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Groundwater seepage influences the temperature of streams and rivers by providing a relatively cool
input in summer and warm input in winter. Because of this, groundwater seepage can be a determining
factor in the provision of suitable water temperatures for aquatic biota. Climate warming affects stream
and groundwater temperatures, and changes the thermal characteristics of streams leading to the poten-
tial disappearance of habitats. In this study the importance of groundwater for the temperature of two
Dutch lowland streams and its possible role in mitigating the effects of climate change was determined
by combining field measurements and a modelling experiment. Stream temperature measurements using
fibre optic cables (FO-DTS) and sampling of 222Rn were done to map localized groundwater inflow.
Several springs and seepage ‘hot-spots’ were located which buffered the water temperature in summer
and winter. A stream temperature model was constructed and calibrated using the FO-DTS-
measurements to quantify the energy fluxes acting on stream water. This way, the contribution to the
stream thermal budget of direct solar radiation, air temperature and seepage were separated. The model
was then used to simulate the effects of changes in shading, groundwater seepage and climate. Shading
was shown to be an important control on summer temperature maxima. Groundwater seepage seemed
to buffer the effect of climate warming, potentially making groundwater dominated streams more cli-
mate robust. Protecting groundwater resources in a changing climate is important for the survival of
aquatic species in groundwater-fed systems, as groundwater seepage both sustains flow and buffers tem-
perature extremes.

� 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Stream water temperature is an important factor influencing
aquatic ecosystems as it affects species distribution, growth, meta-
bolism and reproduction (Vannote and Sweeney, 1980), as well as
oxygen concentrations, biological production and decomposition
(Bowes et al., 2016; Haidekker and Hering, 2008; Hawkins et al.,
1997; Ormerod, 2009; Rasmussen et al., 2011; Ward and
Stanford, 1982; Ylla et al., 2014). Consequently, changes in stream
temperature can act as a stressor on aquatic species (e.g. Piggott
et al., 2015; Poole and Berman, 2001; Schülting et al., 2016). It is
therefore not surprising that much research has been done on
the effect of climate warming on stream temperature and aquatic
species (e.g. Eaton and Scheller, 1996; Guse et al., 2015; Isaak
et al., 2018, 2015; Moss et al., 2003; Null et al., 2012). It is expected
that in a warmer global climate the average and peak temperature
of stream water will increase (Van Vliet et al., 2013; Watts et al.,
2015; Webb and Nobilis, 2007).

Many studies on stream temperature have focused on the effect
of air temperature, radiation and shading (e.g. Garner et al., 2017;
Hannah et al., 2008; Macdonald et al., 2014; Westhoff et al., 2011).
Due to these studies, it is now widely recognized that riparian
shade reduces maximum stream temperatures in summer by
blocking part of the incoming solar radiation (Dugdale et al.,
2018; Sweeney and Newbold, 2014; Thomas et al., 2015), and
therefore, that management practices like planting vegetation
along streams can potentially mitigate the effect of climate warm-
ing (Kristensen et al., 2015; Nash et al., 2018; Thomas et al., 2015).

Groundwater temperature is influenced by the temperature of
the infiltrating water and by the conduction of heat from the
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surface. The impact of diurnal to seasonal variations of surface
temperature dampens with depth. Downward from the surface,
groundwater temperature, therefore, tends to approach the yearly
average ground surface temperature (e.g. Bense and Kooi, 2004; de
Louw et al., 2010; Vandenbohede et al., 2014). In areas with strong
upward seepage, this moderate groundwater temperature is car-
ried into streams. Therefore, groundwater seepage into streams is
known to moderate summer and winter stream temperatures,
and to create so called local thermal refugia (e.g. Hayashi and
Rosenberry, 2002; Kaandorp et al., 2018b; Power et al., 1999)
and climate refugia (e.g. Briggs et al., 2018b; Isaak et al., 2015;
Meisner et al., 1988) for aquatic biota. Although the role of ground-
water on stream temperatures is conceptually understood, its
effect is often neglected or highly simplified in studies on stream
temperature and almost never considered in stream temperature
management. Therefore, the influence of groundwater on stream
temperature and the subsequent response of aquatic ecology still
requires more research.

The objective of this study is to determine the influence of
groundwater on the temperature of two Dutch lowland streams
and to get insight into its possible role in mitigating the effects
of climate change. For this, both field measurements and a mod-
elling experiment are done. Research questions are: a) what is
the spatial variability of groundwater seepage to the streams, b)
what is the spatial and temporal effect of groundwater seepage
on stream temperature, c) how does the effect of groundwater
inflow on stream temperature compare to the effect of air temper-
ature and radiation (including shading), and d) what is the effect of
groundwater on stream temperature in a warming climate?

We combine different field techniques such as Fibre Optic Dis-
tributed Temperature Sensing (FO-DTS) and measurements of the
isotope 222Rn to detect diffuse and localized groundwater inputs
to the two Dutch lowland streams. FO-DTS is used to make high
resolution temperature measurements, both in time and space
(Selker et al., 2006). Compared to surface water, the temperature
of groundwater is relatively constant throughout the year and as
such lateral changes in stream water temperature can be used to
locate groundwater seepage zones in specific moments in time
(Briggs et al., 2012; Krause et al., 2012; Matheswaran et al.,
2014b; Poulsen et al., 2015; Rosenberry et al., 2016; Sebok et al.,
2013; Vandenbohede et al., 2014; Westhoff et al., 2007). The pres-
ence of the isotope 222Rn in surface water also indicates recent
seepage of groundwater, as it is rapidly removed in surface waters
by radioactive decay and degassing. In addition to this field data,
we construct a stream temperature model, which includes the
effects of air temperature, radiation, shading and groundwater
seepage. The model is used to analyze the behavior of the different
processes affecting stream temperature. By applying different sce-
narios we derive the effect of climate change on stream thermal
habitats and the mitigating effects of groundwater seepage.
2. Study area and methods

2.1. Study area

Field measurements were done in two lowland streams in the
east of the Netherlands: the Springendalse Beek and the Elsbeek
(Fig. 1). With catchments sizes of 4 km2 and 11 km2 respectively,
these streams discharge to the Dinkel river. The area has a temper-
ate marine climate with a mean annual air temperature of 9.6 �C
and mean annual precipitation and evaporation of 850 and
560 mm per year respectively. The average discharge is
0.043 m3 s�1 for the Springendalse Beek and 0.104 m3 s�1 for the
Elsbeek. The subsurface of the catchments consists of shallow aqui-
fers (1–20 m thick) on top of clayey moraines. The streambed of
the streams consists of sand with occasionally some gravel. Details
on the study catchments were described by Kaandorp et al.
(2018b). A concise description of the studied stream stretches is
given here.

The upstream catchment of the Springendalse Beek contains a
few distinct spring areas and consists mainly of forest with some
agricultural fields. The studied stream stretch extends 1500 m
downstream from the stream origin (Fig. 1a). The upstream part
has a relatively stable discharge, a stream width between 0.5 and
1.0 m and a water depth of a few centimetres. A small spring, a
tributary, two seepage ponds and tributaries from a swamp dis-
charge into the stream (Fig. 1a). The downstream part has a width
of 1.0–1.5 m and a water depth of around 10 cm.

