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A B S T R A C T

Moving water can transport temperature signals of surface water into groundwater or vice-versa. We analyzed
the temperature signals in the atmosphere, river, and pumped water to elucidate source water contributions to
the pumping wells from the ambient groundwater and the river. Temperature fluctuations in response to high-
frequency intermittent pumping were observed from February 2014 to August 2016 in 14 wells within three
shallow unconfined alluvial aquifers along the Ohio River. The groundwater temperature observed in pumping
wells displayed two alternating signals between pump-on and pump-off periods. The difference in groundwater
temperatures between pump-on and pump-off periods was defined as a temperature shift. Temperature shifts
indicate that pumping always introduces water of different temperature to the wells than that of the ambient
groundwater. While seasonal pump-off temperatures varied up to 3.2 °C, the short-term temperature shifts
ranged from 0.2 to 2.5 °C. Groundwater was generally warm in winter and cold in summer, but pumped water
was of lower temperature in winter and higher in summer than the ambient groundwater. However, the
pumping-induced temperature shifts were highest in summer and winter and lowest in spring and fall because
groundwater temperature lagged that of surface water by approximately six months. The thermal transfer ve-
locity in groundwater was more than one order magnitude higher during pumping than that during the recovery
periods. High-frequency pumping changed produced-water temperature and increased the thermal transfer
velocity in the groundwater. These results indicate that stream exfiltration is a major component of the water
budget to a number of these wells. Thermal analysis reveals that the temperature of pumped water can trace
source water to the pumping wells. This thermal approach for estimating the source of pumped water works best
when groundwater temperature variation is seasonally large.

1. Introduction

Public water supply (PWS) systems are mostly developed in un-
confined shallow aquifers to intercept induced infiltration from surface
water bodies, like streams, rivers, or lakes. Pumping groundwater
continuously from an alluvial aquifer for a long time could induce
surface water into an aquifer influencing the water quality of the
aquifer (Brunke and Gonser, 1997; Barlow and Leake, 2012). Pumping
could also alter surface and/or groundwater budgets by reducing or
even eliminating baseflow to a gaining stream (Chen and Yin, 2001;
Sophocleous, 2002). Most PWSs operate pumps intermittently and at
high frequencies influencing groundwater flow path and velocity
(Spane and Mackley, 2011; Walker, 2001). Sheets et al. (2002) ob-
served that groundwater flow to production wells had shorter and more

consistent travel times under continuous rather than intermittent
pumping. Both styles of pumping may deplete streamflow (Jenkins,
1968) but in different fashions (Wallace et al., 1990). Surface water
exfiltration is not limited to pumping but may also be driven by rise in
river stage due to either flooding or stream regulation (Lewandowski
et al., 2009; Maharjan and Donovan, 2016).
Heat can transfer between the surface and subsurface via the com-

bination of radiation, conduction, and advection/convection
(Constantz, 2008). Solar radiation to the Earth causes diurnal and an-
nual temperature oscillations which can be used as source signals, in
spite of different temporal sensitivity and signal propagation depths
(Stonestrom and Constantz, 2003; Rau et al., 2014). Suzuki (1960)
pioneered a passive heat-tracing method to estimate percolation rates
based on temperature measurements. Stallman (1965) improved this
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method and used the damping of temperature amplitudes and the phase
shift to calculate vertical groundwater flows. These methods assumed
uniform thermal conductivity and constant flow rates, which constrains
using these methods to homogeneous and saturated flow systems.
Heat transport in saturated porous media is influenced by surface

temperature fluctuations, thermal properties of the medium and fluid,
and seepage velocity (Constantz, 2008). The amplitude of thermal
signal decreases and lag time increases with increasing depth or dis-
tance from the stream (Bartolino, 2003). Both attenuation and delay of
temperature oscillations depend on heat capacities, thermal diffu-
sivity, and seepage velocity (Lachenbruch and Sass, 1977; Deming,
2002; Luce et al., 2013). Surface temperature tends to penetrate to
greater depth where groundwater flow is downward and the opposite
is true where groundwater flow is upward (Taniguchi, 1993;
Bendjoudi et al., 2005).
Moving water can transport temperature signals of surface water

into groundwater or vice-versa. Therefore, heat has been extensively
used to trace advective fluid flow through porous media (Lapham,
1989; Silliman and Booth, 1993; Constantz et al., 1994; Constantz,
1998; Stonestrom and Constantz, 2003; Anderson, 2005; Blasch et al.,
2004; Constantz, 2008; Rau et al., 2010; Lautz, 2012; Brookfield and
Sudicky, 2012; Wilson et al., 2016). Temperature time-series have
been used in heat transport models to quantify the rate of groundwater
and surface water exchanges (Essaid et al., 2008; Anibas et al., 2009;
Kurylyk and Irvine, 2016) and their spatial and temporal variabilities
(Schmidt et al., 2006; Jensen and Engesgaard, 2011; Lautz and
Ribaudo, 2012). Molina-Giraldo et al., (2011) modeled the propaga-
tion of temperature signals into an aquifer from a partially penetrating
losing stream. Most of these studies were performed in hyporheic
exchange zones and measured vertical temperature variations beneath
streambeds to depths< 2m. However, heat transport in a bank sto-
rage zone (> 100m) has been less studied for a gaining stream under
the natural hydraulic gradient. Thermal behavior of groundwater has
potential to shed light on groundwater and surface water connectivity
and exchange rates in the bank-storage zone that has both economic
and ecological significance when considering the issues of water
quality and quantity in rivers. We investigated the impact of inter-
mittent pumping on groundwater temperature in connection to stream
exfiltration using high-frequency temperature time-series data col-
lected in the atmosphere, shallow unconfined aquifers, and a leaky
stream. We hypothesize that, if pumping induces surface water to
exfiltrate into the shallow aquifers, then the temperature of produced
water would diverge from the ambient groundwater temperature,
provided that the temperature of exfiltrated water has significantly
different thermal signature from that of other sources of water to the
pumping wells.

