting for flowdiversions into theNipigon River sys-
tem include subtracting interbasin flow diversion estimates from the
gaged portion of the Nipigon River before applying them (via the
GLERL-ARM, for example) to the ungaged portion.

The Long Lac diversion (right-hand panel, Fig. 7) is located to the east
of Lake Nipigon, and connects the headwaters of the Kenogami River
(which drains to the north towards Hudson Bay) with the Aguasabon
River (which drains to the south towards Lake Superior). Unlike our ap-
proach to quantifying flow from the Nipigon River, we estimate flow
from the Aguasabon River (which is ungaged) using the methodology
for other ungaged subbasins (as described in the opening paragraph of
Runoff section).

The Lake Michigan diversions at Chicago (Fig. 8) route water from
Lake Michigan into the Chicago Sanitary and Ship Canal. Water in the
Chicago Sanitary and Ship Canal is then routed out of the Great Lakes
basin (dashed line, Fig. 8) to the Illinois and, ultimately, the Mississippi
Rivers. Consequently, runoff from a significant portion of the Chicago
metropolitan area that is technically within the Great Lakes drainage
basin does not actually reach LakeMichigan.We explicitly acknowledge
the Chicago flow diversions in our runoff calculations by using a delin-
eation of the metropolitan Chicago area watershed (Fig. 4, Lake
Michigan subbasin 15) that excludes the area draining into the Chicago
Sanitary and Ship Canal system.



Fig. 7. Schematic representations (reproduced with permission from Annin, 2009) of the Ogoki River diversion (left-hand panel) and the Long Lac diversion (right-hand panel).
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Net basin supply

Net basin supply (NBS) is the total amount of water that enters or
leaves an individual lake through a combination of over-lake evapora-
tion, over-lake precipitation, and runoff. Two common approaches to
calculating NBS for the Great Lakes include the component and the re-
sidual methods (for details and representative applications, see Croley
and Lee, 1993; Mortsch and Quinn, 1996; Quinn, 2002; Assel et al.,
2004; Deacu et al., 2012). In the GLM-HMD-I, we calculate component
NBS for each of the lake basins (in units of mm) as the sum of over-
lake precipitation, over-lake evaporation, and runoff values as described
in the previous sections. We then convert NBS estimates from units of
mm to cms using coordinated lake surface areas (Table 1).

It is informative to recognize that component NBS values do not in-
clude the flows that enter or leave a lake basin through the major
interconnecting channels (i.e., the St. Marys River, the St. Clair River,
the Detroit River, the Niagara River, and the St. Lawrence River), nor
do they include flows through interbasin diversions and groundwater
seepage. Adding these values to the NBS would result in an estimate
of total basin supply (a value not included in the GLM-HMD) and
would employ data sets developed and maintained primarily by other
federal agencies. Internationally-coordinated estimates of flows
through the interconnecting channels, for example, are maintained by
the USACE and Environment Canada, and are available both by request
from those agencies, and through on-line interfaces developed through
the international Great Lakes water levels and hydro-climate dashboard
projects (see, for example Gronewold et al., 2013a; Clites et al., 2014).
Estimates of groundwater fluxes are available from the United States
Geological Survey (Grannemann et al., 2000).
Spatial aggregation of database components

The GLM-HMD-I was originally developed to support a range of
basin-scale Great Lakes hydrological modeling projects, including
those focused on estimating and forecasting energy and water fluxes
over the surfaces of each of the lakes (see, for example, the evolution
of NOAA-GLERL lake thermodynamics models, as described in Quinn,
1979; Croley, 1989; Croley and Assel, 1994). For these projects, hydro-
meteorological data sets were developed for each of the lakes as well
as the water surfaces (and watersheds) of Georgian Bay, Lake Huron
without Georgian Bay, and Lake St. Clair. We recognize that many
current hydrological modeling projects, however, require basins-scale
data sets for all of Lake Huron, and perhaps even for the entire Lake
Michigan–Huron system. The GLM-HMD-I therefore includes not only
the data sets developed for disaggregated portions of the Lake Huron
basin, but for conventional aggregations across the major basins of the
Great Lakes system as well.