The Elsbeek predominantly consists of agricultural areas. The
measured stream stretch extends from approximately 5000 to
6500 m downstream from the stream origin (Fig. 1b). The most
upstream 200 m of the study stretch is straightened, flows through
an agricultural area and has a width of about 1 m and a water
depth of around 5 cm. Here the outflow of an agricultural ditch,
which dries up during summer, joins the stream. This is followed
by a stream stretch with a riparian forest and a pool-riffle sequence
with pools up to 1 m deep and a width varying between 0.5 and
1.5 m. A stretch with a length of 150 m in the central part is again
straightened and flows through an agricultural area with a width of
around 1 m and a water depth of about 30 cm. After this an agricul-
tural ditch joins the stream. The most downstream part of the
studied stream stretch flows again through a forest, is shallow
(�3–10 cm) and has a width varying between 0.5 and 2.0 m. This
part of the stream is deeply incised (1.0–1.5 m) into the landscape.
2.2. FO-DTS set-up

Stream temperatures were measured using an Oryx DTS (Sen-
sornet USA) unit and CTC LSZH fibre-optic cables (TKF Connectivity
Solutions, Netherlands). A cable with a length of 1300 m was posi-
tioned in the study stretch of the Springendalse Beek, from 200 m
downstream from the stream origin (x = 200) to the end of the
studied stream stretch (x = 1500) (Fig. 1). At x = 305 and x = 435,
the cable was looped back and forth through a small spring directly
next to the stream (x = 305), and in a side branch of the stream
(x = 435), respectively (Fig. 1a). Approximately 1500 m of fibre
optic cable was installed in the Elsbeek, covering the two forested
stream stretches and two open areas (Fig. 1b). In both streams, the
cable was installed on the streambed, and fixed using U shaped
metal pegs. A double ended configuration was used with two cal-
ibration baths next to the Oxyx unit and a splice at the end of
the fibre optic cable. By using the double ended setup corrections
for splices and light attenuation in the fibre optic cable can be
made (Hausner et al., 2011; Van De Giesen et al., 2012). For calibra-
tion, a coil of cable was placed in each isolated calibration bath
which was equipped with a PT-100 temperature sensor and con-
nected with the Oryx unit. Measurements were done for the whole
months of August 2016 and January 2017 to capture both summer
and winter temperature patterns. Each DTS measurement was
done with a spatial resolution of 1.0 m and consisted of sequential
measuring of 5 min through 2 channels, which were repeated
either every half an hour (summer) or every hour (winter).

Because the DTS cable was placed on the streambed the mea-
surements represent the temperature at the bottom of the stream,
unless it was buried by sediments. Sediment was removed from
the DTS cable several times, but it could not be prevented that dur-
ing part of the measurement period some parts of the cable were
buried by sediment. In the streambed the temperature variation
present in the stream is attenuated with depth, and as such sedi-
mentation leads to a temperature signal comparable to that of



Fig. 1. Location of the fibre optic cables and temperature sensors in the Springendalse Beek (a) and Elsbeek (b). The numbered arrows 1 to 5 in panel a indicate inflow from a
spring (1), tributary (2), small and large groundwater-fed ponds (3 and 4) and tributaries swamp (5).
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groundwater seepage, such as a decrease in the standard deviation
(SD) of the temperature (Sebok et al., 2015).

The DTS temperature measurements were calibrated using dis-
persion, slope and offset corrections which followed from the cal-
ibration baths. Further corrections for offsets were applied using
Onset 12-Bit temperature smart sensors (S-TMB-M006) with
HOBO data loggers (H21-001) which were installed just above
the stream bed at 5 locations in the Springendalse Beek and 3 loca-
tions in the Elsbeek (Fig. 1). Comparison of the separate tempera-
ture sensors and the corrected DTS temperature measurements
showed that stream temperatures could be measured with an
accuracy of 0.19 �C on average. Temperatures were logged every
15 min and some of the loggers were supplied with an extra sensor
to measure air temperature. Additional weather data was collected
from nearby meteorological station Twenthe of the Royal Nether-
lands Meteorological Institute (KNMI).

2.3. Radon measurements

222Rn, an isotope released to the groundwater from aquifer
material, was used as a tracer for groundwater in along-stream
profiling (Cartwright et al., 2014; Cook et al., 2006; Genereux and
Hemond, 1990). Samples were taken and measured immediately
in the field using an Electronic Radon Detector (RAD7, Durridge).
High radon values in streams were expected to be found only near
locations with groundwater seepage because it rapidly decays
(half-life of 3.8 days) and is released to the atmosphere due to
degassing.

2.4. Stream temperature model

A stream temperature model (STM-GW) was built in Python
using the xarray-simlab model framework (Bovy and McBain,
2017). The model is largely based on the model descriptions of
Boyd and Kasper (2003) andWesthoff et al. (2007) and additionally
simulates the interaction with groundwater in more detail (Fig. 2).
In the model, all water fluxes (Q) are considered constant in time
and only increase in the downstream direction due to groundwater
and lateral inflow. The stream stretch is discretized into a 1D cell-
centred grid and to prevent numerical diffusion a Courant number
of 1 is used. For this, the size of the stream cells fluctuates spatially
with the flow velocity, which depends on the discharge, depth and
stream width:

C ¼ v i � Dt
Dxi

¼ 1 ð1Þ

v i ¼ Qi

Ai
ð2Þ
Dxi ¼ Qi

Ai
Dt ð3Þ

where C is the Courant number [–], vi is the flow velocity in cell i
[m s�1], Dt the time step [s] and Dxi the cell size [m]. Qi is the dis-
charge at the downstream end of the cell [m s�1] and Ai is the cross-
sectional area [m2] of the stream. The temperature in each cell is
then calculated using:

Tjþ1
i ¼

T j
i Vi þ T j

GWVGWþT j
agriVagri

þT j
pondVpond

Vi þ VGW þ Vagri þ Vpond

� vDt
ðDxiþDxi�1

2 Þ T j
i � T j

i�1

� �
þ Rj

iDt
Ai

ð4Þ

where Tjþ1
i is the water temperature in the stream [�C] at grid cell i

at the new time level j + 1, j denotes the old time level and i � 1 the
grid cell upstream from cell i. The first term is the mixing term, the
second term is the advection term and the third term is the temper-
ature change due to the source/sink term. In a stream with no
advection or energy source/sink but with only mixing from inflows
(Fig. 2), the temperature is given by only by the mixing term:

Tjþ1
i ¼

T j
i Vi þ T j

GWVGWþT j
agriVagri

þT j
pondVpond

Vi þ VGW þ Vagri þ Vpond
ð5Þ

where T j
i is the temperature [�C] and Vi the volume [m3] of cell i at

time j. VGW , Vagri and Vpond are the volumes [m3] of inflow per time
step from groundwater, tributaries and seepage ponds respectively,

and T j
GW , T j

agri and T j
pond are their temperatures at time j. With only



Fig. 2. Conceptualization of the STM-GW model. A stream cell can receive water from an upstream cell and from lateral inflow such as from tile drainage or seepage ponds.
Each cell exchanges energy with the atmosphere by solar and longwave radiation, and latent and sensible heat flow. Each stream cell is connected to cells that represent the
streambed to represent groundwater inflow and conductive heat exchange with the streambed.
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advection, the stream temperature is given by the advection term
(Eq. (4)):