2. Study sites

The study area is a series of discontinuous gravel aquifers along the
Ohio River Valley of West Virginia, tapped by wells in three PWS sys-
tems: New Martinsville, Glen Dale, and McMechen (Fig. 1). The Pleis-
tocene-age Ohio River incised bedrock of Permo–Pennsylvanian age to
form the modern valley (Prellwitz, 2004). Quaternary sediment filled
its valley with unconsolidated sand, gravel, silt, and clay (Simard, 1989;
Rogers, 1990). The basal portion of the valley is composed of coarse-
grained gravel underlain by finer sediments. Quaternary-age terraces
form the land surface as floodplain deposits, which also extend up the
major tributaries.
Groundwater in McMechen, Glen Dale, and New Martinsville is

intermittently pumped at approximately 6000, 2000, and 8000m3/day,
respectively, using combinations of 11 wells completed near the base of
the aquifer. McMechen has four concurrently-pumped wells in two rows
nearly parallel to the river. Glen Dale has four observation and two

production wells, pumped intermittently one at a time with weekly
rotation. New Martinsville has five pumping wells, of which two (N4
and N5) alternates their operation and the other three are pumped si-
multaneously.
The south-flowing Ohio River forms nearly-level pools along the

channel. Hannibal Locks and Dam at New Martinsville forms a 68-km
long pool which is adjacent to 11 of the 14 wells. Wells are 70 to 160m
distant from the river in McMechen, 110 to 250m in Glen Dale, and 90
to 270m in New Martinsville. The New Martinsville well field has three
wells (N1, N2, and N3) from 750 to 1600m downstream of the dam and
two (N4 and N5) 1500 to 1600m upstream of it. Table 1 summarizes
locations and characteristics of pumping and observation wells em-
ployed.

3. Methods

Groundwater temperatures and water levels response to inter-
mittent pumping were measured in the 14 wells using data logger-
coupled sensors. Data were collected at one-minute intervals from
February 2014 to February 2016 and then at hourly intervals until
August 2016. Also during this period, air temperature was measured in
a well casing (Well G4) with the sensor 1.52m below ground surface.
15-minute-interval stream temperature was compiled from January
2014 to November 2016 from a gaging station in Montgomery Pool, 60
miles upstream from Glen Dale along the Ohio River. The pressure
transducers used in wells were of two kinds (i) vented Global Water®
WL-16 and (ii) sealed Onset® U020 models. The sealed loggers were
used in unpumped outdoor wells in the Glen Dale PWS. The vented
transducers have pressure and temperature accuracy of± 1 cm
and±0.28 °C; the sealed ones are± 3 cm and±0.44 °C. The loggers
were downloaded monthly and converted to hydraulic heads using
standard techniques (Weight and Sonderegger, 2001). Water level
below the top of casing was measured periodically with an electric tape
(± 5 mm) to verify transducer readings.
Fig. 2a shows schematic flow lines in a hypothetical unconfined

alluvial aquifer with a single pumping well at distance L from a stream.
A pressure/temperature sensor is shown set in the well at depth z below
ground surface. A cone of depression is shown to have developed in
response to pumping intercepting the river boundary and inducing
exfiltration. Fluid flow to the well is dominantly horizontal in the
screened interval and dominantly vertical above it perhaps due to an-
isotropy of aquifer materials.
Fig. 2b illustrates hypothesized heat-transfer mechanisms in the

aquifer of Fig. 2a. The surface and subsurface temperatures differ and
fluctuate seasonally. Changes in subsurface temperature are slow and
form nearly-horizontal isotherms in this conduction zone. Ground-
water entering the well by advection from the river may reflect stream
temperature rather than that of the aquifer surface (single-headed
arrow).
Many studies have determined groundwater flow rates using a one-

dimensional conduction-advection heat transport equation for a half-
space geometry (Stallman, 1965; Anderson, 2005; Molina-Giraldo et al.,
2011)

D T
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q T
z

T
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2

2 =
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where
T is temperature that varies with depth (z) and time (t)
De is effective thermal diffusivity
q is Darcy’s velocity in vertical direction

C
C
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Fig. 1. Site map of McMechen, Glen Dale, and New Martinsville PWS systems (Stars) showing wells (numbered circles) along the Ohio River with lock and dams
(Dots). Abbreviations: Pd=Dunkard Group (Permian); Qal=Quaternary alluvium; SP= sewage plant (circles); WTP=water treatment plant (rectangles).

Table 1
Well characteristics, lag times (τ), and temperature shifts observed in 14 wells at the 3 PWSs.

