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Abstract Great Lakes water levels rose 0.7–1.5 m from 2013 to 2019, increasing surface water volume by
285 km3. Solid Earth's elastic response to the increased mass load is nearly known: The Great Lakes floor fell
8–23 mm, and the adjacent land fell 3–14 mm. Correcting GPS measurements for this predicted elastic
loading (1) straightens position‐time series, making the evolution of position more nearly a constant velocity
and (2) reduces estimates of subsidence rate in Wisconsin, Michigan, and southern Ontario by 0.5–2 mm/yr,
improving constraints on postglacial rebound. GPS records Wisconsin and Michigan to have subsided at
1–4 mm/yr. We find this sinking to be produced primarily by viscous collapse of the former Laurentide ice
sheet forebulge and secondarily by elastic Great Lakes loading. We infer water on land in the Great Lakes
watershed to be total water change observed by GRACE minus Great Lakes surface water smeared by a
Gaussian distribution. Water stored on land each year reaches a maximum in March, 6 months before Great
Lakes water levels peak in September. The seasonal oscillation of water on land in the Great Lakes basin,
100 km3 (0.20 m water thickness), is twice that in a hydrology model. In the seasons, groundwater in the
Great Lakes watershed increases by 60 km3 (0.12 m) each autumn and winter and decreases by roughly an
equivalent amount each spring and summer. In the long term, groundwater volume remained constant from
2004 to 2012 but increased by 50 km3 (0.10 m) from 2013 to 2019.

1. Introduction

Measurements of change in total water storage from space are providing strong constraints on mass transfer
in water cycle processes. GRACE gravity data from 2002 to 2019 determine changes in continental water sto-
rage to an accuracy of about 0.02 m over distances 400 km in dimension (Dahle et al., 2019; Luthcke
et al., 2013; Save et al., 2016; Watkins et al., 2015). GRACE brings insight to the relationship between water
storage, river discharge, and flooding in the United States (Reager et al., 2014) and suggests that hydrology
models underestimate long‐term change in total water (Scanlon et al., 2018).

GPS positioning is emerging as a second effective technique to infer change in total water storage. Solid
Earth's elastic displacement to change in mass is approximately known for surface loads more than 50 km
across. GPS vertical displacements have been inverted to infer changes in water at Earth's surface as a func-
tion of time (Argus et al., 2014; Borsa et al., 2014; Fu et al., 2015). In places with a dense spacing of GPS sites,
such as California, Oregon, and Washington, change in total water has been inferred at a spatial resolution
of 75 km, thus improving the spatial resolution of the GRACE determination of mass change.

Argus et al. (2017) quantify mass transfer in water cycle processes using GPS inferences of water change. In
California's mountains, Argus et al. (2017) findmore water in the ground to be lost during periods of drought
and gained in years of heavy precipitation than in hydrology models. By integrating GPS estimates of water
change with a hydrology model, Argus et al. (2017) infer substantial snowmelt to infiltrate the ground each
spring and significant water to be parched from the ground each summer and autumn. Argus et al. (2017)
conclude that the ground has a greater capacity to store water than previously believed, a conclusion
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supported by Enzminger et al.'s (2019) finding of significant fluctuations in subsurface water storage in the
Sierra Nevada mountains, California.

In an interdisciplinary NASA endeavor crosscutting between solid Earth science and hydrology, we are inte-
grating GPSmeasurements of elastic land displacements and GRACE gravity observations to infer change in
water at Earth's surface (e.g., Adusumilli et al., 2019). We aim to strengthen and sharpen GRACE's image of
change in total water by rigorously adding GPS constraints in places with a dense spacing of GPS sites. In
Michigan, Wisconsin, and southern Ontario, changes in Great Lakes surface water are greater than changes
in water on land in the Great Lakes drainage basin. In this study, we therefore first remove the elastic signa-
ture of changes in Great Lakes surface water from the GRACE and GPS measurements and next remove the
solid Earth's viscous response to unloading of the late Pleistocene ice sheets from the GPS data (glacial iso-
static adjustment is already removed from the GRACE data). We then evaluate the remaining GPS and
GRACE signals as changes in water on land in the Great Lakes watershed. This study advances understand-
ing of a range of solid Earth and water cycle phenomena.

2. Data and Methods
2.1. GPS

Position‐time series of 3,658 GPS sites from 1994 to 2019 are determined by scientists at the Nevada Geodetic
Laboratory (NGL) (Blewitt et al., 2018, 2019). Position as a function of time at 18,414 worldwide GPS sites are
determined in the IGS14 reference frame (Rebischung et al., 2016) as part of a complete reanalysis (Blewitt
et al., 2019) using Jet Propulsion Laboratory (JPL)'s satellite orbits and clocks. Atmospheric loading is
removed using European Centre for Medium‐Range Weather Forecasts (ECMWF) (Dill & Dobslaw, 2013).
Each GPS position‐time series is fit with a position, a velocity, a sinusoid with a period of 1 yr, and offsets
at the time of logged antenna substitutions following the methods of Argus et al. (2010). Please see the sup-
porting information for a full description of the advanced GPS positioning techniques.