Tjþ1
i ¼ T j

i �
vDt

ðDxiþDxi�1
2 Þ ðT

j
i � T j

i�1Þ ð6Þ

where DxiþDxi�1
2 is the average cell size between grid cell i and

upstream cell i � 1 [m], which is needed because of the increase
in cell size in the downstream direction. For simplicity dispersion
is assumed to be negligible (e.g. Irvine et al., 2017; Rau et al.,
2012). The temperature development of a stagnant body of water
without inflow is determined by the source/sink term R (Eq. (4)),
which includes all the energy fluxes that act on the water body:

Rj
i ¼

Biutotal
j
i

qwcw
ð7Þ

Tjþ1
i ¼ T j

i þ
Rj
iDt
Ai

ð8Þ

where Bi is the stream width [m] of cell i, cw and qw are the specific
heat and density of the water and utotal is the sum of all the energy
fluxes per unit horizontal area [Wm�2].

utotal is calculated for each cell for every time step and includes
the various energy fluxes that influence stream temperature: solar
radiation (usolar), longwave radiation (ulongwave), latent heat flow
(uevaporation), sensible heat flow (usensible_heat) and streambed con-
duction (ubed) (Fig. 2):

utotal ¼ usolar þulongwave þuevaporation þusensible heatþubed ð9Þ
Solar radiation (usolar) [Wm�2] consists of both direct radiation

and diffuse radiation which is described by fraction Ddiffuse of the
incoming radiation (uinRad). A fraction Df of the solar radiation pen-
etrates the water and heats the streambed instead. Surface reflec-
tion coefficient RSS corrects for reflection of solar radiation on the
water surface and is based on the solar angle for direct radiation
and is equal to 0.09 for diffuse radiation (Boyd and Kasper,
2003). Direct radiation is additionally corrected for shadow effects
by shading factor CS (Westhoff et al., 2007).

usolar ¼ 1� Df
� �ðudirect þudiffuseÞ ð10Þ

udirect ¼ Csð1� DdiffuseÞð1� RSSÞuinRad ð11Þ

udiffuse ¼ Ddiffuseð1� RSSÞuinRad ð12Þ
Longwave radiation (ulongwave) [Wm�2] is the sum of the long-
wave radiation from clouds (atmospheric), back radiation from the
water column and radiation emitted by the land cover (e.g. vegeta-
tion) (Boyd and Kasper, 2003):

ulongwave ¼ uatmospheric þ uback radiation þuland cover ð13Þ

uatmospheric ¼ 0:96eatmhVTSrsb Tair þ 273:2ð Þ4 ð14Þ
where eatm is the emissivity of the atmosphere [–], hVTS is the ‘view
to the sky’ coefficient [–] and rsb is Stefan-Boltzmann constant
[Wm�2 �C�1].

eatm ¼ 1:72 � 0:1 � ea
Tair þ 273:2

� �1
7

� ð1þ 0:22þ C2
L Þ ð15Þ

where CL is the cloudiness [–] and ea is the actual vapour pressure
[kPa].

ea ¼ H
100

es ð16Þ

where H is the relative humidity [%] and es is the saturation vapour
pressure [kPa].

es ¼ ð6:1275e
17:27Tair
237:3þTair

� �
ð17Þ

uback radiation ¼ �0:96rsb T þ 273:2ð Þ4 ð18Þ

uland cover ¼ 0:96 1� hVTSð Þ0:96rsb Tair þ 273:2ð Þ4 ð19Þ
Latent heat flow (uevaporation) [Wm�2] is calculated following

the Penman equation for open water (Monteith, 1981):

uevaporation ¼ �qwLeE ð20Þ
where Le is the latent heat of evaporation [J kg�1] and E is the Pen-
man open water evaporation [m s�1].

Le ¼ 1000ð2501:4þ TÞ ð21Þ

E ¼ sur

qwLeðsþ cÞ þ
cairqair es � eað Þ
qwLeraðsþ cÞ ð22Þ

where s is the slope of the saturated vapour pressure curve at a
given air temperature [kPa �C�1], ur is the net radiation [Wm�2],
c is the psychrometric constant [kPa �C�1] and ra is the aerodynamic
resistance [s m�1].
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ur ¼ ulongwave þusolar ð23Þ

ra ¼ 245
0:54vwind þ 0:5

ð24Þ

where vwind is the wind velocity [m s�1].

s ¼ 4100es
ð237þ TÞ2

ð25Þ

The equation for sensible heat flow (usensible_heat) [Wm�2] is
given by Boyd and Kasper (2003):

usensible heat ¼ Bruevaporation ð26Þ
where Br is the Bowen ratio [–] given by:

Br ¼ 6:1 � 10�4PA
T � Tair

ews � ewa
ð27Þ

where PA is the adiabatic atmospheric pressure [kPa], ews and ewa are
the saturated and actual vapour pressure using the stream temper-
ature [kPa].

ewa ¼ H
100

ews ð28Þ

ews ¼ 0:61275eð
17:27T
237:3þTÞ ð29Þ

PA ¼ 101:3� 0:1055z ð30Þ
where z is the elevation [m] at which humidity and air temperature
were measured.

Heat Exchange between the streambed and the stream
ubed [Wm�2] is computed by combining each stream cell with a
vertical 1D streambed model (Boyd and Kasper, 2003):

ubed ¼ �k
T � Tstreambed

Dz
2

ð31Þ

Where k is the thermal conductivity of the combined water and
soil matrix [J m�1 s�1 �C�1], T is the water temperature in the
stream [�C], Tstreambed is the temperature of the upper streambed
cell of the streambed model [�C] and Dz is the thickness of the top-
most cell [m]. Temperatures in the vertical 1D streambed model
are solved using the advection-diffusion heat equation, with an
upwind and a central difference solution for advection and diffu-
sion respectively and a fixed cell size:

Tjþ1
iz ¼ T j

iz þ
Dt
cq

k
Dz2

T j
iz�1 � 2T j

iz þ T j
izþ1

� ��

� vzcwqw

Dz
T j
iz�1 � T j

iz

� ��
þ Rbed

Dz
ð32Þ

where Tjþ1
iz is the groundwater temperature [�C] at grid cell iz at the

new time level j + 1, j denotes the old time level and iz � 1 the grid
cell above cell i, vz is the vertical groundwater flux (specific dis-
charge) [m s�1], c and q are the specific heat and density of the
combined water and soil matrix, and Rbed is a source/sink term
which only applies to the top model layer which represents the
streambed. This layer exchanges energy with the stream water
and is heated by the fraction Df of the solar radiation (usolar) reach-
ing the streambed. The source/sink term Rbed is given by:

Rbed ¼ �ubed þusolar

Df

1� Df
ð33Þ

The lower boundary of the model has a fixed temperature to
represent a stable aquifer temperature at depth and the upper cell
of the streambed model represents the stream and has a tempera-
ture that is updated every time step. Heat from streambed friction
is considered to be negligible.
2.5. Model parameterization