PWS Wells TOC (m) Q (m3/day) SWL (m) Z (m) L (m) τ (days) STS (°C) PITS (°C) Avg. T (°C) De amp (cm2/s) De lag (cm2/s) VT (cm/day)

New Martinsville N1 192.0 1900 181.1 11.7 270 200 0.6 0.2 12.5 0.01 0.01 6
N2 192.6 1600 180.9 12.8 250 180 0.8 0.4 13.3 0.01 0.02 7
N3 196.0 2200 182.9 17.5 90 190 3.2 2.5 13.7 0.07 0.03 12
N4 195.4 2600 189.2 8.5 105 140 2.0 0.7 12.6 0.01 0.01 6
N5 197.5 2200 189.1 13.7 270 200 1.6 0.6 11.7 0.02 0.02 8

Glen Dale G1 199.6 2100 190.3 15.1 140 220 0.9 0.2 12.1 0.02 0.02 7
G2* 199.0 2100 189.9 14.6 150 – – – – – – –
G3 204.5 N/A 193.5 15.1 250 280 0.7 – 12.3 0.02 0.01 6
G4 203.9 N/A 191.0 19.8 230 0 0 – 14.7 – – –
G5 197.2 N/A 190.5 8.5 110 155 1.6 – 14.8 0.01 0.01 5
G6 218.5 200 215.5 10.2 N/A 160 2.8 – 12.9 0.02 0.01 7

McMechen M1* 202.0 1200 189.0 19.8 150 – – – – – – –
M2* 202.1 1600 188.9 16.1 160 – – – – – – –
M5 197.3 1800 188.9 14.2 70 205 3 0.3 14.1 0.04 0.02 9
Riv N/A N/A N/A N/A 0 30 28.0 – 14.0 – – –

Air 203.9 N/A N/A 1.7 230 15 20.0 – – – –

* Thermal data unavailable; TOC= top of casing elevation; Q= average pumping rate; SWL= static water level; z= sensor depth; L=well distance from a
stream; τ = Lag time; STS= seasonal temperature shift; PITS= pumping-induced temperature shift; T= groundwater temperature inside the well casing; De
amp= thermal diffusivity calculated using amplitude; De lag= thermal diffusivity calculated using lag time; VT=Velocity of thermal front due to conduction only.
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and w represent density of the respective fluid-sediment matrix
and the fluid. Similarly, C and Cwrepresent specific heat capacity of
fluid-sediment matrix and fluid, respectively. Bulk heat capacity ( c) is
a volume-weighted sum of the heat capacities of water, sediment, and
air (Woodside and Messmer, 1961). We considered advection as the
transport of heat by moving water through porous media caused by
pressure gradients, while conduction as heat transport through the se-
diment-fluid matrix by vibrating atoms.
The cyclic temperature variations at the surface of the Earth can be

defined by Eq. (3).

T A tcos( )= (3)

where
T is temperature at the upper boundary (°C),
A is amplitude of annual temperature variations at the upper

boundary (°C),
is angular frequency ( = 2π/P)

P= period in days, and
t is time (days)
The solution to Eq. (1) with periodic variations in temperature at

the surface of the half-space defined by Eq. (3) is (Stallman, 1965;
Hatch et al., 2006)
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where v is the effective thermal velocity of advective heat transport and
is function of fluid velocity, porosity, and thermal properties of water
and soil;
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Eq. (4) reduces to Eq. (6) when advection component is absent. Eq.
(6) defines heat flow in a subsurface by conduction (Carslaw and
Jaeger, 1959). The exponential term of Eq. (6) determines damping of
the amplitude of temperature variations with depth, while the second
term of the cosine within the parenthesis defines the lag time. Similarly,
the temperature fluctuations due to conduction that are propagated into
the solid can be estimated by D2 e (Carslaw and Jaeger, 1959; Luce
et al., 2013). Higher frequency oscillations like daily temperature var-
iations are only detectable at shallow depths, while lower frequency
oscillations such as annual temperature variations are detectable at
greater depths.
Thermal properties of an aquifer can be estimated using Eq. (3) by

matching observed annual temperature variations at depths without
considering the effects of intermittent pumping. For simplicity, we as-
sumed conduction was the dominant mechanism of heat transport at an
annual scale, although advection could also contribute to heat flow,
during recharge events. However, Maharjan and Donovan (2016)
showed that lateral flow dominated vertical flow in such aquifers even
during the recharge events where the layers of clay and silt occur in the
vadose zone. The model was adjusted in accordance with the observed
data to estimate lag times (τ days) and seasonal temperature shifts (STS
°C), twice the amplitude of temperature fluctuations and the results
were presented in Table 1. High-frequency intermittent pumping
caused both water level and temperature to fluctuate inside the wells.
Water level responses to intermittent pumping were significantly
quicker than temperature response inside the wells. Hence only the
short-term temperature variations due to pumping, were modeled using
Eq. (7).

T a bt cexp( )= + (7)

where T is temperature variations inside wells during pumping or
recovery periods (°C); t is time in minutes; a, b, and c are amplitude
(°C), decay constant (1/min), and stable temperature at the end of the
modeled durations (°C), respectively. Here, we defined a recovery

Fig. 2. A conceptual geological cross-section of the Ohio River valley with (top) a pumping well and associated flow lines and (bottom) inferred primary heat
transport mechanisms.
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period as the time in between two successive intermittent pumping
periods, that is usually less than a week.
Temperature variations due to pumping and recovery were manu-

ally sampled only for wells N4 and N5 from two and half year-long time
series because static water levels in these wells did not fluctuated sig-
nificantly in comparison to other wells throughout the year. Pumping
periods were generally shorter in length than the recovery periods for
all the wells. 63 (38 pumping and 25 recovery) and 78 number of
samples (52 pumping and 26 recovery) were randomly collected for
Wells N4 and N5, respectively over the study period. Fit parameters to
the datasets were estimated using a curve fitting toolbox in MATLAB®
with a 95% of confidence limit (Fig. 3).