Figure 1. Rise in surface water level (in meters) in the five Great Lakes from October 2012 to October 2019 measured by
water level gauges. The Great Lake drainage basin (brown outline) is defined by all rivers flowing into the Great Lakes.
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2.2. GRACE

Time series of change in total water storage at Earth's surface from
2002 to 2019 are determined by scientists at JPL (Watkins et al., 2015;
Wiese et al., 2016). In the mass concentration (“mascon”) solution,
changes in total water in 3° × 3° spherical caps are estimated directly
from satellite‐to‐satellite range‐rate (“K‐band”) data. A “mascon”
solution (see also Luthcke et al., 2013; Save et al., 2016) is less subject
to leakage of gravity signal outside a specific place than a spherical
harmonic solution. A regularization constraint is enforced in space
and time to reduce correlated errors, such as anomalous
north‐south stripes. GRACEmeasurements of gravity change are cor-
rected for glacial isosatic adjustment (model ICE‐6G_D (VM5a)). The
GRACE estimates of water change in this study are therefore primar-
ily fluctuations in water, snow, ice, and atmosphere.

2.3. Composite Hydrology Model

In this study, we compare against a composite hydrology model con-
sisting of snow water equivalent in Snow Data Assimilation System
(SNODAS) and soil moisture in North American Global Land
Assimilations System (NLDAS)‐Noah. The NLDAS (Mitchell
et al., 2004) specifies snow water equivalent and soil moisture each
month at (1/8)° intervals of latitude and longitude. Land surface
models such as NLDAS in general do not include either groundwater
or surface water. The SNODAS (National Operational Hydrologic
Remote Sensing Center, 2004; National Snow and Ice Data
Center, 2019) specifies snow water equivalent each day at 1 km inter-
vals. Snow Telemetry (SNOTEL) measurements suggest snow water
equivalent is about 4 times greater than in NLDAS‐Noah (Pan
et al., 2003). Therefore, our composite hydrology model is based on
SNODAS, which incorporates the SNOTEL data.

3. Results
3.1. Rise of Water Level in the Great Lakes

The water level of each of the five Great Lakes is accurately deter-
mined by the Coordinating Committee on Great Lakes Basic
Hydraulic and Hydrologic Data (Gronewold et al., 2013, 2018) using
21 gauging stations (Figures 1 and 2). Five water level gauges are
along the coast of Lake Superior, six are along Lake Michigan and
Lake Huron (which are connected and at the same water level), four
are along Lake Erie, and six are along Lake Ontario. The measured
water level each month is available from the U.S. Army Corps of
Engineers (at http://lre-wm.usace.army.mil/ForecastData/GLHYD_
data_metric.csv). Satellite altimetry estimates of the water height of
the five Great Lakes relative to Earth's mass center (CM) confirm that
the water level gauge measurements are correct (Jia et al., 2018)
(Figure S1). Satellite altimetry measurements of the height of the
Great Lakes are provided by the U.S. Department of
Agriculture/NASA Global Reservoir and Lake Elevations Database
(G‐REALM) project (at https://ipad.fas.usda.gov/cropexplorer/glo-
bal_reservoir/).

Water levels in the Great Lakes rose dramatically from October 2012 to October 2019, increasing surface
water volume by 285 km3. In total, Lake Superior rose 0.76 m, Lake Huron and Lake Michigan rose
1.55 m, Lake Erie rose 0.92 m, and Lake Ontario rose 0.70 m from 2013 to 2019 (Figure 1). Water levels

Figure 2. Change in water levels in the five Great Lakes from January 2002 to
December 2019 measured by water level gauges (dots with different colors
signify the seasons). Lake Superior rose 0.5 m in 2013 and 2014. Lake Huron and
Lake Michigan, at the same water level, rose 1 m in 2013 and 2014 and rose 1.5 m
from 2013 to 2019 (magenta line segments). Vertical axes at left are in meters and
identical; vertical axes at right are in cubic kilometers and depend on Great Lake
area. See Figure S1 for change in Great Lakes surface water level from 1991 to
2019.
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rose the most in 2013 and 2014, with Superior rising 0.5 m and Huron and Michigan rising 1 m (Figure 2).
The Great Lakes abrupt rise in 2013 and 2014 coincided with cold weather when extensive ice covered the
Great Lakes (Gronewold et al., 2016). In 2013, Lakes Superior, Michigan, and Huron rose in response to
increased spring runoff and high precipitation over the lakes. In 2014, a combination of low evaporation,
increased runoff, and water flow from Lake Superior caused Huron, Michigan, and Superior to rise.
Water levels in Lake Huron and Lake Michigan rose slowly from 2015 to 2018 but quickly in 2019.

From 1997 to 2000, water levels in the Great Lakes fell, reducing surface water volume by 200 km3

(Figure S1). Lake Superior fell 0.5 m, and Lake Michigan and Lake Huron each fell 1.0 m. Kling et al.
(2003) and Dempsey et al. (2008) explore the ecological and infrastructural damage from this Great Lakes
water decrease in the context of global climate change.

Water levels in the Great Lakes furthermore oscillate in the seasons. Each year, water levels rise about 0.3 m
in the spring and summer as melting snow moves through rivers into the Great Lakes, and water levels fall
roughly an equivalent amount in the autumn and winter when evaporation is low and when snow accumu-
lates on land. Water on land in the Great Lakes drainage basin, consisting of snow and soil moisture in a
hydrology model, is maximum in March, 6 months before Great Lakes surface water is maximum in
September.