The model was set-up for a length of 1500 m divided into 45
cells based on the flow velocity (Eq. (3)), and with characteristics
similar to the Springendalse Beek such as springs, tributaries and
groundwater-fed ponds. The model was run with a time step of
90 s for a total of three months: June and July 2016 to spin-up
the model to get rid of artificial features inherited from the simple
initial condition, and August 2016 for analysis. The vertical
streambed models consisted of cells of 0.05 m and had a constant
temperature boundary equal to the mean annual air temperature
at a depth of 5 m. This depth could potentially be too shallow to
have no seasonal temperature variations and we therefore ran a
model test with the boundary at a depth of 10 m, but this did
not result in a significant difference in stream temperature. The
first cell was fed by seepage and an extra discharge component
with the same temperature as the seepage in that cell, so that this
discharge could be calibrated without getting unrealistic seepage
rates through the small streambed area in the model cell. Air tem-
perature, humidity, cloud cover and solar radiation were measured
at nearby meteorological station Twenthe by the Dutch Meteoro-
logical Institute. The values that were used for thermal physical
properties of the sediments were reported by Anibas et al. (2011)
for another lowland stream with a sandy streambed and a wind
velocity of 0.1 m s�1 was taken from Westhoff et al. (2007), repre-
senting the wind-sheltered location of the stream in a dense forest
with abundant plants growing in and around the stream.
2.6. Scenario modelling

Different scenarios were run with the calibrated model
(Table 3). The effect of climate warming was tested by raising
the air temperature by two degrees in scenario 1a, while keeping
the temperature of the deeper groundwater the same. Because
the increase in air temperature is expected to also increase the
temperature of the groundwater (e.g. Menberg et al., 2014;
Taylor and Stefan, 2009), in scenario 1b both the air and groundwa-
ter temperature were increased by 2 �C. The importance of ground-
water was tested by running the model with 50% more and 50%
less groundwater seepage in the stream (scenarios 2 and 3). The
effect of shading was evaluated by removing shading from a small
part of the modelled stream (scenario 4) and by removing shading
from the whole catchment (scenario 5).
3. Results

3.1. FO-DTS temperature measurements

3.1.1. Springendalse Beek
Fig. 3 displays results of temperature measurements in the

Springendalse Beek in summer and winter. In summer, the abso-
lute temperature slightly increases in the downstream direction
(Fig. 3b) and the daily temperature amplitude tends to go up when
there are no lateral inflows. Low temperatures between 10.3 and
15.0 �C close to the spring area (x = 200) indicate a strong influence
of groundwater inflow. Downstream of the spring, the inflow of
groundwater is less, and stream temperature is more influenced
by atmospheric processes; measured temperatures vary between
12.3 and 18.8 �C at x = 1450 (Fig. 3b). In winter, the effect of
groundwater seepage also is clearly visible in the DTS measure-
ments. Upstream the stream water has a relatively high tempera-
ture in winter (5.0–9.6 �C), while temperatures decrease
downstream (2.1–6.6 �C) (Fig. 3e–g). The mean and average daily
standard deviation (SD) were also derived from the DTS data in
order to locate groundwater seepage zones, using the fact that



Fig. 3. Temperatures in the Springendalse Beek measured in a summer week (panels a–c) and in a winter week (panels e–g). Note that the legend colours are different
between panels a and e. Streamflow is from left to right and the air temperature at a nearby meteorological station is given in panels d and h for the summer and winter
period respectively. Maximum, average daily mean and minimum temperatures during the shown periods are given in panels b and f, and the average daily standard
deviation in panels c and g. Thermal anomalies appear as warmer or colder vertical bands in panels a and e, of which locations 1–5 are indicated and listed in Table 1.
Locations where the cable was known to be exposed to the air are filtered out and appear as white vertical lines. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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groundwater has less temperature variation and thus the SD is
lowered at locations with seepage (e.g. Hare et al., 2015; Lowry
et al., 2007; Matheswaran et al., 2014a; Rosenberry et al., 2016).
See for instance at x = 630 and Table 1, which summarizes the data
for some specific locations. Upstream in the Springendalse Beek
the SD is around 0.5 �C both in summer and winter, and in the
downstream direction increases in summer to around 1 �C and
remains approximately stable at 0.5 �C in winter.

Table 1 lists characteristics of thermal anomalies associated
with specific hydrological features such as tributaries and springs.
At location 1 (Fig. 3) the cable was looped through the outflow of a
small spring which had a lower summer and higher winter



Table 1
Features in the Springendalse Beek with distinct thermal characteristics.

Location Location along cable [m] Feature Summer Winter Observations

Mean SD Mean SD

Upstream 200 – 12.6 0.75 6.3 1.02
1 305 Spring 12.1 0.47 7.5 0.53 Sand volcanoes, loose sediment
2 435 Tributary 13.5 0.53 3.9 0.82
3 630 Small GW-fed pond 12.8 0.43 4.9 0.36 Year-round discharge
4 1120 Large GW-fed pond 19.2 0.88 4.3 0.29 Year-round discharge
5 1300 Tributaries swamp 15.9 0.69 2.5 0.21
Downstream 1430 – 15.0 0.88 3.9 0.94
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temperature than thewater in the stream (Table 1) as a result of the
stable temperature of groundwater seepage. The outflow of a small
groundwater-fed pond at location 3 had this same thermal ground-
water characteristics of lower summer and higher winter tempera-
tures than the streamwater. In addition, the stream temperature at
x = 350, 650, 1100 and 1400 m had similar characteristics as the
spring (1) and the small groundwater-fed pond (3): the up- to
downstream summer warming and winter cooling was dampened
and SD values were lower than expected (Fig. 3). This suggests that
significant seepage occurs at these locations. The outflow of a larger
groundwater-fed pond at 4 had high summer temperatures and a
high SD (Table 1), which is different from the small groundwater-
fed pond and suggests a smaller groundwater influence on the tem-
perature. This is potentially due to a longer residence time in the
larger pond: although fed by groundwater, the larger volume of
the pond results in a larger residence time of the water which
slowly loses the groundwater thermal signal. Contrary to the
groundwater indicative thermal signals, a tributary stream at
location 2 (Fig. 3) had relatively high summer and low winter tem-
peratures (Table 1), and the same holds for the outflow of a swamp
through two small tributaries at location 5. The discharge of both
Fig. 4. Temperatures in the Elsbeek measured in a summer week (panel a). Streamflow is
in panel d. Maximum, average daily mean and minimum temperatures during the show
Thermal anomalies appear as warmer or colder vertical bands in panel a.
these inflows is fed by an agricultural area, where it derives from
drains (shallow groundwater) and is influenced by atmospheric
processes while flowing towards the Springendalse Beek.

Besides effects from groundwater seepage, effects of air temper-
ature and rainfall are also visible in the DTS-measurements. For
instance, a sharp increase in stream temperature occurred between
August 1st and 2nd (Fig. 3a) and is the result of input from precip-
itation during a rainstorm. In addition, monitoring artefacts are
shown, for instance around x = 1280 where a temperature increase
is seen from August 4th as a result of the cable becoming exposed
to air due to lowering of the water level.