4. Results

4.1. Observed water level and temperature

Observed water-level variations during pumping of well M5 from
May 2014 to August 2016 are shown as light-grey bands (Fig. 4). This
well was intermittently pumped at high frequency followed by 8- to 10-
minute pump-off periods, generally too brief to be discernible at the
scale of Fig. 4. Labels 1 (upper edge of light-grey bands) and 2 (lower
edge) indicate non-pumping (pump off) and pumping (pump on) water
levels, respectively. The separation between Labels 1 and 2 (i.e. the
height of the light-grey band) is drawdown due to pumping, i.e. the sum
of aquifer and well losses. The magnitude of this drawdown was

Fig. 3. Fit parameters (a, b, and c) to pumping and recovery datasets estimated using a curve fitting toolbox in MATLAB® with a 95% of confidence limit.

Fig. 4. Temperature variations (dark grey) superimposed on seasonal fluctuations in water level (light grey) for well M5 between May 2014 and August 2016.
Symbols and labels are explained in text.
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Fig. 5. Seasonal oscillations of river temperature (dashed line) and air temperature (solid line) at well G4.

Fig. 6. High-resolution PITS indicated by double arrow heads next to the temperature signals (Black lines) during (a) summer and (b) winter at well N4. Grey line
represents water level inside the well. Scale marks on the time-axes represent one day.
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approximately uniform during the period shown and independent of
seasonal variations in aquifer water level. During pump-off periods (i.e.
Label 1), the water level represents that of the aquifer itself and was
higher in spring than fall. The bottom of the light-grey band represents
aquifer water level less well-loss drawdown. Although not apparent in
this figure, when the pump turns off, the well losses recover within an
hour and the well head re-equilibrates with the surrounding aquifer,
whose level is at all times below stream stage in the vicinity of this well
field. Temperature variations in the well during and after pumping
appear as vertical dark-grey bands (Fig. 4). The period showing no band
represents a data gap (Label 3). Labels 4 and 5 indicate temperatures at
pump-on and pump-off times, respectively. The difference in ground-
water temperatures between pump-on and pump-off period was defined
as a temperature shift. The appearance of temperature as a band is
simply due to high-frequency pumping. The magnitude of temperature
fluctuations generated by such high-frequency pumping was seasonally
non-uniform and highest during summer and winter (double-headed
arrows). High water levels appear to correlate with some (asterisk), but
not all, temperature peaks.
Temperature in this well showed an annual range of 3–4 °C fluc-

tuation with minima in July–October and maxima in February–April.
This annual temperature range during non-pumping in summer and
winter will be referred to as seasonal temperature shift (STS). At much
briefer time scales, the temperature difference between pumping and
non-pumping periods (i.e. the difference between Labels 4 and 5) will
be referred to as pumping-induced temperature shifts (PITS). The
longer-term STS range was approximately 7–20 times higher than
PITS for well M5.Fig. 5 shows river water and air temperature be-
tween January 2014 and November 2016 for Montgomery pool and
well G4, respectively. Air temperature was recorded at 1-minute in-
tervals inside well G4 at 1.52 m below the surface and is a dampened
measure of surface temperature. Both temperatures attained their
maxima in August and minima in February, with an annual range of
28 and 20 °C, respectively. However, river temperature lagged behind
that of air by approximately 15 days. Briggs et al., (2018) noted si-
milar long lag between atmosphere and surface water seasonal tem-
perature signals in selected rivers of the eastern United States and
used process-based thermal modeling to demonstrate that such lags
are indicative of river flow that is predominantly sourced from
shallow aquifers. Both temperatures contain two different periodic
components: (i) a long term, seasonal trend and (ii) a short term,
diurnal trend. Stream temperature is less sensitive to diurnal tem-
perature fluctuations than that of air, which shows diurnal spikes,
especially during summer and winter. The lower sensitivity of stream
temperature and longer lag time to variations in solar radiation is
ascribed to the high specific heat capacity of water, larger volume of
the river water, and the depth at which the temperature was being
measured (Caissie, 2006).
Fig. 6 depicts high-resolution water-level (grey) and temperature

(black) fluctuations at different seasons for well N4. This graphic is
analogous to Fig. 4, but for a different well and at much higher time
resolution. PITS reached its maxima during summer (Fig. 6a) and
winter (Fig. 6b) and its minima during spring and fall (not shown).
The direction of PITS differs in summer from winter. The PITS shift is
negative (cools) during pump-off periods in late spring-summer (ne-
gative re-equilibration), but positive in late fall-winter (positive re-
equilibration). Groundwater recovered to its non-pumping level in less
than an hour but temperature took approximately a week to do so.
Aquifer water level (top of the light-grey band) showed very little
fluctuation, but temperature varied significantly during the study
period.
PITS is represented by double-headed arrows in Fig. 6 and reached

its peak within an hour of the onset of pumping because its temperature
is derived from warmer groundwater entering the well from the basal

gravel aquifer. Following cessation of pumping, temperature recovers
to an ambient condition slowly and exponentially. The temperature
fluctuations within the dashed oval are also PITS but related to high-
frequency pumping. Longer the recovery period, larger the PITS.
However, the magnitude of the PITS is influenced more by season than
by the duration of the recovery period.