Change in water levels differ slightly between the northern and southern shores of each connected Great
Lake by an amount of roughly 1% of the total change in water level. Using water level gauge data from
1860 to 2000, Mainville and Craymer (2005) find the water level at Parry Sound (PARR), along the northeast
shore of Lake Huron, fell 3.4 mm/yr faster than Calumet City (CALU), at the southern tip of Lake Michigan.
The ICE‐6G_D (VM5a) postglacial rebound model predicts Earth's surface at PARR to be rising at 1.7 mm/yr
and at CALU to be subsiding at 1.6 mm/yr, yielding a relative rate of vertical land motion (3.3 mm/yr) that
explains the difference in water level rates (see also Roy & Peltier, 2017, Figure 5).

3.2. Solid Earth's Elastic Response to Increased Great Lakes Surface Water

Solid Earth's elastic response to changes in surface mass load is approximately known (Argus et al., 2017;
Wahr et al., 2013). Earth's elastic response is not very sensitive to Earth's rheologic structure for loads greater
than 50 km in dimension. For example, the Gutenberg‐Bullen A Earth model (Farrell, 1972) and the
Preliminary Earth Reference Model (PREM) (Wang et al., 2012) produce nearly identical elastic displace-
ment in response to a mass load (Argus et al., 2017, Figure S1).

We calculate solid Earth's elastic response to changes in Great Lakes surface water volume as measured with
water level gauges as follows. We take the density of the freshwater in the Great Lakes to be 1,000 kg/m3. We
assume solid Earth's elastic response to be given by Green's functions (Wang et al., 2012) for a gravitating,
spherical, stratified Earth with the PREM Earth structure (Dziewonski & Anderson, 1981). Following
Argus et al. (2017), we numerically integrate the Green's functions to attain modified (Green's) functions
specifying solid Earth's elastic response to a disk with a specific radius. We then calculate solid Earth's elastic
response to the sum of changes in surface water measured by water level gauges each month at 118,389 ele-
ments inside the five Great Lakes at (1/64)° intervals of latitude and longitude.

The elastic response we calculate in this manner is nearly identical to that calculated from SPOTL (Agnew,
2013) and from LoadDef (Martens et al., 2019). The elastic response in this study is furthermore identical to
that used to correct GRACE gravity estimates of change in equivalent water thickness for solid Earth's elastic
response to changes in the mass load (Save et al., 2016; Watkins et al., 2015). It is essential to calculate solid
Earth's elastic response on a gravitating sphere. Nongravitating, half‐space calculations (e.g., D'Urso &
Marmo, 2013) overstate solid Earth's elastic response by a factor of 2.5 (Argus et al., 2017, Figure S20).

From October 2012 to October 2019, as the Great Lakes rose 0.7–1.5 m, the floor of the Great Lakes fell 8–
23 mm, and the adjacent land in Michigan, Wisconsin, southern Ontario, Illinois, Indiana, and Ohio fell
3–14 mm (Figure 3; see also Figure S4). The amount of subsidence decreases with distance from the Great
Lakes from its maximum of 23 mm beneath Lake Huron to 3 mm at places 100–200 km from the Great
Lakes. The increased load of the Lakes also caused the adjacent area to move horizontally 1–4 mm toward
the Great Lakes, with maximum inward displacements at LCUR (3.9 mm) and PARR (3.9 mm) (Figure S2).
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The floor at the center of Lake Huron fell 23 mm from October 2012 to October 2019, more than the 10 mm
fall of the Lake Superior coast. The subsidence of the deep Lakes floor caused relative sea level at the gauging
stations to fall about 10 mm, just 1% of the total rise of the Great Lakes of roughly 1 m. We do not adjust for
this very small effect on gauging measurement of lake levels.

3.3. Correcting GPS Series for Great Lakes Surface Water Elastic Loading

Aswe would expect, correcting time series of GPS site positions near the Great Lakes for elastic surface water
loading straightens the evolution of position with time, making the series more nearly a constant velocity
(Figures 4 and S5–S7). At 91 GPS sites near the Great Lakes, correcting for elastic loading of surface water
reduces the root‐mean‐square (rms) dispersion of the monthly mean of the vertical component of position
by 26% to 51%. The dispersion reduction is greatest where the elastic response to Great Lakes surface water
is greatest—along the west coast of Lake Huron, east coast of Lake Michigan, and near the intersection of
Lakes Superior, Huron, and Michigan. The rms misfit of GPS estimates of vertical position at (HBCH)
Harbor Beach, Michigan, decreases by 51% (from 4.1 mm to 2.0 mm). The rms misfit of mean monthly

Figure 3. Solid Earth's subsidence (blue to magenta color gradations) in elastic response to the increase in Great Lakes
surface water from October 2012 to October 2019. Contours are at 3, 5, 10, 15, and 20 mm of subsidence. The floor of the
Great Lakes fell 8–23 mm. Earth's surface in Michigan, Wisconsin, and southernmost Ontario fell 3–15 mm. A total of
104 GPS sites have more than a 25% reduction in dispersion in vertical position when elastic Great Lakes loading is
corrected for (circles filled green); the remaining GPS sites have less than a 25% reduction (circles filled yellow). Most
GPS sites have continuous data (black circle outline); campaign GPS sites from the Canadian Base Network have
observations roughly every 5 years (no black circle outline). The four‐letter abbreviations of the 10 GPS sites in Figure 4
are in black text. The four‐letter abbreviations of the GPS sites in Figures S5–S7 are in yellow.