Note on quality assurance

The NOAA-GLERL GLM-HMD-I is continuously updated using
measurements collected at thousands of stations, most of which are op-
erated by federal agencies that employ formal data quality assurance
and quality control procedures. As such, accuracy of the data sets in
the GLM-HMD-I depends on (and, we believe, is aided by adherence
to) agency-specific quality assurance procedures for each data stream.
However, we employ supplementary quality assurance procedures to
identify and remove values that appear anomalous or inconsistent.
These procedures include, but are not limited to, verifying that the



Fig. 8. Schematic representation (reproduced with permission from Annin, 2009) of the Lake Michigan diversions at Chicago.
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range of data for a particular variable falls within a reasonable range of
values, derived mainly from historical records.

For example, reported daily precipitation values greater than 10 in.
(25.4 cm) are removed; andwhilewe recognize it is not entirely impos-
sible for the precipitation in a region on a particular day to exceed 10 in.,
we find (through periodic informal cross-validation) it common for
these high values, when reported, to in fact be erroneous based on com-
parison to other nearby measurements. We also (as another example)
compare monthly precipitation totals and averages to expected ranges
to identify potential anomalies; this approach periodically helps identify
meteorological stations for which most (and in some cases, all) of the
daily data met our threshold criteria, but themonthly cumulative totals
were extreme (sometimes on the order of several meters). Reasons for
these infrequent anomalous records vary, and while we attempt to
identify and address all of them,we also recognize that evenwith robust
quality control measures, there are (given the size of the Great Lakes
basin and the numerous sources of data that contribute to the GLM-
HMD) undoubtedly inconsistencies, biases, and unaddressed sources
of variability, uncertainty, and error.
Representative applications

Of the many historical and potential future applications of the GLM-
HMD, those that most explicitly leverage its relatively long period of
record and its assimilation of direct hydrometeorological measure-
ments from both sides of the US–Canadian border are long-term,
basin-scale assessments of trends in the Great Lakes water budget and
regional air temperatures (Hartmann, 1990; Assel, 1998; Lenters,
2001; Assel et al., 2004; Ehsanzadeh et al., 2013). Here, we introduce
two representative assessments that demonstrate the utility of the
GLM-HMD-I and reflect previous applications in which it has been
used in conjunctionwith other preexisting data sets to address pressing
Great Lakes water resource research- and management-oriented
questions.

First, we present and evaluate the GLM-HMD-I time series of histori-
cal annual over-lake precipitation, over-lake evaporation, the difference
between over-lake precipitation and over-lake evaporation, runoff, and
annual average air temperature. We then, building on research
documenting changes in the Great Lakes seasonal water level cycle
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(see, for example Quinn, 2002; Gronewold and Stow, 2014a), analyze
long-term trends in the seasonal water budget of Lake Superior. We
quantify trends in each data set using the loess function, with smoothing
parameter (span) α = 0.70, in the stats package in the statistical soft-
ware program R (Ihaka and Gentleman, 1996; R Development Core
Team, 2006).

Historical trends in the annualwater budget and annual average surface air
temperature of the Great Lakes basin

The time series of annual data from the GLM-HMD-I indicates
periods of both significant interannual variability and long-term trends
in historical over-lake precipitation and evaporation (top two rows of
Fig. 9); however, the variability and trends are not necessarily the
same for each of the lake systems. For example, the GLM-HMD-I
indicates that over-lake precipitation on Lakes Superior and Michi-
gan–Huron is, on average, less than that on Lakes Erie and Ontario and
that, beginning in the early 1970s, precipitation over Lakes Michigan–
Huron, Erie, andOntario transitioned from a periodwith predominantly
below average values to predominantly above average values. Precipita-
tion over Lake Superior for the past ten years, however, has predomi-
nantly been below its long-term average.

