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İkinci (Ortak) Danışman: Dr. Öğr. Üyesi. Agnès RIVIERE 

Eylül, 2018, 71 sayfa  

 

Su kaynaklarına duyulan ihtiyacın artması ve doğadaki tahribatın gittikçe artması, su 

kaynaklarını yönetenleri ve bu konuda çalışanları koruyucu önlemler almaya itmiştir. 

Yer üstü sularının ve yer altı sularının birleştiği bölge olan hiporeik bölge ise 

geçtiğimiz yıllarda araştırmacılar tarafindan oldukça ilgi çekmiştir. Hiporeik bölgenin 

su kaynaklarının kalitesi ve miktarı için olan önemi farklı skalalarda araştırmacılar 

tarafından oldukça iyi anlaşılmıştır. Fakat, hiporeik bölge (HZ) üzerinde alınacak 

kararlar açısından yeni ve güvenilir parametrelere ihtiyaç gittikçe artmaktadır. Bu tez 

su yönetimi açısından ihtiyaç duyulan parametreleri elde etmek için yeni bir yöntem 

ortaya koymakta ve su kaynakları yöneticilerine daha iyi karar alma mekanizması 

oluşturmayı hedeflemektedir. Bu çerçeve içinde, yeni bir izleme yöntemi olan fiber 

optik dağıtımlı sıcaklık izleme yöntemi (FO-DTS) ve yerel izleme istasyonu (mini-

LOMOS) yöntemi birleştirilmiştir. Elde edilen veri, tam bağlaşık geçici sonlu bir su 

ve sıcaklık akış modeli ile çözümlenmiş ve hidro-termal parametreler inversiyon kodu 

ile tek boyutlu dikey model için elde edilmiştir. Fiber optik verisi, bağımsız sıcaklık 

verisiyle sağlaması yapılmış ve hiporeik bölge içinde 2 boyutlu bir sıcaklık ve su akış 

modeli geliştirilmiştir. Model performansı istatistiksel karşılaştırmayla ortaya 

konulmuştur. Kök ortalama kare hatası (RMSE), 0.24 olarak bulunmuş ve 2 boyutlu 

model ile gözlemlenen sıcaklıklar arasındaki fark 0.2°C olarak elde edilmiştir. Bu 

çalışmanın sonucunda, elde edilen model sayesinde, su kaynakları yönetimi ve 

çalışanları için daha güvenilir bir karar mekanizması elde edilmiştir. 

 

Anahtar Kelimeler: Hiporeik Bölge, Avenelles, Isı ve Su Akış Modellemesi, Fiber 

Optik Dağıtımlı Sıcaklık İzleme, Su Kaynakları 
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The growing water demand, increasing adverse effect of mankind to the nature forces 

water managers and researchers to take protective measures to protect the quality and 

quantity of the water. The interface between groundwater and surface water within 

river ecosystems, called hyporheic zone (HZ), gained attention from a range of 

disciplines. The importance of HZ for the quality and quantity of the water is well 

understood at local and reach scales. However, there is a need for a method to provide 

parameter sets to water managers regarding HZ to make decisions. This thesis attempts 

to provide a new method for estimation of parameters at reach scale for water managers 

and researchers, and better understanding of the effect of pool and riffle systems at 

local scale. For this purpose, novel monitoring tools fiber-optic distributed temperature 

sensing and mini-LOcal MOnitoring Station (LOMOS) are combined and processed 

with a fully coupled transient finite model solving the water flow and heat transport in 

porous media. The parameters are obtained with the help of an inversion script, and a 

2-D mesh is developed to test the parameters that are obtained from 1-D vertical model 

for the HZ. The results are validated with independent observations for FO-DTS, 

observed temperature series for hydro-thermal parameters, and observed temperature 

series for 2-D mesh. The average RMSE is 0.24 for the parameters, and the difference 

between observed vs. simulated temperature time series is less than 0.2°C for 2-D 

mesh. The implications of these results are the method proposed here can pave the way 

for better decisions on HZ for water managers and researchers, and a better 

understanding of the effect of pool and riffle sequences. 