4.2. Analysis of observed data

Fig. 7 shows an observed (grey) and modeled (black) temperature
using Eq. (3) between February 2014 and August 2016 for the Ohio
River (on the top of both columns) and 10 wells from 3 PWSs. The
observed temperature variations in both groundwater and surface water
were not perfectly sinusoidal and the amplitudes were not constant
even for the same well from year to year. However, the model captured
seasonal temperature variations in the Ohio River and groundwater at
the 10 wells. The amplitude of temperature variations in surface water
was more than one order magnitude higher than that of groundwater
temperature for majority of the wells. The amplitude and the phase shift
of temperature variations in groundwater was distinctly different from
one well to another depending upon sensor depths and the distance
from a river. The effect of sensor depth and the distance from a river on
the groundwater temperature variations will be discussed later. The
quality of agreement between the model and the observed data varied
widely for different wells, presumably because of phenomena and local
factors not incorporated into the model. However, the model estimated
effective aquifer thermal diffusivities by separately comparing ampli-
tude and lag time estimated using Eqs. (3) and (6). The ranges of
thermal diffusivity calculated using both amplitude and lag time were
consistent and varied from 0.01 to 0.07 cm2/s. Thermal diffusivity
calculated using amplitude showed wider range than that calculated
using lag time. The conductive thermal velocity was calculated using
Equation 14 of Luce et al. (2013) that ranged from 5 to 12 cm/day in
these aquifers (Table 1).
Fig. 8 compares temperature from Montgomery Pool (top) to water-

level and temperature variations in wells N4 (middle) and N5 (bottom)
at New Martinsville PWS between February 2014 and August 2016. The
complementary grey stripes for the two wells indicate they were
pumped in alternation. Stream and groundwater temperature ranged
from 0 to 28 °C and from 10.8 to 13.8 °C, respectively. STS (vertical
double-headed arrows) varied in magnitude slightly from one year to
another for the same well. Labels 1, 2, and 3 refer to the time of a year
when temperature were the lowest in the stream, N4, and N5, respec-
tively, indicating time lag between surface and groundwater tempera-
ture peaks. This time lag for well N4 is approximately 60 days shorter
than N5, as indicated by the hachured line between Labels 2 and 3 in
Fig. 8. STS (A) and PITS (C) for N4 in Fig. 8 are larger than that of N5 by
0.4 °C and 0.3 °C, respectively. However, this difference is not large and
fall within the limit of uncertainty. These results can be ascribed to
some combination of two factors: i) N4 being closer to the stream than
N5 (105 vs 270m) and ii) the N4 sensor being closer to the surface than
that of N5 (8.5 vs 13.7 m). At all times shown, aquifer water level was
higher but pumping drawdown was lower for well N4 than N5, as-
sumedly for the same reasons.
Fig. 9a depicts τ vs sensor depth for pumping and non-pumping

wells, with lag times estimated by matching river water temperature
peaks to the corresponding groundwater peaks using Eq. (3) (Fig. 7).
Lag times range from 140 to 280 days for these wells and were
generally less for pumping than for non-pumping wells. Sensor
depth and τ show some correlation (R2 = 0.48) and indicate that τ
generally increases with depth below the surface, with minor
variability.
Fig. 9b shows STS vs sensor depth for pumping and non-pumping

wells, with STS calculated by subtracting summer-minimum from
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winter-maximum temperature in year 2015, which ranged 0 to 3.2 °C.
These data indicate no clear relationship between the two parameters
presumably sensors depth being more than 10m below the ground
surface.
Fig. 9c portrays PITS vs sensor depth for pumping wells only, with

PITS calculated by subtracting temperature between pump-off and
pump-on durations. PITS varied spatially and temporally. Hence, we
used the maximum value of PITS calculated during winter 2015 for
each well. PITS showed a weak correlation (R2= 0.28) with sensor
depth. The maximum values of PITS ranges from 0.2 to 2.5 °C. P-values

Fig. 7. Observed (grey) and modeled (black) temperature between February 2014 and August 2016 for the Ohio River and 10 wells from the three PWSs.

Fig. 8. Comparison of stream temperature (top), water-level (grey), and temperature (black) fluctuations from February 2014 to August 2016 at wells N4 and N5,
New Martinsville PWS.
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of linear regression models were 0.02, 0.49, and 0.22, respectively for
lag time, STS, and PITS. The p-values indicate that the correlation be-
tween lag time and sensor depth was only significant.
Fig. 10 shows average monthly values of the fit parameters for Eq.

(7) calculated separately from selectively long pumping and recovery

periods between 2014 and 2016 for wells N4 (left) and N5 (right). The
solid line represents temperature of the produced water (e.g. during
pumping) and the grey line that of groundwater inside the well casing
following recovery from the pumping. The groundwater temperature
inside the well stabilizes after a certain time of pump-on/off. This stable

Fig. 9. (a) Lag time, (b) STS, and (c) PITS vs sensor depth for pumping and non-pumping wells. PITS were estimated during winter 2015.

Fig. 10. Average monthly stable temperature (top), PITS (middle), and constant term (bottom) for wells N4 (left) and N5 (right) during pumping (black) and
recovery (grey) periods. Left and right Y-axes represent range of data variations for recovery and pumping datasets, respectively.
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temperature varied spatially and temporally in these aquifers. Here, we
analyzed stable temperature variations for wells N4 and N5 only
(Fig. 10a). The stable groundwater temperature variations were higher
for recovery periods than for pumping. This result is interpreted to
show that intermittent pumping minimized the amplitude of annual
groundwater temperature variations by lowering groundwater tem-
perature during winter, while raising it during summer. During both
pumping and recovery periods, groundwater temperature was higher
during winter than during summer.
PITSs were significantly higher in both summer and winter than in

spring and fall as well as being generally higher during pumping than
during recovery periods (Fig. 10b). The constant term of Eq. (7) was
more than one order magnitude higher during pumping periods than
that during recovery throughout the year (Fig. 10c). No correlation
between pumping and recovery periods was found for the constant
term.
The comparison of the values of the fit parameters (a, b, and c) for

