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Abstract Low flow drainage from a river system, in the
absence of precipitation or snowmelt, derives directly from
the water stored in the upstream aquifers in the basin;
therefore, observations of the trends of the annual lowest
flows can serve to deduce quantitative estimates of the
evolution of the basin-scale groundwater storage over the
period of the streamflow record. Application of this method
has allowed for the first time to determine the magnitudes
of the trends in groundwater storage over the past two-third
century in some 41 large prototypical basins in the United
States east of the Rocky Mountains. It was found that
during the period 1940-2007 groundwater storage has
generally been increasing in most areas; these positive
trends were especially pronounced in the Ohio and Upper
Mississippi Water Resources Regions, but they were
weaker in most other regions. Notable exceptions are the
northern New England and especially the South Atlantic-
Gulf regions, which saw prolonged declines in groundwater
levels over this nearly 70-year long period. These observed
long-term trends are generally in agreement with previous
studies regarding trends of other components of the water
cycle, such as precipitation, total runoff, and terrestrial
evaporation. Over the most recent 20 years, from 1988
through 2007, except for the Ohio and the Souris-Red-
Rainy regions, most regions have experienced declining
average groundwater levels to varying degrees, with

maximal values of the order of 0.2 mm a'.
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1 Introduction

Although precipitation is the only reliable and sustainable
source of water supply over large regions, short periods of
drought and surges in demand can usually be overcome or
buffered by various storage mechanisms in the system.
Among the different forms of storage, groundwater far
outstrips all the others in magnitude and availability, and
thus in practical importance. For instance, on a global scale
(e.g. Brutsaert 2005) active groundwater storage has been
estimated to be at least an order of magnitude larger than
the water stored in all lakes and reservoirs; also, while at
least as much if not more water is stored in ice caps and
glaciers as in the world’s aquifers, it is not in a state
allowing direct and immediate transport and consumption.

Recently, the notion has become increasingly accepted
that human activities, mainly those related to industrializa-
tion, have globally resulted in radiative forcing and in an
average net warming effect over the past century. Even
though this warming is well documented (e.g. Hansen et al.
2006; Santer et al. 2008), any concurrent changes in
hydrologic cycle activity and water resources are more
uncertain and unsettled (e.g. IPCC 2007). This is especially
the case for groundwater, as it is normally inaccessible for
direct observation. Thus, in light of the different possible
scenarios of global change in the hydrologic cycle, it is now
of critical importance not just to monitor groundwater
storage in real time, but to unravel the historical evolution
of this valuable resource over the long term as well.
Unfortunately, at present such long-term water storage
records, based on direct measurements in observation wells,
are available for only a few regions on Earth. In the past
decade, some exciting developments in satellite gravity
measurement technology have taken place, which now
allow the large-scale monitoring of changes in terrestrial
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water storage, even in the most inaccessible and remote
regions of the globe (e.g. Swenson et al. 2006; Syed et al.
2008), from which groundwater storage may be deduced.
However, the resulting records are still much too short to
allow meaningful inferences, as required in the global
change context.

To obtain the necessary information it is therefore
imperative to make use of alternative methods that can
provide it in some indirect yet reliable way. One such
method makes use of streamflow measurements to infer
changes in groundwater storage in the upstream aquifers in
the basin; it was proposed in Brutsaert (2008) and tested
locally in two basins in Illinois and it has subsequently been
applied with success elsewhere as well (Brutsaert and
Sugita 2008; Sugita and Brutsaert 2009). The advantages of
this method are first, that it provides storage values
integrated over the entire upstream basin area, rather than
point values as obtained from observation wells; and
second, that it produces long-term time series that predate
most groundwater observations, if they even exist, by many
years, since routine streamflow measurements were usually
started much earlier.

It is the objective of this paper to apply this technique of
Brutsaert (2008) more broadly to the entire eastern half of
the conterminous United States, in order to gain some
insight in the evolution of groundwater storage over the
past two-third century; this region east of the Rocky
Mountains is characterized mostly by a humid continental
climate. For this purpose, some 41 large prototypical basins
distributed in the different water resources regions were
selected, so they would be, first, sufficiently unregulated
and free of controls, and therefore representative of natural
flow conditions; and second, large enough so that they are
illustrative and typical of the larger area surrounding them.
While this study is primarily intended as an exploratory
overview to pave the way for broader implementation, it
will be shown that the groundwater storage trends during
the past 70 years derived this way and their spatial
distribution are generally consistent with the trends ob-
served in other components of the hydrologic cycle over
this large region.