10.1029/2020JB019739Journal of Geophysical Research: Solid Earth

ARGUS ET AL. 5 of 16



Figure 4. Vertical displacement each month of 10 GPS sites along or near the coast of Lake Michigan, Lake Huron, and
Lake Superior. Elastic vertical displacement produced by changes in Great Lakes surface water (green) is removed from
vertical displacement observed with GPS (blue) to estimate vertical displacement reflecting phenomena other than Great
Lakes loading (red). Viscous vertical displacement produced by glacial isostatic adjustment orange) is steady; the
predictions of model ICE‐6G_D (VM5a) are plotted. The locations of the 10 GPS sites are shown in Figure 3 (site
abbreviations in black text). See Figures S5–S7 for vertical displacements at 30 GPS sites near, respectively, Lake Superior,
Lake Michigan, and Lake Huron.
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GPS vertical estimates at (MICX) Charlevoix, Michigan, decreases by
46% (from 4.6 to 2.5 mm). At most sites, correcting for elastic subsi-
dence from 2013 to 2019 increases uplift over the 7 yr,making the evo-
lution of positions from 2006 to 2019 more nearly a straight line. We
present 10 examples of series corrections for GPS sites near Lakes
Superior, Huron, and Michigan in Figure 4 and 10 series for each of
Superior, Huron, and Michigan in Figures S5–S7, respectively.

Correcting time series of GPS sites near the Great Lakes for elastic
surface water loading furthermore results in estimates of vertical
motion that more nearly reflect solid Earth's viscous collapse of the
forebulge of the late Pleistocene ice sheet (Figure S3). At most sites,
GPS data start around 2007 and, because Great Lakes loading pro-
duces subsidence from 2013 to 2019, correcting for solid Earth's elas-
tic response increases uplift (or reduces subsidence) at most GPS
sites. For example, the subsidence rate of (KEEE) Kewaunee,
Wisconsin, which subsided 12 mm from 2013 to 2019 in elastic
response to increasing Great Lakes water, decreases from 4.2 to
3.0 mm/yr (Figures 4 and 5). Subsidence at (MIQE) Manistique,
Michigan, which also subsided 12 mm from 2013 to 2019 due to
Great Lakes loading, is reduced from 2.1 to 0.7 mm/yr. In contrast,
the uplift rate of Cheybogan (CHB5), Michigan, which rose 12 mm
from 1997 to 2001 in elastic response to decreasing Great Lakes
water, decreases from 0.8 to 0.2 mm/yr. CHB5, with GPS data from
1995 to 2014, is more influenced by Great Lakes water loss from
1997 to 2001 than by Great Lakes water gain from 2013 to 2014. In
total, correcting for Great Lakes loading reduces subsidence (or
increases uplift) by more than 0.5 mm/yr at 148 GPS sites.
Subsidence decreases by 1.0–2.2 mm/yr at 36 GPS sites. The decrease
in subsidence rate is a maximum of 2.2 mm/yr at (LCUR) Little
Current Lighthouse, near Manitoulin island (Ontario).

Correcting for solid Earth's elastic response to changes in Great Lakes
surface water results in more accurate determination of the
present‐day rate of viscous collapse of the Laurentide ice sheet fore-
bulge. Correcting for Great Lakes loading reduces subsidence rates
in Michigan and Wisconsin by 1.0–2.2 mm/yr, bringing GPS esti-
mates of rates of vertical motion closer to the predictions of glacial
isostatic adjustment model ICE‐6G_D (VM5a) (Argus, Peltier et al.
2014; Peltier et al., 2015, 2018) (Figure 5). The mean residual of the
GPS vertical rates relative to the ICE‐6G_D (VM5a) prediction is
reduced from −0.86 to −0.42 mm/yr along Profile M‐M′ and from
−1.41 to −0.94 mm/yr along Profile W‐W′. The corrected GPS verti-

cal rates are about 5 mm/yr more negative than glacial isostatic adjustment in the model of Lambeck
et al. (2017).

3.4. Causes of Sinking of the Upper Midwest

Earth's surface in Michigan andWisconsin is observed with GPS to be subsiding at 1–4 mm/yr (Figure 6). To
investigate the cause of this subsidence, we next present a sequence of maps of vertical motion in eastern
North America evaluating the contribution of different phenomena: oil pumping and groundwater withdra-
wal, postglacial rebound, and elastic Great Lakes loading. We find subsidence of the upper Midwest to be
produced primarily by the collapse of the forebulge of Late Pleistocene/Early Holocene ice sheet and secon-
darily by solid Earth's elastic response to increased Great Lakes surface water.

GPS tightly constrains vertical land motion throughout North America (Argus & Peltier, 2010; Kreemer
et al., 2018) (Figure 6a). We determine a map of the mean rate of vertical motion from about 2006 to 2019