Wells N4 and N5 depict a similar trend, yet significantly different in
magnitude (Fig. 10). The groundwater temperature was always higher
by approximately 1 °C or more at well N4 than that at well N5
throughout the year. Also, the groundwater temperature variations
were higher for well N4 than that for well N5. Similarly, PITSs were
higher for N4 than for N5 and the temporal variations of PITSs were
slightly different for the two wells. Unlike stable groundwater tem-
perature and PITS, the constant term of Eq. (7) was higher for N5 than
for N4. However, the ratio of constant for pumping to recovery was
higher for N4 than N5 (Table 2). The temporal variations of the con-
stant term were different for both pumping and recovery periods and
between the two wells N4 and N5.

5. Discussion

We studied groundwater temperature time-series data from multiple
wells in shallow alluvial aquifers next to a leaky stream and

demonstrated the impacts of intermittent pumping on groundwater
temperature in an attempt to identify the sources of water to the
pumping wells. The aquifer stage was continually lower than stream
stage in most locations close to the wellfields, especially in the
McMechen PWS, an extensive cone of depression is inferred to lie below
the stream throughout the year, resulting in continuous stream ex-
filtration (Maharjan, 2017). We tested the hypothesis that temperature
could be used as a tracer to identify stream exfiltration in a bank storage
zone. Key observations of this groundwater temperature datasets in-
clude:

• Pumping wells displayed alternating temperature signals between
pump-on and pump-off periods
• PITSs were highest in summer and winter but lowest in spring and
fall
• Groundwater was generally warm in winter and cold in summer, but
pumping lowered the temperature of produced water in winter but
raised it in summer
• Heat transfer velocity was higher for pumping periods than that for
recovery periods
• Thermal analysis reveals that the temperature of pumped water can
trace source water

Water temperature inside the well casing contained two signals
between pump-on and pump-off periods. The reason for the tem-
perature shifts is primarily due to mixing of waters with different
thermal signals into a well casing. It suggests pumping always in-
troduces water of different temperature to the wells than that of the
ambient groundwater. We acknowledged that shallow aquifer tem-
perature is not vertically uniform (Taniguchi, 1993) and that pumping
in an unconfined aquifer can induce vertical water movement
(Neuman, 1972). Thus, it is theoretically possible that the different
thermal signatures during pumping are merely an artifact of ground-
water being sourced form shallower depths in the aquifer. The
pumped water was warmer in summer and colder in winter than the
ambient groundwater temperature, but it also could be due to shal-
lower groundwater inflow as both river water and shallow ground-
water tend to have higher seasonality compared to deeper ground-
water. However, the well logs showed that these aquifers have
multiple low-conductive layers that would impede vertical flow of
water (Fig. A1). Given that no source/sink of heat existed nearby these
aquifers, the most plausible explanation for the temperature shifts is
stream exfiltration. Hence, we deduced that the pump-off temperature
matches the ambient groundwater temperature outside the well casing
at sensor depth, while the pump-on temperature reflects the tem-
perature of both ground and surface water.
PITS ranged from 0.2 to 2.5 °C in different wells and varied in

magnitude and sign from time to time. The magnitude of PITS tended
to be high in summer and winter and low in spring and fall in these
wells (Fig. 6). Large PITSs are the result of maximum phase shifts
between groundwater and surface water temperature signals during
summer and winter, but phase shifts between two temperature signals
minimize during fall and spring yielding small PITSs. The rate of in-
duced infiltration affects phase shift between the two temperatures
(Schneider, 1962). The rate of induced infiltration would be much
higher during low-frequency pumping because groundwater flow to
production wells had shorter and more consistent travel times under
continuous rather than intermittent pumping periods (Sheets et al.,
2002). That means any exfiltrated water would frequently move back
and forth into the aquifer during high-frequency pumping decreasing
PITSs and the converse is true at low-frequency pumping (Fig. 6).
Furthermore, PITSs was observed higher in several wells close to the
river than those further away (Fig. 8) because thermal plumes dis-
sipates exponentially away from the source (Suzuki, 1960; Hatch
et al., 2006). These aforementioned results suggest the amplitude of
PITS depends on seasonality, pumping schedule, and the distance from

Table 2
Monthly average a, b, and c values for Wells N4 and N5 were calculated from
pumping and recovery data. Parameters a, b, and c are defined in text.

Months Avg. bP Avg. a Avg. c Avg. bR Avg. a Avg. c bP/bR

Pumping data N4 Recovery data N4

Jan 0.020 0.59 12.95 0.0013 0.40 13.35 16
Feb 0.023 0.35 12.96 0.0020 0.28 13.26 12
Mar 0.034 0.14 12.91 0.0014 0.31 12.38 24
Apr 0.030 0.73 12.72 0.0013 0.37 12.08 23
May 0.040 0.84 12.38 0.0011 0.52 11.77 35
Jun 0.025 0.87 12.45 0.0015 0.55 11.77 16
Jul 0.029 0.72 12.40 0.0011 0.39 11.81 26
Aug 0.038 0.46 12.28 0.0008 0.25 12.03 47
Sep 0.036 0.42 12.40 0.0011 0.11 12.81 34
Oct 0.055 0.58 12.82 0.0008 0.47 13.12 67
Nov 0.016 0.63 12.76 0.0009 0.58 13.31 19
Dec 0.011 0.74 12.90 0.0009 0.66 13.54 12