2 The dependence of baseflow on groundwater storage
2.1 Low flow parameterization

The flow in a natural river system resulting from ground-
water outflows from the upstream riparian aquifers, in the
absence of precipitation or artificial storage releases, is
referred to as baseflow; it can also variously be called
drought flow, low flow, or dry-weather flow. Probably the
most commonly used assumption to describe this type of
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flow, which goes back at least to the pioneering work of
Boussinesq (1877), is that it is an exponential decay
phenomenon. To allow direct comparison with other
components of the hydrologic cycle, such as precipitation
and evaporation, this can be written conveniently as

¥ =yoexp(—t/K) (1)

where y= (/A is the rate of flow in the stream per unit of
catchment area [LT '], O is the volumetric rate of flow in
the stream [L°T '], 4 the area of the basin [L?], y, is the
value of y at the arbitrarily selected time origin =0, and K
is the characteristic time scale of the catchment drainage
process [T], also commonly referred to as the storage
coefficient. As was shown earlier in Brutsaert (2008), the
form of Eq. 1 immediately implies the following linear
relationship between storage and outflow rate

S=Ky (2)

in which S, the underground water storage volume per unit
catchment area [LT '], can also be visualized as the average
thickness of a layer of water above the zero-flow level
spread over the area A. Thus the rate of change of
groundwater storage in the basin can be estimated from
the temporal trend in baseflows observed at the outlet of the
river basin by means of

ds dy
— =K== 3
dt dt (3)

The application of Eq. 3 requires a knowledge of K and
dy/dt; their estimation is treated next in Sections 2.2 and
2.3, respectively.

2.2 Characteristic basin drainage time scale

Over the past 50 to 60 years numerous procedures have
been developed to estimate K for any given river basin from
streamflow measurements. However, most if not all of these
are somewhat subjective in their application. An important
first reason for this is no doubt that Eq. 1 is overly
idealized, so that it is incapable of encompassing all the
intricacies of the drainage processes in natural catchments.
Secondly, in any procedure to estimate K it is necessary to
ensure that no storm runoff is present and that the
streamflow results only from upstream groundwater out-
flows; this requires careful scrutiny of concurrent precipi-
tation records. But this requirement is hard to satisfy,
because rain gage networks in large basins are never dense
enough to capture all events everywhere in the basin.
Thirdly, low flows in a river, when close to zero, are
unavoidably subject to measurement error and often other
uncertainties.

It so happens however, that as demonstrated in Brutsaert
(2008) both conceptually and experimentally, the variability
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of the K parameter for large basins is relatively small, so
that it can be considered a fairly robust parameter.
Conceptually, on the basis of classical hydraulic ground-
water theory (e.g. Brutsaert 2005, p 404) and of some
additional simplifying assumptions, K can be shown to be
related to basin characteristics as follows

_ 0.10n,
~ T.D}

(4)

where n, is the effective drainable porosity of the riparian
aquifer materials in the basin, T.=kopD is their effective
hydraulic transmissivity [L’T '], (in which ko is the
hydraulic conductivity [LT '] and p is the average fraction
of the vertical aquifer thickness D occupied by flowing
water [L]), and D4=(L/A) is referred to as the drainage
density (in which L is the total length of all stream channels
in the river basin and 4 its area).

A cursory inspection of Eq. 4 readily confirms that K
values in different basins can be expected to vary within a
relatively narrow range. Drainage density Dy depends only
weakly, if at all, on drainage area 4 within regions of
homogeneous lithology; this has been documented in
different types of landscapes, such as for example, the
Appalachian Plateau with different degrees of relief and
ruggedness (Morisawa 1962), the Southern Great Plains in
Oklahoma (USA; Brutsaert and Lopez 1998), and the tidal
marshlands of the lagoon of Venice (Italy), Petaluma Bay
(CA, USA), and Barnstable marsh (MA, USA) (Marani et al.
2003). While the matter may involve other considerations
(e.g. Gregory and Gardiner 1975; Gardiner et al. 1977),
many basins exhibit some kind of self-similarity or fractal
behavior in the drainage pattern, and in such basins Dy can
be taken as a constant (e.g. Smart 1972, p 334; Maritan et
al. 1996). Moreover, highly transmissive terrain, that is
with high values of T.,=kopD, will tend to require fewer
channels to drain the excess precipitation, and thus smaller
values of the drainage density Dy (or vice-versa), the net
result being that the product (T eDﬁ) will tend to be even
less variable and more independent of terrain than each
term by itself. Interestingly, the near-constancy of (7.D3)
is not a new idea; it was already implicit some 45 years ago
in the work of Carlston (1963, Carlston 1966), in a
somewhat different context, namely following a steady-
state groundwater description by Jacob (1943). The drain-
able porosity n. rarely exhibits large variability. But even
so, since n. can be expected to be larger for coarser more
permeable than for finer less permeable aquifer materials
(or vice-versa), the variability of (n./7.) will also usually
be smaller than that of each term separately. Finally, there
is the fact that the larger a basin is, the more likely it will
consist of many different types of soils and geological
formations; therefore, the more important controlling
variables like n., Dy, and 7, will not only compensate

each other as suggested by the structure of Eq. 4, but they
will also tend to average out to some typical values. As a
result, in large basins within regions with a similar climate,
K can be expected to be relatively invariant.

These conceptual considerations are corroborated by
numerous experimental observations of K in the field. A
first review of numerous published values of K for large
basins obtained with different procedures was already
presented in Brutsaert (2008). It was concluded there that
for the very lowest flows from large basins with mature
river network patterns, with well-developed aquifers and
with generally mild surface slopes, the decay parameter in
Eq. 1 tends be of the order of 1.5 months with an
uncertainty of about 2 weeks.