Figure 5. (a) GPS sites and two north‐south profiles in the Lake Superior and
Lake Michigan area (north on the map is toward left on the page). Continuous
GPS sites within 150 km of either profile and with more than 8 years of data
are circles with a black outline. Other continuous GPS sites are circles with a
white outline. Campaign GPS sites from the Canadian Base Network are circles
with a green outline. The color filling each circle designates the rate of
vertical motion as given by the legend. (b and c) Rates of vertical motion
observed with GPS (gray circles) are corrected for Great Lakes loading to deduce
rates (red and green circles) caused primarily by glacial isostatic adjustment.
Red circles are continuous GPS sites with more than 8 years of data. Green
circles are campaign GPS sites from the Canadian Base Network. Correcting for
Great Lakes loading increases the vertical rate of MIQE, KEEE, and LU01
(red arrows) and decreases the vertical rate of CHB5 and STB5 (blue arrows).
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Figure 6. Rate of vertical motion in the eastern United States from about 2006 to 2019 (a) observed with GPS, (b) after discarding GPS sites that respond porously
to groundwater withdrawal and oil pumping, (c) after further removing viscous glacial isostatic adjustment predicted by model ICE‐6G_D (VM5a), and (d) after
further removing elastic Great Lakes loading. Vertical motion is relative to the mass center (CM) of Earth. Color gradations signify the rate of vertical motion, with
blues depicting rates of subsidence faster than 1 mm/yr, yellows and reds depicting rates of uplift faster than 1 mm/yr, and white signifying nearly zero vertical
motion between −1 and 1 mm/yr. Contours are at 1, 2, and 5 mm/yr of uplift and at each 1 mm/yr interval of subsidence from −1 to −5 mm/yr.
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by fitting a surface to 3,658 GPS rates of vertical motion in the United
States and Canada. The velocity of Earth's center, the reference rela-
tive to which vertical motions are estimated, is constrained to
±~0.5 mm/yr (1σ) (see section 4.3).

Roughly two thirds of the eastern United States are moving vertically
at between 1 mm/yr of uplift and 2 mm/yr of subsidence (Figure 6a,
white and light blue color gradations). There are two areas of fast sub-
sidence: (1) an 800‐km‐long belt along the coast of southeast Texas
and southern Louisiana is subsiding at 2–5 mm/yr (Karegar
et al., 2015) and (2) a zone 500–1,000 km from north to south in the
northern United States is subsiding at 2–4 mm/yr. This zone starts
in Montana, cuts east across the Great Lakes region, and extends to
the Atlantic coast near Maryland.

Part of the observed subsidence reflects management of water and
oil resources. We next identify and eliminate the roughly 12% of
GPS sites responding porously to groundwater fluctuations and
oil pumping following the criteria of Argus et al., (2017, section
3.2). First, GPS sites that are subsiding quickly due to oil pumping
along the Gulf coast are identified and omitted. Nine GPS sites in
southern Louisiana and roughly 50 sites in southeastern Texas are
observed to be subsiding faster than 2.5 mm/yr, reflecting the
ground's porous response to oil pumping and groundwater with-
drawal. Twelve GPS sites in Minnesota and nine sites in
Wisconsin exhibit seasonal vertical oscillations reflecting porous
response, including five sites in the Red Lake Peatland Scientific
and Natural Area, Minnesota. Removing GPS sites responding to
groundwater change and oil pumping eliminates the subsidence
belt along the Gulf coast and slightly reduces subsidence in
Wisconsin and Minnesota (Figure 6b).

The forebulge of Late Pleistocene/Early Holocene Laurentide ice
sheet is presently predicted to be collapsing at 1–3 mm/yr in model
ICE‐6G_D (VM5a) (Argus et al. 2014; Peltier et al., 2015, 2018)
(Figure S3). Removing this glacial isostatic adjustment significantly
reduces subsidence throughout the northern part of the eastern
United States, leaving just 1–2 mm/yr of subsidence in Michigan,
Wisconsin, Minnesota, and Iowa (Figure 6c).

Removing the effect of Great Lakes loading further reduces subsi-
dence in most areas of the upper Midwest to just 0–1 mm/yr
(Figure 6d). Roughly 90% of the eastern United States is moving ver-
tically at between 1mm/yr of uplift and−1mm/yr of subsidence after
glacial isostatic adjustment and Great Lakes loading are removed.
There are two exceptions. Residual subsidence at 1–3 mm/yr occurs
near the Minnesota‐Dakotas border. There we postulate the true vis-
cous collapse of the forebulge to be faster than in ICE‐6G_D (VM5a).
Residual uplift of 1–3 mm/yr occurs near the Saint Lawrence River.
There we believe the true viscous uplift to be faster than in ICE‐
6G_D (VM5a).

Using InSAR and GPS data, Li et al. (2020) find the region between Lake Ontario, Lake Erie, and Lake
Huron to have fallen 5–30 mm from 2013 to 2017. We maintain this subsidence to be primarily solid
Earth's elastic response to unloading of Great Lakes water and secondarily the viscous collapse of the former
Laurentide forebulge.