Pumping data N5 Recovery data N5

Jan 0.038 0.8 11.6 0.0025 0.54 12.29 15
Feb 0.084 0.7 11.8 0.0010 0.65 12.47 85
Mar 0.059 0.7 11.7 0.0012 0.62 12.49 50
Apr 0.039 0.5 11.8 0.0025 0.09 11.94 16
May 0.087 0.2 11.8 0.0023 0.24 11.44 38
Jun 0.057 0.3 11.8 0.0028 0.30 11.54 20
Jul 0.037 0.3 11.4 0.0022 0.41 11.04 17
Aug 0.041 0.4 11.3 0.0021 0.38 10.97 19
Sep 0.022 0.3 11.4 0.0021 0.24 11.11 10
Oct 0.023 0.2 11.5 0.0016 0.14 11.30 14
Nov 0.027 0.5 11.5 0.0033 0.36 11.91 8
Dec 0.035 0.7 11.5 0.0028 0.55 12.18 12

bP and bR are constant terms of Eq. (7) for pumping and recovery periods,
respectively.
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the river. PITS could be one of the most important indicators of
groundwater and surface water interactions in these aquifers that
explains the temperature variations in the pumping wells during pump
on and off periods. However, this method is only applicable when
significant variations in groundwater and surface water temperature
exists.
In general, groundwater temperature is warmer in winter and colder

in summer than the surface water temperature because the amplitude of
the temperature decreases and lag time increases with depth (Bartolino,
2003). Depending on the sensor depth below the surface, however, the
magnitude and the timing of maximum/minimum temperature varies
significantly (Taniguchi, 1993). Pumping could alter the thermal re-
gime in a shallow unconfined aquifer. Depending upon anisotropy of
the aquifer, groundwater flow could be much higher in one direction
than the other. Since these unconfined alluvial aquifers have sig-
nificantly high transmissivity, horizontal flow is more prominent than
the vertical flow (Maharjan, 2017). However, delayed gravity yield
from an unconfined aquifer could contribute significant vertical
groundwater flow (Neuman, 1972), promoting advective heat transfer
in the vertical direction. Nevertheless, delayed gravity yield would not
be plausible in these aquifers as pumps were operated only for short-
time intervals. Hence, it can be concluded that stream exfiltration is the
most important factor controlling the temperature of produced water
and explains well why pumping lowered the temperature of produced
water in winter but raised it in summer.
Heat transfer velocity, calculated by fitting the temperature signals

into Eq. (7), was more than an order magnitude higher during pumping
periods than that during recovery periods (Fig. 10). Thermal velocity
depends on the magnitude of seepage velocity, heat capacity, and
thermal diffusivity (Lachenbruch and Sass, 1977; Deming, 2002). Since,
thermal diffusivity and heat capacity are fairly constant for a relatively
small temporal and spatial window, seepage velocity determines the
value of the decay constant in Eq. (7). Luce et al. (2013) showed that for
a specific location, amplitude ratio and phase shifts were linked to each
other by seepage velocity. The seepage velocity in turn depends on
hydraulic gradient. The hydraulic gradient around the pumping well
increases during the pumping periods and decreases during the re-
covery periods, as a result, the extent of capture zone becomes wider
while the pumping period and narrower during the recovery period.
High hydraulic gradient allows water to flow quickly into the wells, but
low hydraulic gradient retards flow of water into the wells. It is im-
portant to recognize that the pumping periods were associated not only
with higher advective heat flows but also with the high PITS and STS. It
was also noted that the aquifer water level recovered to that of the
aquifer quickly when the pump was turned off, but groundwater tem-
perature responded much more slowly (Figs. 4, 6, and 8) indicating that
hydraulic pressure moves faster than the thermal signals in these
aquifer.
Water levels in wells, other than N4 and N5, fluctuated significantly

over the study period. Such change in aquifer water level could have
implications to heat transport because heat capacity and thermal con-
ductivity increases with increase in saturation of porous media
(Menberg et al., 2014; Kurylyk et al., 2015). While the heat capacity
depends linearly on saturation, thermal conductivity is strictly non-
linear and material-dependent (Côté and Konrad, 2005). Hence, the
advective heat flows calculated from wells N4 and N5 would have
higher accuracy than the other wells and were not calculated for the
rest of the wells in this study.
Besides the list of expected results, we observed a few unexpected

results. Groundwater temperature has been shown to remain fairly
constant at depths below 10m from ground surface, despite changes in
surface temperature (Anderson 2005). However, all sensors used in this
study were more than 10m deep below the surface (Table 1) and still
showed some level of temperature variations in an annual scale. Only

well G4 (19.8m) showed a constant temperature throughout the study
period. It is not unusual to see the extent of thermal alterations below
10m from the surface as Bartolino and Niswonger, (1999) observed 8 °C
at depths 10m or deeper resulting from groundwater and surface water
exchange. For purely horizontal groundwater flow through the porous
media, vertical conductive heat transfer is often overwhelmed by hor-
izontal advection, such that temperature oscillations reflects induced
water temperature in the wells (Constantz, 2008). Hence, we conclude
that high-frequency pumping enhanced induced infiltration from sur-
face water bodies thus fluctuating temperature inside the wells.
Both components (pump on/off) of short-term temperature fluc-