Meanwhile some additional results have come to light
which largely confirm these values and which are worth
being cited here. Chapman and Peck (1997, Table 5)
analyzed recessions at a number of gaging stations on the
Chattahoochee River in Georgia; at the two stations with
the largest drainage areas, they obtained for the summer
flows (which is the season considered in this study) values
of K=43 days (at 4=6,265 km”) and K=52 days (at 4=
3,754 km?) and for the winter flows, respectively, K=
56 days and K=65 days. Van de Griend et al. (2002)
analyzed baseflow from a number of catchments, most of
which were in mountainous terrain and very small, of the
order of 1 kmz; however, for the 133 km? basin of the
Groenlose Slinge in Gelderland, which comes closest to
satisfying the requirements for the present analysis, K was
observed to vary as a function of discharge rate between a
maximum of 58.6 days and a minimum of 31.5 days, with a
mean value of K=45 days for the entire range. Dewandel et
al. (2003) studied hydrograph recession curves of an
ophiolite hard-rock aquifer measured in Wadi Khafifah,
Sultanate of Oman; they found that this aquifer was
sufficiently fissured, so that, at the scale of this 37 km?
basin, it could be considered an equivalent porous medium,
and that K=62.5 days when analyzed with Eq. 1. Brutsaert
and Sugita (2008) analyzed flow rates at three gaging
stations on the Kherlen River in Mongolia. A value of K=
41 days was obtained for Baganuur, K=43 days for
Undurkhaan and K=48 days for Choibalsan. At these
stations the respective drainage areas are A=7,350 km?,
39,400 kmz, and 71,500 kmz, the respective elevations are
H=1,297 m, 1,033 m, and 738 m AMSL, and the
respective distances from the end at Hulun Lake are L=
940 km, 829 km, and 390 km; although these K values
show a slight dependency on travel time in the river, they
reflect mainly the groundwater drainage time as they are all
very close to their average value of K=44 days. Tague and
Grant (2009) analyzed seasonal recessions after snowmelt
in two watersheds in the Cascades in Oregon and in two
watersheds in the California Sierras; not surprisingly for
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small catchments, the K values covered a wide range,
namely between 26 and 100 days, but the area-weighted
average was 50 days.

For the present climatic analysis mainly the sign and the
order of magnitude of the groundwater storage trends are of
interest and not their exact values. Therefore, in light of the
relative invariance of the parameter K and the difficulty of its
determination, it was decided to adopt the typical value of K=
45 days as a working assumption and use it in what follows.

2.3 Estimation of drought flow trend

For the present study, the measure of the annual values of y
to be used in Eq. 3, in order to calculate (dS/df) was
estimated with the method proposed in Brutsaert (2008). In
principle, the long-term baseflow trend could have been
taken as the trend of the lowest daily flows for each year;
but since daily flows are normally subject to error and other
uncertainties, the annual lowest 7-day daily mean flows,
namely y;;, were used instead, as a more robust measure
for this purpose. This quantity can be used to track the
long-term evolution of groundwater storage over many
years, because it results directly from the lowest storage
level each year, that is the non-depleted reserve, which is
carried over to the next year. Moreover, since these yp-
values are the lowest of the low flows, they lie in the range
where the linear representation Eq. 2 is most likely to be
valid. With this definition of the annual low flows, for
convenient reference Eq. 3 can now be rewritten as follows

as dyr
— =K== 5
dt dt )

In the practical implementation of Eq. 5, the lowest 7-day
daily mean flow for each year of record was first
determined as the lowest value of the 7-day running
averages during that year. The temporal trends of these
annual drought flows were then directly calculated by
simple linear regression.

3 Selected large-scale river basins
3.1 Criteria for selection

The basins selected for the present study were made to
satisfy a number of criteria that would warrant valid
conclusions. First, their streamflow records are long enough
so they are relevant in the context of detectable long-term
changes. In the United States only very few streamflow
records are more than a century long, but many have
records of the order of 3/4 to 2/3 century. Thus to allow
comparison between as many basins as possible, it was
decided to select basins with records going back at least to
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1940. Second, all basins are large enough to embody not
merely local but rather more broadly representative features
of the water resources regions they are meant to exemplify.
Besides, nonlinear effects, which might invalidate Eqgs. 1
and 2, are usually more pronounced in smaller basins (e.g.
Brutsaert 2005, Fig. 12.3), and they tend to weaken as the
drainage area increases. Therefore, all selected basins have
drainage areas of at least several thousands of square
kilometers, with the smallest being about 2,000 km?. Third,
to allow the application of Eq. 5, only basins were selected
with continuous uninterrupted flow and without any no-flow
episodes when the contact between the stream and the
riparian aquifers would be temporarily suspended. By this
criterion nearly all basins are situated in the humid
continental climate zone, where streams keep flowing
throughout the year. For the same reason, in the analyses
only river discharge data recorded between April 15 and
October 31 were used, to avoid the possibility of ice
conditions. Fourth, many basins in the United States have
undergone some human impact or have been subject to
anthropogenic influences that may diminish or hide any
climate-related signals. Therefore, to avoid this, all basins
selected were taken from the Hydro-Climatic Data Network,
developed by the US Geological Survey (Slack and Landwehr
1992; Slack et al. 1993) for the purpose of studying the
variation in surface-water conditions, free of confounding
anthropogenic influences. With these stringent criteria only
few large basins were left available for analysis. These were
mostly well separated from each other and can therefore be
considered independent and uncorrelated in their hydrologic
behavior with that of their neighbors within each water
resources region. An indirect consequence of this relative
independence was that spatial cross-correlation effects
between the individual flow records (e.g. Douglas et al
2000) were not an issue in the present analyses. The selected
basins are listed in Table 1 and their corresponding water
resources regions are shown in Fig. 1.