3.1.2. Elsbeek
The measured stream stretch in the Elsbeek is located further

downstream from the stream origin than the measured stretch in
the Springendalse Beek (approximately 5000 vs 200 m). The mea-
sured temperature of the Elsbeek slightly decreases in the down-
stream direction before increasing between x = 750 and 900 and
finally decreasing again towards the most downstream measured
point (Fig. 4a, b). This pattern is also clearly visible in the SD
(Fig. 4c), which is lower at locations with a lower temperature.
from left to right and the air temperature at a nearby meteorological station is given
n period are given in panel b and the average daily standard deviation in panel c.
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The parts of the stream with decreasing temperatures coincide
with the locations of (riparian) forests while the stretches with
increasing temperatures are located in agricultural fields. The tem-
perature measurements show several negative spikes in maximum
temperature and SD (Fig. 4). While this appears similar to the char-
acteristics of seepage, these locations have a minimum tempera-
ture significantly above the average groundwater temperature of
around 11 �C. Instead of seepage, visual inspections showed that
at these locations the DTS cable is either located on the bottom
of (stagnant) pools or buried by sediment.

3.2. 222Rn measurements

The 222Rn concentration in groundwater was measured both at
piezometers within our catchment which showed concentrations
between 3210 and 5800 Bq m�3 and at the spring which showed
Fig. 5. Measurements of 222Rn taken during 6 field campaigns in the catchment of the Sp
(Table 1) and piezometers (red crosses). (For interpretation of the references to colour i
concentrations of 733 and 3730 Bq m�3 (Fig. 5). The low spring
concentration of 733 Bq m�3 might be influenced by recent precip-
itation or by some decay in the spring area, as the other radon con-
centrations of 3000 Bq m�3 and higher are in line with the
concentrations found for groundwater in other studies in the
Netherlands, including well fields in the region of our catchment
(Kwakman and Versteegh, 2016; Yu et al., 2019). The 222Rn activity
in the streamwater in the most upstream part of the Springendalse
Beek catchment is between 104 and 1240 Bq m�3 while more
downstream 222Rn concentrations are below 500 Bq m�3 (Fig. 5),
showing a decrease in groundwater influence in the downstream
direction. The small groundwater-fed pond has a mean Radon level
of 1388 Bq/m3 (n = 4) indicating a large relative influence of recent
groundwater seepage. The concentrations in the large pond have
an average of 177 Bq m�3 (n = 3; Fig. 5) indicating only a small
influence of recent seepage.
ringendalse Beek: of stream water (blue circles) and of inflows towards the stream
n this figure legend, the reader is referred to the web version of this article.)



Table 2
Calibrated model parameters.

Parameter Description Value Reference

H [%] Humidity 2016–2017 23–100 KNMI, Twenthe station
Tair [�C] Air temperature 2016–2017 �10.1 to 34.1 KNMI, Twenthe station
uinRad [W m�2] Solar radiation 2016–2017 0.0–952.8 KNMI, Twenthe station
Dt [s] Time step 90 Chosen
Dx [m] Length of stream reservoir Variable along x-axis Based on Courant number = 1
Dz [m] Length of soil reservoir 0.05 Chosen
B [m] Stream width 0.60–1.50 Estimated
Z [m] Stream depth 0.03–0.07 Estimated
Q [m2 s�1] Stream discharge 0.05–0.34 Estimated
vz [mm d-1] Groundwater flux 0.05–1.20 Estimated
TdeepGW [�C] Temperature of lower z boundary 11.0 Estimated
Ddiffuse [–] Fraction of diffuse solar radiation 0.0 Estimated
Df [–] Fraction of solar radiation reaching the streambed 0.5 Estimated
RSS [–] Surface reflection Based on solar angle Boyd and Kasper (2003)
Cs [%] Shading factor 5–20 Estimated
CL [–] Cloudiness 0–1 KNMI, Twenthe station
hVTS [–] View to the sky coefficient 0.6 Estimated
rsb [Wm�2 �C�1] Stefan-Boltzmann constant 5.67 * 10�8 –
vwind [m s�1] Wind velocity 0.1 Westhoff et al. (2007)
c [kPa �C�1] Psychrometric constant 0.66 Westhoff et al. (2007)
qa [kg m�3] Density of air 1.2 –
qw [kg m�3] Density of water 1000 –
qsed [kg m�3] Density of the saturated sediment 1965 Anibas et al. (2011), Dujardin et al. (2014)
cair [J kg�1 �C�1] Specific heat capacity of air 1004 –
cw [J kg�1 �C�1] Specific heat capacity of water 4182 –
csed [J kg�1 �C�1] Specific heat capacity of the saturated sediment 1365 Anibas et al. (2011), Dujardin et al. (2014)
kw Thermal conductivity of water 0.6 –
ksed Thermal conductivity of the saturated sediment 1.833 Anibas et al. (2011), Dujardin et al. (2014)
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3.3. Model calibration

The manual calibration was done step-wise and an overview of
the model parameters is shown in Table 2. The model is most sen-
sitive to the parameters hVTS, DDiffuse, upstream starting Q and the
width of the stream, and therefore focus was on these parameters
during calibration. Discharge from groundwater seepage and lat-
eral inflow, stream width and depth and shading varied along
the stream length and were estimated using our knowledge of
the field sites and were then further calibrated (Fig. 6). The initial
Fig. 6. Calibrated stream width (a) and depth (b), groundwater seepage rates (c), disch
temperature of the stream and the streambed were set to 10 and
11 �C respectively. Calibration of Df and Ddiffuse resulted in values
of 0.5 and 0.0 respectively. Lateral inflow from an agricultural
stream was added to the model at x = 435. The temperature of this
inflow represented discharge from a tile drained area (seepage
from 1 m depth). The two seepage ponds in the Springendalse Beek
were located at locations x = 650 and 1150 m in the model. The
pond sizes, depths, shading and seepage rates were also calibrated
with the DTS measurements. Their depths were 1.5 and 1.0 m and
their surface areas 900 and 3000 m2 respectively. The pond at
arge (d) and shading factor (e) in the model, representing the Springendalse Beek.
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650 m had a calibrated seepage rate of 1000 mm per day and was
90% shaded. The pond at 1150 m had a calibrated seepage rate of
350 mm per day and was not shaded with a shading factor of only
10%.

3.4. Modelled temperature distribution along the stream

The calibrated STM-GW model, using the parameters listed in
Table 2, shows a reasonable fit with the observed DTS data from
the Springendalse Beek (Fig. 7), especially considering that the
model does not include local heterogeneity in e.g. water depth
and air temperature. Both the diurnal temperature variation in
the up-and downstream temperature are represented well by the
model, although the simulated temperature upstream is slightly
underestimated (Fig. 7b). Fig. 7c shows the modelled result for
two night and two days (2 AM and 2 PM), for a warmer day (Day
1) and colder day (Day 2). The temperature pattern from up- to
downstream on these days is simulated adequately by the model
including the modelled features such as the spring and tributary
spring. Especially the temperature step resulting from the tributary
stream at x = 450 and the inflow of water from the seepage ponds
(x = 700 and x = 1200) lead to clear temperature steps in the
model, that were also observed in the DTS measurements (Fig. 7c).