Figure 7. (a) Change in total water in the Great Lakes drainage basin estimated
with GRACE (brown) reflects primarily change in surface water in the Great
Lakes measured with water level gauges (navy blue). (b) Change in water on
land in the drainage basin after removing Great Lakes surface water smeared by
a Gaussian with a full width of 334 km (blue) is described by a uniform
seasonal oscillation with a peak‐to‐peak amplitude of 100 km3 and a maximum
in March. (c) Change in water in the ground in the Great Lakes basin (violet) is
inferred to be change in total water estimated with GRACE minus Great
Lakes surface water minus a composite hydrology model (pink) consisting of
snow in SNODAS (light blue) and soil moisture in NLDAS‐Noah (orange).
Change in water in the ground is described by a seasonal oscillation with a
peak‐to‐peak amplitude of 60 km3 with a maximum in February. Water in the
ground is estimated to not change from 2004 to 2012 and to increase by a
marginally significant 50 ± 50 km3 from 2013 to 2019. We calculate the values of
water change in this figure assuming the Great Lakes area to extend 167 km from
the lakes (see Figures S10 and S11).
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Figure 8. The time evolution of components of water storage in the Great Lakes drainage basin in each water year from
2006 to 2017. A water year starts 1 October and ends 30 September the following year. Precipitation (dots filled with
different colors) accumulates steadily each year and total precipitation remains about the same from year to year. Great
Lakes surface water (navy blue curve) is maximum each year around August, 3–6 months before water elsewhere in the
drainage basin estimated from GRACE (maroon curve) is maximum. The composite hydrology model (pink curve)
consists of snow water equivalent in SNODAS (cyan curve) and soil moisture in NLDAS‐Noah (orange curve). Vertical
axes at left are in cubic kilometers; vertical axes at right are in meters of equivalent water thickness.
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3.5. Water Change in the Great Lakes Drainage Basin
3.5.1. Total Water
Change in total water storage in the Great Lakes drainage basin reflects primarily change in surface water in
the five Great Lakes. From 2002 to 2012, the total volume of water in the Great Lakes watershed is observed
with GRACE to have remained about constant (−10 km3); surface water volume in the Great Lakes mea-
sured with water level gauges has also remained about constant (−14 km3) (Figure 7a). From 2013 to
2019, total water storage in the Great Lakes watershed is observed with GRACE to have increased by
210 km3, slightly greater than the 195 km3 increase in Great Lakes surface water measured with water level
gauges. However, as we shall show, total water change on land in the Great Lakes watershed observed with
GRACE is about 6 months out of phase with surface water change in the five Great Lakes.

GRACE determines mass change at a spatial resolution of about 350 km, a distance slightly less than the
450‐km altitude of the two GRACE satellites. Therefore, GRACE observes water change in the Great
Lakes as a signal that is smeared out across a distance of about 350 km. Following Wahr et al. (1998), we
model the mass change signal that GRACE would be expected to observe by applying a two‐dimensional
Gaussian distribution with a full width of 334 km (or three angular degrees) to the change in the Great
Lakes water measured with water level gauges. We first apply the Gaussian distribution and next average
the resulting values of smeared water change in each 3° × 3° mascon (in JPL's solution; Watkins et al., 2015;
Wiese et al., 2016) (Figure S8). We find that a Gaussian distribution with a full width of 334 km well approx-
imates gravity changes observed with GRACE (Figure S9). A Gaussian distribution with a full width of
222 km (2°) smears out Great Lakes water change across too narrow an area, whereas a Gaussian with a full
width of 445 km (4°) smears out Great Lakes water change over too wide an area. In similar fashion, Chen
et al. (2017) use a Gaussian distribution with a full width of 300 km to approximate the GRACE gravity signal
produced by water change in the Caspian Sea measured by satellite altimetry.
3.5.2. Water on Land
We thus estimate changes in total water on land in the Great Lakes watershed by removing the
Gaussian‐smoothed realization of Great lakes surface water change from the GRACE estimate of total mass
change (Figures 7b and S12–S14). In the long term, we find that water on land in the Great Lakes watershed
to have remained nearly constant from 2002 to 2012 and to have increased by 35 km3 from 2013 to 2019. In
the seasons, we find water on land in the Great Lakes watershed to have increased each autumn and winter
by an average of 100 km3 as snow accumulates on the ground and water infiltrates into the ground when
evapotranspiration is low and to have decreased each spring and summer by an identical average of
100 km3 as snowmelts and as water runoff passes through rivers into the Great Lakes when evapotranspira-
tion is high. Water on land in the drainage basin reaches a maximum inMarch, 6 months before water in the
Great Lakes attains a maximum in September. The seasonal oscillation in water on land has a peak‐to‐peak
amplitude of 100 km3 with a maximum inMarch, twice as large but in phase with the 50‐km3 amplitude and
March maximum in the composite hydrology model consisting of snow in SNODAS and soil moisture in
NLDAS‐Noah.

The changes in water on land in the Great Lakes drainage basin that we estimate are not very sensitive to the
area that water is averaged over (Figures S10 and S11). We take GRACE water change calculated over an
area extending 167 km (1.5 angular degrees) from the Great Lakes (Figure S10, tan outline) to be represen-
tative of change in the Great Lakes watershed because adopting JPL's 3° × 3° mascon solution distributes
some water change associated with Great Lakes surface water change outside the true Great Lakes drainage
basin (Figure S10, maroon outline). The values of water change that we calculate assuming an area extend-
ing 167 km from the Great Lakes (1,001,200 km2) are intermediate between those calculated from the true
Great Lakes watershed (761,300 km2) and those calculated from an area consisting of ten 3° × 3° mascons
(1,118,300 km3) (Figure S10, green squares).
3.5.3. Groundwater
We infer groundwater to be total water from GRACE minus the Gaussian‐smeared realization of Great
Lakes water change minus the composite hydrology model consisting of soil moisture in NLDAS‐Noah
and snow in SNODAS. Hydrology models typically specify soil moisture in the top 0.5–2 m of the ground
beneath Earth's surface; additional water may exist in the vadose zone, the unsaturated zone between
Earth's surface and the groundwater table.
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We find the seasonal oscillation of groundwater in the Great Lakes drainage basin to have a peak‐to‐peak
amplitude of 60 km3 with a maximum around March 1. This 60‐km3 oscillation amounts to an average
equivalent water thickness of 0.12 m over the land part of the Great Lakes watershed. We infer that ground-
water (plus any water in the vadose zone) increases by an average of 60 km3 each autumn and winter and
decreases by an identical average amount in the spring and summer.