3.2 Validation of the method

The specific implementation of Eq. 5 was first explored and
validated in an earlier study with data recorded in two large
river basins in Illinois (Brutsaert 2008), one of the few
regions in the world where beside streamflow measure-
ments also groundwater storage observations have been
made since the late 1950s. It was found that the
groundwater storage changes inferred from the baseflows
by means of Eq. 5 are generally consistent with the average
groundwater level changes measured in the observation
well network over the same area. As an illustration for
readers who may not have easy access to the Illinois study,
Fig. 2 shows a comparison of the evolution of the annual
lowest 7-day flows y; ;=01 7/A (in millimeters per day) of
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Table 1 Average groundwater storage trends (in millimeters per year), derived from the low flow measurements at the river gaging stations
indicated in the left hand column

Station name

Area

(km?)

Period
of record

Trend period
of record

Trend 1940-2007

Trend 1951-2000

Trend 1988-2007

01 New England

01014000 St John R
below Fish R, at
Fort Kent, ME

01030500
Mattawamkeag R nr
Mattawamkeag, ME

01076500
Pemigewasset R at
Plymouth, NH

02 Mid Atlantic

01503000 Susquehanna

R at Conklin, NY
01562000 Raystown
Branch Juniata R

at Saxton, PA
01646502 Potomac
R nr Wash, DC
01668000
Rappahannock R nr
Fredericksburg, VA
03 South Atlantic-Gulf

02134500 Lumber R
at Boardman, NC

02156500 Broad R nr
Carlisle, SC

02226000 Altamaha R
at Doctortown, GA

02320500 Suwannee
R at Branford, FL

02366500
Choctawhatchee
R nr Bruce, FL

04 Great Lakes

04056500 Manistique
Rnr Manistique, MI
04073500 Fox R
at Berlin, WI
04121500 Muskegon
R at Evart, MI
04198000 Sandusky
R nr Freemont, OH
05 Ohio

03049500 Allegheny
R at Natrona, PA
03086000 Ohio R
at Sewickley, PA
03374000 White R
at Petersburg, IN
03377500 Wabash R
at Mt Carmel, IL
06 Tennessee

03528000 Clinch R
above Tazewell, TN
07 Upper Mississippi
05340500 St Croix
R at St Croix
Falls, WI

14,666

3,671

1,610

5,778

1,957

29,927

4,132

3,179
7,223
35,209
20,400

11,350

2,848
3,469
3,754

3,239

29,539
50,483
28,801

74,133

3,816

16,155

1927-2007

1935-2007

1904-2007

1913-2007

1912-2007

1930-2007

1908-2007

1930-2007

1939-2007

1932-2007

1932-2007

1931-2007

1938-2007

1898-2007

1934-2007

1925-2007

1939-2007

1934-2007

1928-2007

1928-2007

1919-2007

1910-2007

~0.00417 (0.92)

—0.03530 (0.12)

~0.00356 (0.83)

~0.00034 (0.98)

~0.00923 (0.28)

+0.03676# (0.06)

~0.00533 (0.72)

~0.01452 (0.57)
~0.06704 (0.14)
~0.04893* (0.003)
~0.04216 (0.22)

~0.05509% (0.10)

+0.02247 (0.43)
~0.02960* (0.03)
+0.01712 (0.20)

+0.01591* (0.0002)

+0.14667* (1.22E-8)
+0.11525* (6.67E-8)
+0.06064* (8.66E-5)

+0.06605* (2.21E-6)

~0.00391 (0.73)

+0.04581* (0.001)

~0.02265 (0.69)

~0.03343 (0.19)

+0.02748 (0.37)

+0.03437 (0.14)

+0.01359 (0.34)

+0.03881 (0.12)

~0.00783 (0.79)

~0.03630 (0.30)

~0.07423 (0.11)

~0.05766* (0.004)

~0.08908* (0.03)

~0.06681# (0.10)

+0.02290 (0.44)
+0.02353 (0.46)

+0.00755 (0.62)

+0.01892* (0.001)

+0.14480* (3.69E-8)
+0.11073* (6.04E-6)
+0.06933* (0.0008)

+0.07073* (0.0001)

+0.01236 (0.45)

+0.00971 (0.70)

~0.10070 (0.30)

~0.07457# (0.09)

+0.05303 (0.29)

+0.03758 (0.22)

+0.03014 (0.16)