Using the model, we were able to investigate the theoretical
importance of the different processes affecting the stream temper-
ature. For comparison with the other energy fluxes, the heat energy
provided by seepage [W m�2] was calculated using:

Eseepage ¼ DTvzcwqw ð34Þ
where DT is the temperature difference between the stream and
seeping groundwater, which means that Eq. (34) gives the energy
Fig. 7. Fit between the calibrated model and measurements taken in the Springendalse Be
up- (x = 200) and downstream (x = 1450) and panel c shows the fit for 2 day and 2 night
(s), a tributary (t) and ponds (p).
flux compared to the current stream water temperature and is
thus an apparent rather than an absolute heat flux, as explained
by Kurylyk et al. (2016). Fig. 8 shows the modelled energy fluxes
to and from the stream on August 6, 2016. The energy flux from
seepage is mostly negative because seepage of groundwater often
leads to cooling on summer days. The higher seepage rates given
to the upstream part of the model are also shown in the energy
fluxes (Fig. 8a and c): higher seepage rates lead to more cooling
of the stream both through the advective flux and through
increased streambed conduction. The negative energy fluxes from
both bed conduction and seepage increase during the day,
because stream water is heated and the temperature difference
between seepage and stream water increases. The flux from solar
radiation naturally has a day-night fluctuation and is lower at
locations with shading. Sensible heat flow is dependent on the
difference between stream water and air temperature (Eq. (27))
and therefore shows a day-night pattern as well. It decreases in
the downstream direction, as the difference between stream
water and air temperature decreases due to the heating or cool-
ing of the stream water in the downstream direction by atmo-
spheric processes.

3.5. Scenario modelling

From the base run (Fig. 7), several model parameters were
changed to simulate different scenarios to get a better understand-
ing of the possible future changes resulting from climate change
and the role of groundwater in this. Table 3 shows the upstream
(x = 200) and downstream (x = 1450) average, minimum and
maximum stream temperature for the calibrated base run and five
different scenarios.
ek in August 2016. Panel a shows the air temperature, panel b shows the fit for both
measurements. The letters at the bottom of panel c indicate the location of a spring



Fig. 8. Modelled energy fluxes to (positive) and from (negative) the stream at 3 different locations on August 6th 2016. The seepage rate (m d-1) and percentage of shading are
indicated at the top right of the figures: panels a, b and c show locations with a high, medium and low seepage rate respectively.

Table 3
Results of the scenario modelling: statistics for the month August 2016.

Scenario Upstream temperature [�C] Downstream temperature [�C]

Average Min Max Average Min Max

0 Base run 12.0 10.9 14.3 14.6 12.2 18.7

Temperature change from base run [�C]:

1a T + 2 �C, GWlower_boundary + 0 �C 0.3 0.0 0.5 0.8 0.2 1.0
1b T + 2 �C, GWlower_boundary + 2 �C 1.9 2.0 1.8 2.0 2.0 1.9
2 50% more GW in stream �0.1 0.0 �0.3 �0.1 �0.1 �0.2
3 50% less GW in stream 0.3 0.0 0.8 0.4 0.0 0.7
4 No shading between x = 450–500 0.0 0.0 0.0 0.1 0.0 0.2
5 No shading 1.2 0.0 5.0 1.1 0.0 4.3

Fig. 9. Result of the modelled scenarios listed in Table 3. Panel a shows the downstream (x = 1450) temperature simulated in the different scenario runs for the whole of
August 2016. Panels b and c show the simulated mean day and night temperature (August 2016) from up to downstream.
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An increase in air temperature in scenarios 1a and 1b resulted
in an increase in water temperature (Fig. 9a). In scenario 1a a stable
groundwater temperature buffers the increase in water tempera-
ture compared to scenario 1b, where the stream temperature
increased by approximately the same amount as the air and
groundwater temperature (Table 3, Fig. 9a). The upstream temper-
ature is hardly affected by an increase in air temperature because it
is located close to the upstream stream spring. Especially the night
temperature both up- and downstream seems to be almost fully
determined by the groundwater temperature, as the 2 �C increase
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of the lower boundary in scenario 1b leads to a similar increase of
the minimum temperature both upstream and downstream. Sce-
narios 2 and 3 show the effect of an increase or decrease of ground-
water seepage in the stream: an increase of seepage resulted in
lower maximum temperatures while a decrease resulted in higher
maximum temperatures (Table 3). The removal of shading
between x = 450 and 500 had a local effect on this new non-
shaded part where temperature increased by 0.4 �C (Fig. 9b), and
had only a slight effect on the maximum temperature downstream
(+0.1 �C). In scenario 5, where shading was removed from the
whole stream, daytime temperatures strongly increased, approxi-
mately the same or more as in scenario 1b. However, night temper-
atures stayed the same since the effect of shading is depleted when
there is no solar radiation (Fig. 9).
4. Discussion

4.1. Mapping local and diffuse groundwater seepage

4.1.1. Springendalse Beek
The stream temperature and 222Rn measurement in the Sprin-

gendalse Beek reflected the stream to be highly influenced by
groundwater, as was expected from the fact that several springs
exist in this particular catchment (van der Aa et al., 1999). The
stream had both local and diffuse seepage locations. Two local
seepage spots were identified from the temperature measure-
ments: a spring and groundwater-fed pond (locations 1 and 3;
Table 1). The 222Rn measurements and other field observations
such as sand volcanoes, loose sediments, abundant presence of
macrofauna and year-round discharge confirmed the presence of
seepage at these features (Fig. 5). Small hotspots of diffuse seepage
(maximum length a few meters) were located at 4 locations
(around x = 350, 650, 1100 and 1400), indicated by lower SD values
and a dampening of the warming in summer and cooling in winter
in the downstream direction. However, the hotspots were not
clearly visible in the 222Rn measurements, probably because their
flux was too small compared to river discharge to influence 222Rn
downstream. The observed increase in discharge in the down-
stream direction indicates that low rates of diffuse seepage are
occurring in the catchment, but this could not be shown in the
measurements, as small fluxes cannot be located adequately using
DTS (e.g. Krause et al., 2012) or 222Rn measurements. Substantial
variations in time were found between the 222Rn measurements,
which could be related to changes in exchange with the atmo-
sphere due to wind and turbulence (e.g. Cartwright et al., 2014;
Cook, 2013; Genereux and Hemond, 1992; Wallin et al., 2011) or
to changing flow velocities and discharge leading to a change in
decay time.