Each autumn and winter, precipitation exceeds runoff plus evapotranspiration in the Great Lakes
watershed, resulting in an increase in water storage on land (Figure 8). Precipitation is roughly uniform
throughout the year. Each year water storage on land increases in the autumn and winter as snow accumu-
lates when evapotranspiration is low and decreases in the spring and summer when snow melts and the
resulting water runoff passes through rivers into the Great Lakes when evapotranspiration is high.

In the long term, groundwater in the Great Lakes drainage basin remained constant from 2004 to 2012.
Groundwater then increased by 50 km3 from 2013 to 2019, amounting to an average of 0.10 m over the land
part of the drainage basin. The 50 ± 50 km3 increase from 2013 to 2019 is marginally significant. Half of the
increase is attributable to a 25 km3 decrease in soil moisture in the NLDAS‐Noah hydrology model. It is
doubtful that soil moisture would decrease during heavy precipitation from 2013 to 2019, so that the ground-
water increase might be instead 25 ± 50 km3. Any increase in groundwater in the drainage basin from 2013
to 2019 occurs in the southern part of the drainage basin and is associated with the large increase of water
near the Mississippi River basin to the south (Figure S14).

We estimate groundwater to have changed by a mean of 0.10 ± 0.10‐mwater thickness over the land part of
the Great Lakes drainage basin from 2013 to 2019. The face value estimate of 0.10 m is 10% of the rise of
Great Lakes water levels, about 1 m. It is difficult to evaluate the meaning of the 1 to 10 ratio of groundwater
gain to surface water gain. If the porosity of the sediment that the groundwater saturates is 5%, then an
increase of 0.10 m in equivalent water thickness would result in an increase of 2 m (0.10 m/0.05) in the
height of the water table. We suspect soil moisture has not decreased by an equivalent water thickness of
0.05 m from 2013 to 2019 as in the hydrology model. If soil moisture were instead assumed to have remained
constant from 2013 to 2019, then the rise in equivalent water thickness would be 0.05 m, and the hypothe-
tical increase in the height of the water table would be 1 m given a sediment porosity of 5%.

About half of Michigan and easternWisconsin is between 0 and 85 m above the levels of the Lake Michigan,
Lake Huron, and Lake Superior. The water table is believed to be in most places in Michigan and eastern
Wisconsin within 5 m of Earth's surface (https://www.egr.msu.edu/igw/GWIM%20Figure%20Webpage/)
(Figure 7). Thus, the water table on land is in most places several tens of meters above the Great Lakes water
level. There may be a mounding effect: Water in Michigan, eastern Wisconsin, and southern Ontario flows
downslope into the Great Lakes. Part of a groundwater increase may be adjacent to the Great Lakes where
the water table is at or near the same level as the Great Lakes water levels and has risen with the Great Lakes,
although this area is a small fraction of the Great Lakes drainage basin. Groundwater may increase in deep
aquifers not near Earth's surface. Water in the many lakes in Michigan, Wisconsin, and Ontario's glacial ter-
rain may take up a water increase.

3.6. Seasonal Oscillations in Vertical Displacement Produced by Changes in Water on Land

GPS measurements of solid Earth's elastic response further constrain how seasonal fluctuations in water on
land vary across the Great Lakes drainage basin. We first compare seasonal oscillations in vertical position
observed with GPS, those produced by Great Lakes loading, and those predicted by water change as observed
by GRACE in a phasor diagram (Figure S15). Following the strategy we have established, we next remove
from the GPS and the GRACE estimates the effect of changes in Great Lakes surface water and thus evaluate
seasonal vertical positions inferred to be produced by changes in water on land (Figures S16 and S17). In the
Lower Peninsula of Michigan, the seasonal oscillation in vertical position inferred from GPS to reflect
changes in water on land has a peak‐to‐peak amplitude of roughly 4 mm with a maximum in August or
September, 6 months after water on land is maximum in March or April (Figure S17a, blue arrows). This
maximum is about the same size but 1 month earlier than the seasonal vertical oscillation inferred from
GRACE (maroon arrows), has an amplitude of 6.5 mm with a maximum vertical position in September.
In Wisconsin, the seasonal oscillation in vertical position inferred from GPS has a peak‐to‐peak amplitude
of 4 mm with a maximum in November to December (Figure S17b, blue arrows), suggesting water on
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land to bemaximum inMay to June. This maximum is slightly smaller than and 1 to 2months later than that
observed with GRACE, which has an amplitude of 6 mm with a maximum vertical position in September
(maroon arrows). In southern Ontario, few GPS sites exist to support or refute the inference from GRACE
that water on land fluctuates each year by about 0.20 m, twice as large as in the composite hydrology model
(Figure S17).