+0.08103* (0.04)

+0.08067* (0.05)

~0.05086 (0.24)
~0.02202 (0.76)
~0.05820# (0.07)
~0.08125 (0.19)

—0.00300 (0.96)

+0.03681 (0.46)
+0.10044# (0.06)

+0.00236 (0.92)

+0.02977* (0.003)

+0.13437* (0.0008)

+0.13649* (0.0002)

+0.06582* (0.05)

+0.07874* (0.009)

+0.04228# (0.08)

+0.00786 (0.84)

~0.20511 (0.24)
~0.07679 (0.48)

~0.09946 (0.59)

+0.28063 (0.13)

+0.00658 (0.96)

~0.03170 (0.89)

~0.22429 (0.35)

+0.18540 (0.49)
~0.43765 (0.16)
~0.04317 (0.67)
~0.18930 (0.41)

~0.14862 (0.52)

~0.15905 (0.43)
~0.24327 (0.38)
~0.27098* (0.03)

~0.01461 (0.79)

+0.26514 (0.13)
+0.10613 (0.57)
+0.02362 (0.88)

~0.05538 (0.71)

~0.08151 (0.56)

~0.02019 (0.90)
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Table 1 (continued)

Trend 1940-2007

Trend 1951-2000

Trend 1988-2007

Station name Area Period Trend period
(km?)  of record of record
05446500 Rock R 24,721 1940-2007 +0.11858%* (1.36E-5)
near Joslin, IL
05464500 Cedar R 16,854 1903-2007 +0.05454* (0.0001)
at Cedar Rapids, 1A
05527500 Kankakee R 13,333  1915-2007 +0.03615* (0.01)
near Wilmington, IL
08 Lower Mississippi
07029500 Hatchie 3,832 1930-2007 +0.06262* (0.0001)
R at Bolivar, TN
07290000 Big Black 7,280 1939-2007 +0.02388* (0.002)
R nr Bovina, MS
07363500 Saline 5,442 1938-2007  —0.00212 (0.67)
R nr Rye, AR
07378500 Amite R nr 3,314 1939-2007  —0.00989 (0.65)
Denham Springs, LA
09 Souris-Red-Rainy
05062000 Buffalo 2,692  1931-2007 +0.01618* (9E-05)
R nr Dilworth, MN
05107500 Roseau 3,158 1929-2007  +0.00548 (0.19)
R at Ross, MN
05131500 Little Fork 4,479 1929-2007  +0.02260 (0.13)
R at Littlefork, MN
10 Missouri
06191500 Yellowstone 6,791 1911-2007  +0.00148 (0.92)
R at Corwin Springs, MT
06337000 Little 21,514 1935-2007  —1.81E-5 (0.97)
Missouri R nr
Watford City, ND
06452000 White R nr 26,407 1929-2007 +0.00149%# (0.08)
Oacoma, SD
06485500 Big Sioux 21,809 1929-2007 +0.03253* (1.57E-5)
R at Akron, IA
06800500 Elkhorn 17,863  1929-2007 +0.03088* (0.0002)
R at Waterloo, NE
06933500 Gasconade 7,352 1923-2007  —0.00513 (0.65)
R at Jerome, MO
11 Arkansas-White-Red
07068000 Current R 5,276  1922-2007  +0.01377 (0.54)
at Doniphan, MO
07186000 Spring R 3,013 1925-2007  —0.00250 (0.78)
near Waco, MO
07196500 Illinois R 2,483 1936-2007 +0.03797* (0.04)

nr Tahlequah, OK

+0.11858* (1.36E-5)
+0.09735* (0.0008)

+0.03992# (0.10)

+0.07087* (0.0008)
+0.02307* (0.004)
~0.00420 (0.42)

~0.01554 (0.49)

+0.01277* (0.01)
+0.00241 (0.67)

~0.00438 (0.82)

+0.03186 (0.17)

~0.00054 (0.39)

+0.00114 (0.31)
+0.03317* (0.0009)
+0.02674* (0.012)

~0.01474 (0.37)

+0.02744 (0.37)
+0.00176 (0.87)

+0.02613 (0.20)

+0.16815* (0.0002)
+0.13721* (0.006)

+0.07826# (0.07)

+0.11253* (0.001)
+0.02637* (0.03)
~0.00333 (0.68)

+0.04510 (0.23)

+0.01375* (0.04)
+0.00072 (0.94)

+0.03927 (0.21)

+0.06445# (0.08)

+0.00116 (0.24)

+0.00496* (0.009)
+0.05963* (0.0007)
+0.05018* (0.006)

+0.02233 (0.41)

+0.09526* (0.05)
+0.03209* (0.03)

+0.06567* (0.05)

+0.07090 (0.75)
+0.07466 (0.77)

~0.24289 (0.18)

~0.18164 (0.23)
+0.01898 (0.69)
~0.04420# (0.07)

—0.38548* (0.0003)

+0.07683* (0.03)
+0.06466* (0.04)

~0.06820 (0.58)

~0.02385 (0.89)

+0.00208 (0.62)

~0.00965 (0.34)
~0.04204 (0.64)
~0.04103 (0.68)