Keywords: Hyporheic Zone, Avenelles, Heat and Water Flux Modeling, Fiber Optic 

Distributed Temperature Sensing, Water Resources 
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1. INTRODUCTION 

1.1 Background 

The increasing water demand, the degraded state of streams in terms of water quality, 

quantity, and the growing research on hyporheic zone (HZ) at reach scale requires 

collaborative efforts of water managers and researchers to practice most sustainable 

and effective management strategies to protect and provide water. In 2050, the global 

population is predicted to rise to about 9 billion people. To supply the needs of the 

growing population, 75% more water than we use today will be required (Chery and 

de Marsily, 2007). Providing this water while at the same time maintaining the quality 

of the water will be a tremendous task. Therefore, water resources are an ever-growing 

concern for both quality, and quantity as the supply is decreasing as result of human 

development and interference with the water resources. To cope with the challenges 

this demand has, a systemic view of the hydrological cycle emerged, which led to the 

concept of continental hydrosystem (Flipo et al., 2012; Flipo et al., 2014). In this 

context, a hydrosystem "is composed of storage components where water flows slowly 

(i.e. aquifers) and conductive components, where large quantities of water flow 

relatively quickly (i.e. surface water, rivers) (Flipo et al., 2012; Kurtulus et al., 2011).  

In the interface of storage (i.e. aquifer) and conductive components (i.e. streams), lies 

a distinct zone called "hyporheic zone". This connection is particularly important 

because surface water is generally high in dissolved oxygen and nutrients, while 

groundwater tends to be low in dissolved oxygen and high in inorganic solutes. The 

mixing of surface water and groundwater creates a unique zone facilitating 

biogeochemical cycling, stream temperature buffering, pollutant attenuation, and 

enabling habitat growth (Boulton et al., 1998). Hyporheic zone is present throughout 

the stream-aquifer interface, hence it can be considered in different scales. Local scale 

is ranging between 10 cm - ≈ 10 m. Intermediate or reach scale is between ≈ 10 m - ≈ 

1 km as in Figure 1.1. Catchment and watershed scale which connects the stream 

network to watershed, is ranging between ≈1 km - 10 km, and the hyporheic zone 
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exchanges are linked to the hydrological cycle and hydrogeological processes (Flipo 

et al., 2014). Recent studies state that complex multi-scale processes are taking place 

at the stream-aquifer interfaces (Poole et al., 2008). To understand these systems and 

their interactions, quantification of the exchange fluxes between groundwater and 

surface water is an important prerequisite for understanding and preserving quality of 

hydrosystems. 

Hyporheic exchange of water and its constituents play an important role in 

fundamental hydrologic and ecologic processes both in rivers and subsurface aquifer 

such as discharge, moderation of water-level fluctuations, thermal buffering, 

biogeochemical reactions, transformation and retention of nutrients, pollutants, and its 

ecological effects (Hayashi and Rosenberry, 2002; Boano et al., 2014).  

Temperature is a water quality key factor driving physical, chemical, and biological 

processes in aquatic and HZ ecosystems. It directly influences dissolved organic matter 

(solubility, saturation point, and content) dissolved oxygen concentrations, the 

solubility of other gases and solutes (weathering), and the speed of chemical and 

biological reactions. Moreover, it controls the metabolic rates, physiology, and life-

history traits of aquatic organisms, of microinvertebrate (Allan and Ibañez Castillo, 

2009; Boulêtreau et al., 2012; Poole and Berman, 2001; Mathers et al., 2017; Vieweg 

et al., 2016; Zheng, 2017). This explains that the need of accurate understanding of 

hyporheic zone temperatures has regained interest recently because of the threat of 

global climate change.  

Although the dynamics of water fluxes between streams and aquifers are better 

understood, including the effect of hydrological events on flow reversal (Saleh et al., 

2011; Flipo et al., 2014; Pryet et al., 2015; Baratelli et al., 2016), the state of 

connection processes of stream-aquifer systems (Rivière et al., 2014), as well as the 

bioclogging of the HZ (Newcomer et al., 2016), the relationship between water and 

heat fluxes still needs a better conceptualization. The temperature in the HZ depends 

on the climatic conditions, the hydrogeological context, and the porous medium 

properties. In other words, the temperature is mainly affected by the thermal and the 

hydraulic gradient between the stream and the aquifer. However, these gradients do 

not show a uniform pattern along the river channel. The flow between surface and 

groundwater follows complex dynamics (Flipo et al., 2014), in which upwelling and 

downwelling zones occur alternatively (White, 1990). Streambed topography (i.e. 
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riffle-pool sequence, steps, cascade), is the primary control of hyporheic exchange by 

generating sequences of downwelling and upwelling zones. In a riffle, surface water 

enters the HZ at the beginning of the riffle (downwelling zone) and returns to the 

stream at the end of it (upwelling zone)(Figure 1.1).  

 

Figure 1.1: a) The conceptual hyporheic zone fluxes in 2-D at reach scale. The 2-D represents 

longitudinal and vertical section. b) Figure below represents hyporheic zone fluxes at local scale. The 

effect of pool and riffle sequences are changing the flow patterns. Red and blue arrows indicate water 

and heat fluxes. 