The outflow of the small pond and the measured groundwater
(spring and piezometers) have a clear groundwater 222Rn signal
which is much higher than the 222Rn values measured in the out-
flow of the large groundwater-fed pond (Fig. 5). It was expected
that both ponds would show a clear groundwater signal because
both have a year-round discharge but no inflow of surface water
and therefore must have a significant input of groundwater. The
222Rn concentration at the large pond is the lowest measured in
the catchment and was at some occasions difficult to detect
(Fig. 5). The difference in 222Rn between the ponds suggests that
the residence time of water in the large pond is much larger than
in the small pond, allowing for more decay of Radon and a change
in the thermal signature. With a half-life time of 3.8 days and
ignoring degassing for simplicity, seeping groundwater with a
222Rn concentration of 3500 Bq m�3 (as measured in the piezome-
ters and spring) would take approximately 5 days to reach the
average level of 1400 Bq m�3 found in the small pond but 19 days
to reach the average level of 117 Bq m�3 found in the large pond.
Relating the residence time with the volume and discharge in the
pond is done using:

T ¼ V
N

ð35Þ

where T is the characteristic time [days], V is the volume [L] and N
is the (groundwater) recharge [L s�1] (e.g. van Ommen, 1986). The
outflow of the pond can be assumed to equal the groundwater dis-
charge towards the ponds and was measured at 4 vs 3 L s�1 for the
large and small pond respectively. With estimated volumes of 5000
and 1300 m3 respectively, the characteristic residence time is esti-
mated to be 15 and 5 days, and thus close to the estimations of
19 and 5 days using 222Rn. The slight deviation found for the large
pond could result from an underestimation of pond volume, but
also from ignoring the atmospheric exchange of radon, which
would also lead to a decrease in the estimated residence time. How-
ever, we assume atmospheric exchange to be a much slower pro-
cess than radioactive decay in the ponds, especially because they
contain stagnant water, are located in a forest and thus sheltered
from wind and contain abundant water plants that prohibit the
presence of waves or turbulence that would promote the atmo-
spheric exchange. As atmospheric exchange would then be gov-
erned by diffusion from deeper water to the pond surface, this
effect was assumed to be negligible relative to the effect of the
radioactive decay with a half-life time of 3.8 days (e.g. Dimova
et al., 2013; Dulaiova and Burnett, 2006; Emerson and Broecker,
1973; Zappa et al., 2003). The longer residence time in the large
pond than in the small pond results in more warming in summer
(Table 1), especially since the large pond is barely shaded.

4.1.2. Elsbeek
It was not possible to locate groundwater seepage in the Els-

beek using the FO-DTS measurements. An increase in streamflow
and the presence of iron oxide precipitation along banks show that
diffuse seepage does occur in the catchment but apparently these
fluxes are not large enough to create a distinguishable temperature
signal. Patterns in the measured temperature were attributed to
morphological and riparian differences. Several thermal anomalies
were found but were caused by the burial of sediment and pres-
ence of pools. In addition, the temperature and SD along the stream
seem to have a good correlation with the sequence of open-
shaded-open-shaded stream stretches (Fig. 4).
4.2. DTS-measurements in a heterogeneous stream system

Similar to the conclusions of Matheswaran et al. (2014a), the
standard deviation of diurnal temperatures was found to be best
suitable for locating groundwater seepage in summer, while the
mean temperature appeared useful for winter measurements. Sev-
eral difficulties appeared in analysis of the DTS measurements.
First, the DTS cable and streambed may be warmed up by direct
solar radiation (Neilson et al., 2010), although we did not find evi-
dence for this. Second, sedimentation of the DTS cable led to a sim-
ilar signal as seepage, which was also found by e.g. Karan et al.
(2017). Sediment functions as insolation of the cable which there-
fore shows a buffered temperature signal. To separate the temper-
ature effect of sedimentation, Sebok et al. (2015) used parallel DTS
cables which allowed them to detect sedimentation and scouring.
Hilgersom et al. (2016) were able to distinguish sedimentation by
applying a 3D DTS devise, although this seems only practical for lab
or small field areas. Third, we aimed to place the cable in the centre
of the stream but because of that may have missed seepage
occurring only on certain sides of the stream, as recent studies
have shown the large heterogeneity in shallow subsurface
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temperatures, groundwater flow paths and seepage (e.g. Gilmore
et al., 2016; Kennedy et al., 2009; Rosenberry et al., 2016).

Lastly, measurements from the Elsbeek suggested that stratifi-
cation of water temperatures (Neilson et al., 2010) is occurring in
pools (Fig. 4), also leading to a temperature signal similar to that
of seepage. These pools in the Elsbeek are deep (�1 m) compared
to the low streamflow in summer (can go to zero in dry periods).
Because the fibre-optic cable is placed on the streambed, the tem-
perature of the water at the bottom of a pool is measured. Because
more energy is needed to heat the water mass in a pool, the tem-
perature reacts more slowly on changes and thus pools present a
buffered temperature signal, similar to the effect of groundwater
seepage. The temperature at the pool bottom can significantly dif-
fer from the temperature of the surface as thermal layering can
occur in deeper pools, where solar radiation does not heat the
entire water column (Sebok et al., 2013). Pools do not necessary
greatly influence the temperature of streams, as this stratification
can only occur if the water flowing into the pool stays at the sur-
face and continues to flow in the downward direction, with limited
mixing with the water in the pool. Sedimentation of the cable at
the bottom of the pool may also occur, further buffering the mea-
sured temperature signal.

4.3. The buffering capacity of shading and stream morphology

Compared to other studies (e.g. Harrington et al., 2017), the
effect of direct solar radiation on the temperature of our study
stream is relatively low and the other fluxes relatively high
(Fig. 8). Direct solar radiation does not affect stream temperatures
as much as the other atmospheric energy fluxes because of the
high shading of the Springendalse Beek. In addition, the other
energy fluxes are relatively high because the temperature differ-
ence between the stream water and air is large, increasing e.g.
longwave radiation (Equation (19)). As expected, shading reduced
maximum stream temperatures (Table 3, Fig. 9). However, shading
has a large impact on the temperature of the stream: without shad-
ing, the water temperature would increase in summer by �4 �C
(scenario 5). Removing shading from a small stream stretch
(50 m) affected the maximum temperature even 1 km downstream
(scenario 4; Fig. 9b). Garner et al. (2014) argued that while shading
seems to cause cooling of stream water, the discrepancy between
the water temperature in open and shaded stretches is caused by
the fact that in shaded parts water is less heated and daytime heat-
ing therefore lags behind compared to non-shaded parts. This
could also explain the observed temperature variation between
open and shaded parts in the Elsbeek, where temperatures increase
in the non-shaded parts and decrease in the shaded parts (Fig. 4).

In addition to shading, the stream temperature is also influ-
enced by the water depth. A shallow stream warms up faster, but
also has a higher flow velocity than locations with pools allowing
less time for warming of the water. The temperature measured
in the Elsbeek showed that the temperature at the bottom of dee-
per pools was buffered and had less extreme temperature peaks
than the surrounding stream sections because the larger body of
water at these locations was able to adsorb more heat than shallow
stream sections.

4.4. Temperature buffering by groundwater

Our temperature measurements showed that groundwater pro-
vides relatively cool water in summer and warm water in winter
(Figs. 4 and 5), which was especially clear in springs (Table 1).
Separating the energy fluxes of seepage from the other processes
using the model (Fig. 8) showed that the importance of groundwa-
ter for stream temperature depends on the temperature difference
between the surface- and groundwater. For instance, the buffering
capacity of seepage increases during a summer day as the stream
gets heated and the temperature difference increases (Fig. 8). The
scenarios showed that the increase in stream temperature result-
ing from decreased seepage (scenario 3) is larger than the decrease
in temperature following from increased seepage (scenario 2). This
is not only due to the change in the amount of groundwater versus
the volume of stream water, but also follows from the fact that
with higher groundwater fluxes the temperature of seepage is
more similar to the deeper groundwater than with low seepage
rates, because less time is available for downward conduction of
heat. Higher seepage fluxes thus increase the temperature gradient
in the streambed, and therefore increase the buffering capacity of
groundwater both through the advective flux and through
increased streambed conduction (Caissie and Luce, 2017).