~0.19295* (0.002)

~0.29487# (0.07)
~0.06494 (0.41)

~0.11346 (0.15)

GW storage trends (units in millimeters per year). An asterisk indicates a trend value for which the probability of being different from zero is at

least 0.95, and a number sign (or hash) a probability of at least 0.90. The corresponding p values are shown in parentheses

the Rock River basin (drainage area 4=24,721 km?), with
the evolution of the average values of the lowest water table
heights (17) (in meters with the ground surface as reference)
at four well stations distributed over the same area in
Illinois, for the period 1965-2000. The two trend lines,
obtained by linear least squares regression, are dyp,/dt=
0.00404 mm d'a”' and d(n)/dt = 10.423 mm a~'; the
correlation coefficient between the two time series is p=
0.808. This good agreement at the basin scale provides
validation of the method used in the present study. As an
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aside, these two trends depicted in Fig. 2 also allow the
determination of the large-scale drainable porosity, as
follows
ds/dt
He = ————
d(n)/dt
which in the present case with Eq. 2 and K=45 days, yields
immediately n,=0.0174; this value is fairly typical for basin-
scale analyses, and it is of the same order as values obtained
elsewhere (e.g. Brutsaert and Lopez 1998; Brutsaert 2008).

(6)
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Fig. 1 Water Resources
Regions east of the Rocky
Mountains in the conterminous
United States considered in this
study, and listed in Table 1.
(From Seaber et al. 1987)

T.

4 Analysis and results

The trends of groundwater storage (dS/df) were calculated
as described in Sections 2.2 and 2.3 for several different
periods, namely the period of record of each individual
station, the past two-third century 1940-2007, the second
half of the twentieth century 1951-2000, which is often
used as a benchmark in climate studies, and the most recent
20 years 1988-2007. The results are shown in Table 1 for
the 41 basins investigated. As a summary, in Table 2 the
average trends weighted by drainage area are shown for
each of the 11 water resources regions.

It can be seen in Tables 1 and 2 that in nine out of the 11
water resources regions the trends in groundwater storage
over the past 2/3 century are positive; the same holds true
for the trends over the second half of the twentieth century.
The strongest positive trends were obtained for the Ohio,
and the Upper Mississippi regions. Also positive, but
somewhat weaker, are the trends observed for the Mid
Atlantic, the Great Lakes, the Tennessee, the Lower
Mississippi, the Souris-Red-Rainy, the Missouri, and the
Arkansas-White-Red regions. The selected basins in the
northern New England and the South Atlantic-Gulf regions
had generally negative trends over these same two periods.

1 - T
08| ]
L 1-4
0.6 +
Y7 L <>
0.4 +
: -5
0.2 1 ]
0 [ N T T I N | % N T T I N | % N T T I N | % N T T I N | . _6
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Fig. 2 Comparison of the evolution of the annual lowest 7-day flows
y7=017/4 (in millimeters per day) of the Rock River near Joslin,
Ilinois, (circles) (basin area A=24,721 km?), with the evolution of the
average values of the lowest water table heights (n) (in m with the
ground surface as reference) at four well stations distributed over

the same area in Illinois (triangles). The two trend lines are obtained
by linear least squares regression. The trends are dyp,/dt=
0.00404 mm d'a”' and d(n)/dt = 10.423 mm a~!; the correlation
coefficient between the two time series is p=0.808
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Table 2 Average groundwater ] ] N

storage trends (in millimeters Water resources region Investigated area (km”) 1940-2007 1951-2000 1988-2007

per year), derived by area-

weighting the values shown in 01 New England 19,947 —0.0206 —0.0835 -0.1730

Table 1 02 Mid Atlantic 41,794 0.0324 0.0726 —0.0058
03 South Atlantic-Gulf 77,361 —0.0680 —0.0525 -0.1246
04 Great Lakes 13,310 0.0178 0.0420 —-0.1774
05 Ohio 182,956 0.0935 0.1016 0.0534
06 Tennessee 3,816 0.0124 0.0423 —0.0815
07 Upper Mississippi 71,063 0.0740 0.1075 —0.0078
08 Lower Mississippi 19,868 0.0184 0.0380 —0.1045
09 Souris-Red-Rainy 10,329 0.0022 0.0208 0.0102
10 Missouri 101,736 0.0130 0.0290 —0.0338
11 Arkansas-White-Red 10,772 0.0200 0.0708 —0.1887

Remarkably however, more recently over the past 20 years
most, namely 29 out of 41 or 71%, of the stations
underwent negative trends. The maximal values of these
most recent negative trends are of the order of -0.2 mm a .

How reliable are these results? Table 1 shows also that
27 of the 41 basins have one or more trends which are
significant at the 0.05 level, and an additional four basins
which have at least one trend significant at the 0.10 level.
This means that for one quarter of the basins the observed
trends are only marginally significant or not at all. On the
other hand, within each water resources region the trends
for any given period are by and large either mostly all
positive or mostly all negative; this consistency should
provide some additional confidence in the general validity
of the observations in the previous paragraph. The basins
with the most significant trends are mostly those in the
Ohio and the Upper Mississippi regions. These two are also
the regions with some of the largest positive trends in the
second half of the twentieth century.