Simulated annual evaporation rates in the GLM-HMD-I (second row
Fig. 9), though they constitute a shorter period of record than the precip-
itation estimates, also reflect a long-term trend with noticeably less in-
terannual variability than over-lake precipitation estimates. More
specifically, the GLM-HMD-I indicates an extended period of below-
average evaporation rates across all of the Great Lakes between the
early 1950s and the early 1980s, with evaporation rates rising
gradually through the 1980s. The GLM-HMD-I then indicates, particu-
larly for Lakes Superior, Michigan–Huron, and Erie, abrupt increases in
over-lake evaporation beginning in the late 1990s and relatively persis-
tent above-average evaporation rates since then. Interestingly, the
beginning of the current period of above-average evaporation coincides
with the 1997–1998 El Niño event (Trenberth, 1997;McPhaden, 1999),
one of the strongest on record, and one associated with changes not
only in the climatology of the Great Lakes (including changes in lake
surface temperature and ice cover, as described in Assel, 1998; Assel
et al., 2000; Gronewold and Stow, 2014b) but in other parts of the
world as well (see Chandra et al., 1998; Turk et al., 2001; Navarrete
et al., 2002, among many others). We note here that while GLM-
HMD-I evaporation rates are based on LLTM simulations, others have
found these estimates to be consistent with observations of both ice
cover (Wang et al., 2012), surface water temperature (Austin and
Colman, 2007) and, more recently, evaporation estimates from a small
network of eddy-covariance stations (Blanken et al., 2011; Spence
et al., 2011).

The net effect of variability and trends in over-lake evaporation
and over-lake precipitation is reflected by their sum (third row
Fig. 9, quantifying precipitation as a positive contribution and evap-
oration as a negative contribution). This time series of the difference
between over-lake precipitation and over-lake evaporation (which
we periodically refer to as “net precipitation”) provides insight into
some of the drivers behind significant shifts in the water budget of
the Great Lakes over time. For example, we observe that decreasing
precipitation over Lake Superior for the past 20 years, and increasing
evaporation for an even longer period, collectively propagate into a
relatively consistent decrease in net precipitation over Lake Superior
over the past 50 years. The net precipitation on the other lakes ap-
pears to have more of a cyclical pattern, with oscillations between
periods of low and high net over-lake precipitation. Of particular
note are pronounced recent decreases in net over-lake precipitation
on Lakes Superior and Michigan–Huron, that when presented along-
side the contributions of both over-lake precipitation and over-lake
evaporation, provide insight into drivers behind recent changes in
Great Lakes water levels (Sellinger et al., 2007; Lamon and Stow,
2010; Gronewold et al., 2013b). While data for much of 2014 are still
preliminary, we expect future updates to the GLM-HMD, coupled with
the analysis presented here, to serve as an important stepping stone to-
wards improving understanding of the hydrologic impacts of the recent
extreme cold winter of 2013–2014 on the Great Lakes (for details, see
Clites et al., 2014b).

The time series of annual runoff into each of the lakes (fourth row in
Fig. 9, in units of cms) indicates that rainfall–runoff relationshipsmay be
changing over time due, perhaps, to changes in regional geomorpholo-
gy, land use, and land cover. While this observation warrants further
research, here we underscore the fact that the data compiled in the
GLM-HMD-I is one of the only resources available for supporting such
a broad spatio-temporal assessment (Gronewold and Fortin, 2012;
Kult et al., 2014).

Finally, our analysis of GLM-HMD-I Great Lakes regional air temper-
atures (bottom row Fig. 9) indicates significant warming over the past
several decades, though the records also indicate that current air
temperaturesmay not be entirely dissimilar from the temperaturemea-
surements in the 1950s over the basins of Lakes Michigan–Huron, Erie,
and Ontario. Air surface temperatures in the Lake Superior basin also
appear to have been above average in the 1950s, though the duration
and intensity of the current warming period is particularly pronounced
given the abrupt shift from below- to above-average temperatures in
the late 1990s.