tuations show strong seasonality with an annual range 0–3.2 °C. In some
cases, STS decreased with sensor depth (Table 1), but no consistent
correlation was found when all samples were considered (Fig. 9). In
some cases, wells closer to the river displayed higher STS than ones
farther away. These results suggest that heat transfer in these systems is
complex and varies spatially. Such complexity may have arisen due to
heterogeneous aquifer or combination of thermal transport mechanisms
as described by Constantz (2008). We neglected thermal dispersivity
because variably saturated water percolation is likely slower than sa-
turated flow, and can be neglected for slow moving groundwater (Rau
et al., 2012).
Groundwater and surface water temperature peaked at different

times of a year yielding lag of 140–280 days between the two signals
(Fig. 7). Lag time showed a weak positive correlation with depth for
both pumping and non-pumping wells (Fig. 9). For some wells, lag time
was indifferent to change in L, z, or pumping rate, while for others, it
correlated with z (Table 1). Pumping wells had short lag time behind
the surface temperature than the non-pumping wells because of
pumping induced surface water. Bartolino (2003) made similar ob-
servations in non-pumping wells at different depths in alluvial aquifers
along the Rio Grande River.
These results and their interpretations are based on a limited

number of locations (14 shallow wells). In such a small dataset, it was
difficult to establish relationships between either lag time, STS, or PITS
vs sensor depth (Fig. 9). Heat flow in such shallow aquifers is complex
as multiple sources of water to pumping wells could exist (vertical re-
charge, lateral seepage, and leakage from streambed and supply lines).
Different combinations of L, z, and pumping rate could also sub-
stantially affect the magnitudes of PITS, STS, and lag time because
based on the well distance and pumping rate, water budget could sig-
nificantly vary (Jenkins, 1968). Despite the limitations, we were able to
calculate stable groundwater temperature and PITS separately and
found them significantly different for pumping and recovery periods.
However, lag time were undiscernible at the time scale of hours. The
differences in stable groundwater temperature, PITS, and seepage ve-
locity during pumping and recovery periods strongly support that
stream exfiltration is a major source of water budget to a number of
pumping wells and is supported by the modeling results for McMechen
aquifer (Maharjan, 2017). Furthermore, the quick temperature response
after pump on/off periods (Fig. 6) suggests a close connection between
surface water and groundwater.
It was inferred that high-frequency pumping induced surface water

and transferred heat into the aquifer. Thus, the pumped water tem-
perature can trace source water into the pumping wells from the am-
bient groundwater and the river. It is technically possible to calculate
the amount of stream exfiltration using two end-members mixing
analysis based on conservation of thermal energy because temperatures
of groundwater, surface water, and produced water as well as the rate
of pumping were measured. Quantification of the amount of stream
exfiltration is crucially important for PWSs to understand overall
quality and quantity of groundwater resources that plays a huge role in
sustainable development of water resources. However, caution shall be
taken while using this method, especially for unconfined shallow
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aquifers, because the groundwater temperature could be stratified in a
vertical direction which violates the assumption that the measured
temperature is representative of the entire aquifer. However, con-
servative tracers, such as chlorine, stable isotopes of hydrogen and
oxygen, could be useful estimating volumetric contribution of the river
water to the pumped water using the two end-members mixing analysis.

6. Conclusions

Temperature signals transport along with moving water that can
easily be measured. Thus, temperature time-series have been ex-
tensively used to quantify the exchange rate of water mainly in hy-
porheic zones. We collected high-frequency temperature time-series
signals in the atmosphere, river, and pumped water in bank-storage
zones in an attempt to elucidate source water contributions to the
pumping wells from the ambient groundwater and the river.
Temperature fluctuations inside frequently pumped wells displayed

strong seasonality with different magnitudes of STS, PITS, and τ that
ranged between 0 and 3.2 °C, 0.2–2.5 °C, and 140–280 days, respec-
tively. Pumping decreased the lag times between groundwater and
surface water temperature that was much prominent in the wells close
to the river than that farther away. Pumping lowered the temperature
of produced water in winter but raised it in summer. The heat transfer
velocity increased by more than one order magnitude during the
pumping periods than that during recovery periods. This study strongly
indicates that PITS could be a single important element that shows
connectivity between groundwater and surface water exchange besides

STS, seepage velocity, and lag time. Stream exfiltration is the most
important factor controlling the temperature of the produced water and
constitutes a significant portion of the water budget for a number of
pumping wells that occurs throughout the year at different rates.
Thermal approach for estimating the source of pumped water works
best when the contrast in temperature between groundwater and sur-
face water is seasonally large, i.e. in summer and winter.
Despite limited data and multiple potential sources of water to

pumping wells, thermal analysis reveals that the temperature of
pumped water can trace source water to the pumping wells. This
method could be a reliable and inexpensive field-based method for
observation of groundwater-surface water exchange in bank-storage
zones. Understanding of spatial and temporal variations in water ex-
change in bank-storage zones along a long reach of a stream could
provide crucial information to water operators to develop and manage
sustainable and clean water resources.
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Appendix A

Fig. A1 illustrates lithologic summaries of drillers' logs for five pumping wells in the New Martinsville PWS (Fig. 1). Hannibal Lock and Dam lies
between wells N3 and N4. Each log reported three lithologies: sand, gravel, and boulders; sand and gravel; and silt and clay. Lithology becomes
coarser-grained with depth. All wells were drilled and screened in the basal gravel unit overlying bedrock, at different depths. The potentiometric
head in the aquifer upstream of the dam is higher than downstream. Similarly, surface elevation is lower toward the south along the river.

Fig. A1. Generalized logger well logs from New Martinsville PWS showing water levels (Source: file data, New Martinsville PWS, Courtesy David Benson).
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