As an example of a positive trend, in Fig. 3 the annual
7-day low flows are shown for the Cedar River, at Cedar
Rapids, lowa, in the Upper Mississippi Region; this station is
of some interest, because it has the longest record, having
been in operation for more than a century. It can be seen that
the long-term trend from 1903 through 2007 is quite strong
and, as indicated in Table 1, significantly different from zero.
However, the figure also shows that the intermediate trends
over shorter periods of the order of 20 to 25 years can
assume many different values, positive or negative depend-
ing on the selected period. This illustrates climate variability
and underscores the fact that it is hazardous to draw definite
conclusions regarding the severity or persistence of a drought
on the basis of only two or three decades of data. As shown
in Table 1, the total storage change over the 105-year period
of record amounts to about 5.73 mm of water; according to
Eq. 6 this would be equivalent with an average water table
rise of 0.328 m, i.e. around 1 ft in a century, if for this
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example the typical drainable porosity value of 7,=0.017,
derived from Fig. 2, were adopted.

As an example of a persistently negative trend, Fig. 4
displays the annual lowest groundwater storage values for the
Altamaha River at Doctortown, Georgia, in the South Atlantic-
Gulf Region. Also at this station, the long-term trend over the
period of record 1932-2007, namely —0.0489 mm a ', is quite
pronounced and different from zero at the 0.05 significance
level. This amounts to a total loss of 3.72 mm of water over
76 years, which according to Eq. 6 would be equivalent with
an average water table drop of approximately 0.22 m if, again
for the sake of illustration, the typical large-scale drainable
porosity value of 0.017 were adopted.
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Fig. 3 Evolution of the annual lowest 7-day flows y;;=0;+/4 in
millimeters per day of the Cedar River at Cedar Rapids, Iowa, in the
Upper Mississippi Region. The long straight line represents the
regression over the period of record 1903-2007, and indicates a
significantly (p=0.006) positive trend dyy -/dt=+0.00121 mm d " a .
The short straight line segments are the regressions over the indicated
periods. The upstream drainage area at this gaging station is 4=
16,854 km?>
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Fig. 4 Evolution of the annual lowest groundwater storage S in
millimeters above the zero-flow level over the past 3/4 century in the
Altamaha River basin upstream of Doctortown, Georgia (with K=
45 days), in the South Atlantic-Gulf Region. The straight line represents
the regression over the period of record 19322007, and indicates a
significantly (p=0.003) negative trend dS/dr=0.0489 mm a'. The
upstream drainage area at this gaging station is 4=35,209 km?

5 Discussion

The trends observed here for groundwater storage are
consistent with those observed over the past half century
in previous studies of overall water availability and of other
measured components of the hydrologic cycle. Thus, the
major terms in the hydrologic budget are demonstrated to
have generally increased over large portions of the United
States east of the Rocky Mountains, except in the coastal
southeast and perhaps in a small area in the northeast as
well. This was certainly the case of precipitation and
surface runoff, for which most previous data analyses also
appear to indicate that the observed increases were largest
over the Upper Mississippi basin and in regions adjacent to
the Great Lakes, and that they were most pronounced for
fall precipitation and for the annual low flows (e.g. Lins
and Slack 1999, Fig. 2; Lawrimore and Peterson 2000,
Fig. 1; Groisman et al. 2004, Fig. 6, Table 5; Small et al.
2006). Similar conclusions were obtained in simulation
studies. For instance, drought conditions on the basis of
modeled runoff and soil moisture were found generally to have
decreased in the eastern USA, except broadly in the southeast
and in sections of Missouri (Andreadis and Lettenmaier 2006,
Figs. 3 and 4); a model-based analysis of observed
precipitation increases from 1948 to 2004 was found to
result in positive trends in both runoff and evapotranspiration
over the Mississippi basin (Qian et al. 2007).

Also evaporation is generally agreed to have mostly
increased over the past 50 or so years. No long-term direct
measurements are available of terrestrial evaporation, but all
indirect estimates indicate that it has increased over major
areas of the eastern United States. Probably most relevant in

the present context are the trend estimates based on those of
pan evaporation. Indeed, it is now generally accepted that
under a wide range of natural conditions, evaporation from
pans tends to exhibit a complementary relationship with actual
terrestrial evaporation (e.g. Brutsaert and Parlange 1998;
Kahler and Brutsaert 2006; Brutsaert 2006). Accordingly,
several studies have shown that the trends of terrestrial
evaporation have been positive over most of the eastern
United States, except not only in major portions of the
southeast (Lawrimore and Peterson 2000, Fig. 1) but perhaps
also, albeit to a less significant extent, in the northeast
(Golubev et al. 2001, Table 1; Hobbins et al. 2004, Fig. 2b).
Water budget-based estimates of terrestrial evaporation, as
the difference between precipitation and runoff, are generally
in agreement with these pan-based findings for the Mis-
sissippi basin (Milly and Dunne 2001) and for several other
large river basins in the conterminous United States, but
somehow not for the southeast (Walter et al. 2004), in
contrast with the aforementioned pan-based studies.