4. Discussion
4.1. This Study Versus Huang et al. (2012)

Following Huang et al. (2012), we take groundwater change to be total water estimated using GRACEminus
Great Lakes surface water minus snow and soil moisture in our composite hydrology model. In the long
term, we estimate groundwater to have hardly changed (−1 km3) from 2004 to 2009, whereas Huang
et al. (2012, abstract) find groundwater to have decreased significantly (−45 km3) from 2002 to 2009.
Using 7 yr of data that were unavailable to Huang et al. (2012), we estimate groundwater to have increased
by a marginally significant 50 ± 50 km3 from 2013 to 2019. In the seasons, we find groundwater to increase
60 km3 in the winter and fall and decrease by a roughly equivalent amount in the spring and summer. We
find groundwater on land to reach a maximum in March, 6 months before Great Lakes surface water peaks
in September. In contrast, Huang et al. (2012, Figure 16) find groundwater to attain a maximum around
September if the Water Gap Hydrology model is removed, and groundwater to have incoherent seasonal
fluctuations if the NLDAS‐Noah model or a mean of four GLDAS models is removed. Thus, we find the sea-
sonal fluctuation in groundwater to be quite different than in Huang et al. (2012).

4.2. Thermal Expansion of Great Lakes Surface Water

Great Lakes water levels rise in thermal expansion each summer by roughly 0.040 m (Huang et al., 2012,
Figure 2), slightly altering the value of water volume change calculated from the water level gauge data.
Water volume in the Great Lakes as a function of temperature is specified by

1 – 6:427 × 10−5 T þ 8:5053 × 10−6 T2
– 6:79 × 10−8 T3

where T is temperature in °C (Meredith, 1975, see also https://www.engineeringtoolbox.com/water-den-
sity-specific-weight-d_595.html). Water is most dense at 4°C. The density of Great Lakes water is nearly
constant (within 0.01%) for the 9 months of the year when the temperature is at 0°C to 8°C. The top
25 m of Great Lakes water warms to roughly 20°C in the summer months of July, August, and
September, increasing the volume of the top 25 m of water by 0.16%, resulting in a 0.040‐m increase in
water level (14% of the seasonal oscillation in Great Lakes water level of 0.291 m). Accounting for thermal
expansion would reduce the seasonal fluctuation in equivalent water in the Great Lakes watershed in
August by roughly 10 km3 (0.040‐m Great Lakes water level increase × 247,300‐km2 Great Lakes area).

The calculation of the effect of thermal expansion depends strongly on the temperature that the top 25 m of
water is assumed to attain in August, and the temperature‐depth profile is not well known throughout the
Great Lakes. For example, if we were to take the mean summer temperature in the top 25 m to be 16°C
(as opposed to 20°C), we would calculate the volume of the top 25 m to increase by 0.08%, producing a
0.020‐m increase in water level. Accounting for thermal expansion would then reduce equivalent water
volume in the Great Lakes watershed in August by just 5 km3 (as opposed to 10 km3).

In summary, our estimate of the seasonal fluctuation on land in the Great Lakes watershed would be
reduced from 60 to 50 km3 (assume a 20°C maximum temperature) or 55 km3 (assuming a 16° maximum
temperature) if we were to account for thermal expansion of the Great Lakes.

4.3. Uncertainty in the Velocity of Earth's Center

GPS tightly constrains the rate of vertical motion of Earth's surface throughout the United States. The uncer-
tainty in the velocity of Earth's center, the reference relative to which vertical motion is estimated, is about a
half millimeter/year (1σ). Vertical motions are standardly estimated relative to the CM of the solid Earth and
its fluid envelope, consisting of the atmosphere, oceans, and ice sheets. For example, estimates of vertical
motion in ITRF2014 (Altamimi et al., 2016) are relative to CM. The velocity of Earth's surface relative to
CM is estimated using satellite laser ranging (SLR) measurements to LAGEOS and is constrained to
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±~0.5 mm/yr (1σ). Using data decimation and spectral analysis, Argus (2012) estimates 95% confidence lim-
its in the X, Y, and Z directions to be ±0.4, ±0.4, and ±0.9 mm/yr, respectively. Using similar techniques but
6 yr more SLR data, Riddell et al. (2017) estimate the 95% confidence limits in X, Y, and Z to be ±0.25, ±0.33,
and ±0.65 mm/yr.

5. Conclusions

Great Lakes surface water rose 0.7–1.5 m from 2013 to 2019, increasing surface water volume by 285 km3.
The floor of the Great Lakes fell 8–23 mm, and the adjacent land in Michigan, Wisconsin, southern
Ontario, Illinois, Indiana, and Ohio fell 3–14 mm.

Solid Earth's surface in Wisconsin and Michigan fell at 1–4 mm/yr from 2006 to 2019. This sinking was pro-
duced primarily by viscous collapse of the forebulge of the Late Pleistocene Laurentide ice sheet and secon-
darily by solid Earth's elastic response to increased Great Lakes surface water.

Seasonal water storage on land in the Great Lakes basin is inferred fromGRACE and GPS to be maximum in
March and to be twice as large as that in a hydrology model. The seasonal oscillation in water in the ground
is 60 km3 (0.12 m averaged over the land part of the Great Lakes drainage basin), about equal to the seasonal
oscillation in snow and soil moisture in a hydrology model.

We look forward to hydrologists integrating our inferences of water change inferred from GRACE with ana-
lyses of groundwater well levels and land surface models.

Data Availability Statement

GPS position‐time series are available at the Nevada Geodetic Laboratory (at http://geodesy.unr.edu/gps_
timeseries). GRACE water‐time series (JPL's mascon solution, Release 6, Version 2) are available online
(at https://podaac-tools.jpl.nasa.gov/drive/files/allData/tellus/L3/mascon/RL06/JPL/v02). The ICE 6G
D/VM5a model of postglacial rebound is available online (at http://www.atmosp.physics.utoronto.ca/~pel-
tier/data.php).
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