There are various existing methods for measuring the groundwater-surface water 

interactions, and quantification models (Kalbus et al., 2006; Boano et al., 2014). A 

method based on Darcy’s law with introducing standpipes into the hyporheic zone 

through vertical column standpipes. This method is advantageous against slug tests, 

permeameter tests, or grain-size analysis in determination of streambed hydraulic 

conductivity and anisotropy. However, limitations with similar methods are that the 

results can vary over orders of magnitude (Chen, 2000) and difficult to determine in-

situ (Cardenas and Zlotnik, 2003) for stream tracer tests using dye or other 

conservative tracers. 

The dynamic distributions of thermal conditions present in saturated near-surface 

sediments have been widely utilized to quantify the flow of water (Anderson, 2005). 

A rapidly increasing number of papers demonstrate that heat as a tracer is becoming 

an integral part of the toolbox used to investigate water flow in the environment. The 

method is based on the fact that the temperature distribution in the subsurface medium 

is not only the result of heat conduction, but also of advection by moving water through 

the porous medium (Stonestrom and Constantz, 2003). The stream temperature is 

a) 

b) 
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subject to diurnal temperature variation, as well as changes through summer, and 

winter season. The aquifer temperature is more stable, and its seasonal fluctuations are 

low. These phenomena cause temperature differences between surface water - ground 

water which enables us to estimate the heat and water exchanges between the stream 

and the aquifer. The use of HZ temperature time records to identify losing and gaining 

points among a river was qualitatively investigated by Silliman and Booth (1993). 

They conducted that the temperature measurements at different depths provide an 

excellent indicator for water flow. Constantz (1998) found that the variations in surface 

water and sediment temperatures are greater for losing reaches than for gaining 

reaches. Exchange patterns can be inferred quantitatively from HZ temperature time 

records (Lowry et al., 2007; Schmidt et al., 2007; Stonestrom and Constantz, 2003). 

Temperature can be measured easily and rapidly, especially since cheap, robust 

sensors, and data loggers have become readily available (Cucchi et al., 2018). 

Temperature surveys alone are not sufficient to accurately interpret the magnitude of 

water fluxes. A novel study by Cucchi et al. (2018), proposes a method which fully 

couples pressure differential time series with temperature time series recorded from 

the hyporheic column.  

A limitation for this method was that the loggers were bound to the local scale until 

recently. A new technology is put into use recently which overcomes these problems. 

Selker et al. (2006a) introduced fiber optics distributed temperature sensing (FO-DTS) 

to sense the interaction of groundwater and surface water along a river channel from 

temperature signals. This method is deployed to evaluate the temperature dynamics at 

the sediment-water interface with an emphasis on the biological life by Rosenberry 

et al. (2016), to estimate the groundwater inflow zones as well as hyporheic inflow 

zones in arid climatic areas (Yao et al., 2015), and to quantify the surface water - 

ground water interactions by coupling the FO-DTS with vertical hydraulic gradients 

estimated by point in space stations (Huang et al., 2016). Hence, there is an opportunity 

to use this method for variety of applications to estimate, and quantify the biological, 

ecological, and physical characteristics of surface water - ground water exchanges in 

the river channel. 
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1.2 Statement of the Problem 

This thesis focuses on the investigation of the spatial and temporal variability of water 

and heat fluxes along a stream channel with emphasis on the effects of the pool and 

riffle sequences. The specific objectives of this study were to (i) evaluate the use of 

FO-DTS for mapping the up-welling and down-welling zones (pool and riffle effects) 

along a 1 km reach, (ii) estimate the hydro-thermal parameters and the 1-D water 

vertical fluxes from the data recorded by the mini-LOMOS with an inversion script 

and a hydro-thermal model, and (iii) integrate DTS temperature observations with 

mini-LOMOS data to determine the spatio-temporal variation of the water and heat 

fluxes along the reach. For the last goal, a 2-D hydro-thermal transect model was 

constructed by prescribing the FO-DTS temperature at the surface and the hydro-

thermal parameters obtained using the mini-LOMOS. With these objectives, we aim 

to seek answers to "is it possible to use the hydro-thermal parameters estimated with a 

1-D model in a 2-D model at reach scale". This question is important since the hydro-

thermal parameters estimated in 1-D vertical profiles represents local scales, however, 

at local scale, the spatial heterogeneity might affect the estimated parameters since 

they are local and would not represent the whole studied medium. The second question 

is "are we able to represent the effects of pool and riffle sequences without data set". 
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2. METHODS 

2.1 Heat as a Tracer for Stream-Aquifer Interactions 

Heat is a naturally occurring and transporting phenomena. As it is naturally occurring, 

it is cheaper to monitor with specific gadgets and use it as a tracer (Anderson, 2005). 