The strongest and most significant positive long-term trends
in groundwater storage shown in Tables 1 and 2 occurred in
the Upper Mississippi and Ohio regions. However, these
changes may not be solely the result of climate change. This
was brought out in Potter’s (1991) analysis of peak and daily
river flow data in a watershed in the Driftless Area of
southwestern Wisconsin; this showed that since 1940, peak
flows had been decreasing while baseflow had been
increasing. It was determined that these changes were not
likely due to climatic changes, reservoir construction, or land
use changes, but instead probably to the adoption of various
soil conservation practices, such as gully control and different
tillage methods. These observations were largely confirmed
by Juckem et al. (2008) who noted, that in the same Driftless
Area baseflow increases, which were accompanied by
decreased stormflow volumes, were somehow larger than
what could be expected by concurrent changes in precipita-
tion; thus it was concluded that the positive changes in
baseflow were not the result only of climatic changes but
were likely amplified by land management practices.

As can also be seen in Tables 1 and 2, the basins in the
Missouri and Arkansas-White-Red regions have generally
weaker trends than the other regions with positive ground-
water storage trends, such as the Ohio and Upper Mississippi
regions; in fact, some basins in these regions listed in the
tables even display negative trends. One, among possibly
other reasons for the relatively smaller positive trends, may
be the fact that a few percent of the areas of these regions are
occupied by the High Plains (or Ogallala) aquifer. This
aquifer has a total area of roughly 450,000 km?, and between
1950 and 2005 it has provided some 311 km® in irrigation
water (e.g. McGuire 2007); this amounts to a groundwater
outflow rate on the order of 12.3 mm a ' over the entire area
of this aquifer. Nevertheless, although this drawdown has
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had severe local repercussions, as the present results indicate,
the climatic implications of the Ogallala aquifer drawdown
have been less pronounced.

The present results and also the analyses of evaporation by
Golubev et al. (2001, Table 2) and Hobbins et al. (2004,
Fig. 2b) indicate that, beside the southeast, there may also be
a small area with a slowing hydrologic cycle in the extreme
northeastern part of the United States. While the trends in the
latter region may not be significant in the usual sense, they
are certainly consistent with the findings of a 10% decrease
from 1964 to 2003 in the total annual river discharge to the
Arctic and North Atlantic Oceans in Canada by Dery and
Wood (2005) and with the identification of an apparent
dipole-like pattern in annual precipitation variations from
1948 to 2003 by Jutla et al. (2006) over eastern North
America between 30°N and 60°N. In other words, it appears
from these studies that over the past 50 years annual
precipitation has been increasing in the eastern United States
and decreasing in southeastern Canada with, as the present
results indicate, conceivably a small spill-over of this
decrease into Maine. The analysis of Jutla et al. (2006)
further raised the possibility that this anticorrelation in
positive and negative trends along the Eastern seaboard
might be influenced by sea surface temperature anomalies in
the adjacent areas of the Atlantic Ocean.

6 Conclusions

A method, proposed by Brutsaert (2008), was implemented
herein to infer groundwater storage changes in the eastern
half of the conterminous United States, by means of river
flow measurements in a number of large river basins. The
41 selected basins, which were all free of human dis-
turbances, were taken large enough, that is at least some
2,000 km?, in order to be representative for their respective
water resources regions, and in order to justify adoption of
a typical value of the drainage time scale of 45 days in the
calculations. The method can be considered to be reliable
because in the earlier study (Brutsaert 2008), it had already
been shown to produce excellent results compared to local
groundwater level measurements in two basins in Illinois.
It was found that groundwater storage has generally been
increasing during the past 2/3 century, and perhaps even
longer, in the United States east of the Rocky Mountains.
The strongest and most significant trends, which were of the
order of 0.1 mm a 2, were observed in the Ohio and Upper
Mississippi regions. Weaker and less significant trends, but
still generally positive and on average mostly of the order
of 0.02 to 0.03 mm a 2, were observed in the Mid Atlantic,
the Great Lakes, the Tennessee, the Lower Mississippi, the
Souris-Red-Rainy, the Missouri, and the Arkansas-White-
Red regions. Generally, negative trends were obtained in
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the South Atlantic-Gulf and to a lesser extent in the New
England regions. Noteworthy is that most recently, from
1988 to 2007, in 29 out of 41 basins or in 71%, the
observed trends were negative; more than half of the
exceptions, that is, the basins which persisted with positive
trends during the past 20 years, tended to lie in the Ohio
and Upper Mississippi regions; but the most significant
positive trends during this recent period were observed in
the Souris-Red-Rainy region in northern Minnesota.

The present results on groundwater storage are fully
consistent with previous studies dealing with changes of
other measures of hydrologic cycle activity, namely with the
trends in precipitation, total surface runoff, and terrestrial
evaporation. The consensus of these studies is that the water
cycle has generally been accelerating during the past half
century over most of the United States east of the Rockies,
the two major exceptions being the South Atlantic-Gulf
region and possibly also a smaller area in New England.
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