Changes in the Lake Superior seasonal water budget

Our estimates of historical (1950 to present) Lake Superior monthly
NBS (top row Fig. 10) provide insight into potential origins of some of
the more recent trends in annual and decadal NBS (i.e., Fig. 9). More
specifically, our estimates indicate particularly pronounced decreases
in NBS in the months of December, February, and August.

Visual analysis of individual components of Lake Superior NBS (rows
2–4 of Fig. 10) offers additional insight into potential drivers behind the
trends in the Lake Superior seasonal NBS. For example, our estimates in-
dicate that runoff has (relative to the other NBS components) changed
little over time. Changes in over-lake evaporation, however, are more
pronounced, particularly in the mid-winter (December and February)
and late summer (e.g., August) months, and underscore the impact of
changes in over-lake precipitation and over-lake evaporation on
seasonal changes in the Lake Superior water budget. The tendency for
significant increased evaporation in both the mid-winter and late sum-
mer months represents not only a profound change in Lake Superior's
water budget, but in the climatology of the Lake Superior basin as
well, and is a critical component of broader scale changes taking place
across the entire Great Lakes ecosystem.

Concluding remarks

The NOAA GLM-HMD is one of many resources currently available
for understanding changes in thewater budget of Earth's largest surface
freshwater system. Recent and ongoing research, including expansion
of monitoring networks and advances in hydrologicmodeling, will like-
ly propagate into continued improvements in not only the GLM-HMD,
but other regional databases as well. More specifically, the GLM-HMD
could be expanded to include snow cover and soil moisture estimates
from regional hydrological simulation models including those devel-
oped at NOAA-GLERL (Croley, 1983; Croley and He, 2005) and at
NOAA's National Operational Hydrologic Remote Sensing Center (or
NOHRSC; Lee et al., 2005; Rutter et al., 2008). Yet another potential im-
provement in the GLM-HMD would be explicit quantification of
groundwater flows within the Great Lakes basin. These flows have
historically been omitted from regional water balance studies, in part
because of the complications in calculating groundwater flows across
the entire Great Lakes basin, and in part because of the general assump-
tion that groundwater represents a small fraction of the overall



Fig. 9. Time series of historical data from the GLM-HMD-I including total annual over-lake precipitation (P), total annual over-lake evaporation (E), the difference between over-lake pre-
cipitation and evaporation (P–E), average annual runoff rates (R), and average annual over-lake air temperature (AT) for each of the four major Great Lake systems. Alternating colors for
each data set reflect values either above or below the long-term average for each lake.
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contribution to the water budget of each lake system. Given the poten-
tial for changes in water withdrawal and groundwater exchange rates,
we believe that an explicit assessment of the impacts of groundwater
demand and changes in groundwater surface elevation (see, for
Fig. 10.Monthly data from the GLM-HMD-I for Lake Superior including net basin supply (NBS)
each panel represent monthly total values from 1950 to 2013. Coloring in each panel differe
smoothed trend.
example, Grannemann et al., 2000; Neff et al., 2005)would be a valuable
contribution to Great Lakes water budget research.

Despite the many opportunities for improving the GLM-HMD-I, we
know of no other database that synthesizes a similarly broad range of
, runoff (R), over-lake precipitation (P), and over-lake evaporation (E). The vertical bars in
ntiates positive from negative values. Horizontal black lines in each panel represent the
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hydrological andmeteorological data explicitly for the entire Great Lakes
basin for a similarly long (i.e., decades) period of record. In addition,
while the GLM-HMD-I is primarily intended to document monthly-
scale data interpolated across each of the Great Lakes basins, it also
includes estimates at a higher spatio-temporal resolution (such as the
daily subbasin-scale runoff estimates from the GLERL-ARM). These data
sets are not officially distributed as part of the GLM-HMD-I, but are avail-
able upon request. Importantly, while the GLM-HMD has existed and
been routinely updated for decades, this study represents the first time
it has been formally documented in the peer-reviewed literature. As
such, it provides a more formal basis for future studies, including those
thatmight further analyze drivers behind changes in Great Lakes region-
al hydrometeorology.
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