Recent studies showed the importance of ‘source depth’ of seep-
age for the temperature signal that is transported by groundwater
to surface waters (Briggs et al., 2018a, 2018b; Kurylyk et al., 2015).
The temperature of shallow groundwater is influenced by the sea-
sonality at the surface, and as such the buffering capacity of this
groundwater is lower than that of deeper groundwater. Thus,
groundwater seepage may hold a (lagged and attenuated) seasonal
temperature signal, resulting from either the groundwater flow
path and transferred from infiltration zones (Briggs et al., 2018b,
2018a; Kurylyk et al., 2015) or from heat conduction from the
streambed at the seepage zone (Caissie and Luce, 2017). Our study
did include the second process of heat conduction at seepage zones
(Eq. (32)), which is especially important if seepage velocities are
slower and deep flow paths are dominant. However, with the
methods in our study we were not able to consider the first process
of source depth, which is especially important when groundwater
velocities are high and/or travel times short, which is known to be
the case for at least part of the seepage in these catchments
(Kaandorp et al., 2018a).

We found that the spring and two groundwater-fed ponds dis-
charge groundwater towards the stream, but with different resi-
dence times from the moment of seepage till the moment of
discharge to the stream. This leads to a clear difference in the tem-
perature effect on the stream, which is listed in Table 4. Because
the water discharging through the spring only takes little time to
join the stream, its temperature in winter is always higher than
the stream water (Fig. 3). As residence time increases, the water
is more influenced by atmospheric processes such as sensible heat
flow and it changes temperature compared to the stream water.
For instance, the large groundwater-fed pond has an estimated res-
idence time between 15 and 19 days and in winter discharges
water towards the streamwhich is both colder on average and dur-
ing the day (maximum) than the water in the stream.

4.5. Climate warming

Scenarios 1a and 1b, in which air temperatures where increased
in both scenarios and groundwater temperatures only in scenario
1b, showed how the buffering capacity of groundwater highly
depends on the temperature increase of groundwater in a changing
climate. Much is still unknown about the exact response of the
temperature of groundwater to climate change (e.g. Menberg
et al., 2014; Watts et al., 2015). Kurylyk et al. (2015) simulated
the temperature of shallow groundwater during several climate
change scenarios. They showed for instance a case where 50 years
after an instantaneous increase in the air temperature of 2.0 �C the
temperature of groundwater at a recharge location in a sandy aqui-
fer had increased by 1.9 �C at a depth of 5 m and by 1.6 �C at a
depth of 20 m. Because it is expected that the increase in the
groundwater temperature will always lag behind on the increase
of the air temperature (e.g. Kurylyk et al., 2013), the temperature
difference between the two increases in a warming climate,



Table 4
Comparison of features with point groundwater seepage.

Spring Small GW-fed pond Large GW-fed pond

Location 1 3 4
Location along cable 305 m 630 m 1120 m
Residence time/time since seepage 0–1 days 5 days 15–19 days

Temperature in winter relative to stream temperature Minimum " " "
Average " " ;
Maximum " ; ;
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depending on the depth where groundwater is flowing. This would
lead to a relative increase in the buffering capacity of groundwater
compared to the current climate and thus partly buffers the effect
of climate warming in groundwater dominated streams.

Climate change might not lead to a consistent year-round
increase in temperatures, but instead lead to a different tempera-
ture increase in summer than in winter, which will also affect
the buffering capacity of groundwater on stream temperature. In
our study area, part of the streamflow is derived from deeper
groundwater (Kaandorp et al., 2018a) and the temperature of this
deeper groundwater depends on the average temperature increase,
not seasonality as seasonal signals are dampened with depth.
Therefore, if summer temperatures increase more than winter
temperatures (e.g. by 3 �C and 1 �C respectively) and the ground-
water temperature increases by the average (e.g. 2 �C), the temper-
ature difference between the stream and groundwater changes. In
this example the thermal buffering by groundwater is increased
both in summer and winter compared to in the current climate.
However, if the reverse happens and winter temperatures increase
more than summer temperatures, the buffering capacity of
groundwater decreases. Furthermore, climate change also leads
to changes in cloudiness and humidity, affecting direct solar radi-
ation and latent heat flow and thus both stream and groundwater
temperatures (Taylor and Stefan, 2009). We conclude that the
effect of climate warming on groundwater temperatures is extre-
mely complex and can have large spatial heterogeneity due to dif-
ferences in e.g. recharge rates (Kurylyk et al., 2014) and
geohydrological settings.
4.6. Implications for groundwater-dependent streams and ecology

The temperature of groundwater is likely to be lower than max-
imum air temperatures in summer and thus in most climate warm-
ing scenarios seepage buffers temperature peaks. In addition,
groundwater dominated streams have a lower risk of drying up
than other streams and rivers, and are therefore able to support
the survival of species during drought. Springs especially, can deli-
ver a thermal signal most related to groundwater towards the
stream due to their local high flow velocities, which does not allow
much time for downward heat conduction. Groundwater-fed
streams are less vulnerable to climate change thanks to these less
intense temperature and discharge extremes.

However, the thermal refugia created by groundwater seepage
are still threatened by climate warming, as many species living
at these locations are more susceptible to changes in temperatures
than species that are already adapted to more variable water tem-
peratures (e.g. Hazelwood and Hazelwood, 1985; van den Hoek
and Verdonschot, 2001). If future temperatures rise, the input flux
of groundwater might not be high enough to ensure the required
low temperature certain species need to survive (e.g. Kurylyk
et al., 2014). The high groundwater input into the Springendalse
Beek allows for the presence of spring and spring stream species
(Verdonschot, 1990) and a high amount of rare species (van
Walsum et al., 2002). This, together with the high amount of shad-
ing makes this stream a special case especially for the Netherlands
and worth protecting.
5. Conclusions

Several measurement techniques were combined with a stream
temperature model in order to study the importance of groundwa-
ter on the temperature of lowland streams. Using DTS measure-
ments, localized seepage was mapped in two Dutch streams,
which was confirmed by sampling of 222Rn. We have seen that
groundwater seepage is able to buffer the temperature of stream
and provide thermal and climate refugia by lowering maximum
temperatures. Seasonality in seepage temperatures can be caused
by shallow and fast flow paths from infiltration areas or by heat
conduction in seepage zones with slow groundwater velocities.
Our measurements suggest that while air temperature and shading
generally have a large influence on stream temperature, the pres-
ence of significant seepage can be crucial in the occurrence of ther-
mal refugia. The effect of groundwater may be even more
important in a warming climate, although this depends on the
exact change in air temperature and its seasonality. We conclude
that groundwater dominated streams are potentially more climate
resilient than streams without a significant contribution from
seepage. It seems possible to make use of groundwater in reducing
summer temperature maximums, as an alternative or additionally
to the creation of (riparian) shading. For instance, reducing the
pumping of groundwater can increase groundwater levels and
seepage. More research effort is needed on the exact consequence
of climate change on the temperature of groundwater and there-
fore of seepage, as this is still mostly unclear and depends on many
(local) factors. We conclude with the statement that groundwater
seepage is a crucial factor to include the study and management of
lowland stream temperatures and ecology.
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