Heat is used as a tracer to understand the river-aquifer interactions for at least a decade 

with growing attention (Constantz, 1998; Constantz, 2008). The use of heat has a tracer 

to quantify surface water-ground water (SW-GW) exchange has become well 

established based on the pioneering work by Suzuki (1960), Stallman (1965), and 

Bredehoeft and Papaopulos (1965). The river temperature variation by day is between 

1°C and 10°C as a function of season and the seasonal variation can reach to 30°C. 

The yearly variations of the aquifer temperature are generally less than 1°C. Methods 

based on diurnal temperature signals (e.g. Hatch et al., 2006, Keery et al., 2007) have 

become increasingly popular, because they yield vertical fluid flux estimates in time 

for both up-welling and down-welling cases, with minimal effort, small experimental 

footprint, and relatively low cost. The widespread use of diurnal temperature signal 

methods has been facilitated by pressure difference and temperature sensor (Cucchi 

et al., 2018), in signal processing methods (Onderka et al., 2013), and the availability 

of automated software to process temperature data (Munz et al., 2016). The basic 

theory of the use of heat as a tracer is the heat transport equation (Eqn. 2.1) (de Marsily, 

1986): 

 ∆(𝜆∆𝑇 − 𝜌𝑤𝐶𝑤𝑈𝑇) = 𝜌𝐶
𝛿𝑇

𝛿𝑡
 (2.1) 

λ: the equivalent conductivity tensor between the solid medium and the water  

(Wm-1K-1), 

T: the temperature (K), 

𝜌𝑤𝐶𝑤 : the density and specific heat capacity of water (Jm-3K-3), 

𝜌𝑠𝐶𝑠: the density and specific heat capacity of solid (Jm-3K-3), 

ρC: the specific gravity and specific heat capacity of porous medium (water + solid) 

(Jm-3K-3) (𝐶 = (1 − 𝜔)𝜌𝑠𝐶𝑠 + 𝜌𝑤𝐶𝑤𝜔 ), 
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ω= total porosity, 

U = Darcy velocity (ms-1), 

This equation represents two physical processes: (a) The transport of heat by 

conduction as well as transport by thermal dispersion (analogous to hydrodynamic 

dispersion in solute transport theory). It includes effects of conduction through the 

rock-fluid matrix as well as the effects of thermal dispersion, which is caused by 

velocity variation within the pore space. (b) The transport of heat by flowing water, a 

process known as advection (Constantz, 1998). 

The Figure 2.1 summarizes the qualitative relationship between water and sediment 

temperatures for gaining and losing stream conditions. Temperature profiles beneath 

streams are elongated in losing reaches where stream water recharges the aquifer and 

compressed in gaining reaches (Figure 2.1.a). For the case of gaining stream (Figure 

2.1.b), the hydraulic gradient is upward (higher head in the HZ than in the stream) as 

indicated by the higher altitude of water in the piezometer than in the stream stage. 

The stream has a large diurnal variation in water temperature. The HZ has only a slight 

diurnal variation because water is flowing up from aquifer where temperatures are 

constant on diurnal time scales. Variation in HZ temperature HZ reflects the balance 

between the oscillating transport of heat via conduction and upward transport of heat 

via advection. At any given depth beneath the HZ, higher flows of groundwater to the 

stream lead to smaller variations in HZ temperature while smaller flows lead to larger 

temperature variations. For the case of a losing stream (Figure 2.1.b), the hydraulic 

gradient is downward (lower head of HZ than in the stream). The downward flow of 

water transports heat from the stream into the sediments. The downward advection of 

heat results in larger diurnal fluctuations in HZ temperature. In addition, since regional 

groundwater is not flowing into the stream, temperatures vary more in losing streams 

than in gaining streams (Constantz, 1998). 
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Figure 2.1: Hydraulic and thermal responses in streambeds under influence of streamflow for (a) 

gaining stream, (b) losing stream. The figure is modified from Constantz (2008). 

The seasonal temperature variation in hyporheic column is illustrated at Figure 2.2. In 

Winter, the aquifer is warmer than river, and in Summer, the river is warmer than the 

aquifer. In the case of gaining stream, the temperature difference occurs in much lower 

depth, unlike the losing stream, where the stream can propagate deeper parts in the 

hyporheic zone and affect the temperature variation.  

 



 

9 
 

 

Figure 2.2: Seasonal temperature variation in hyporheic zone as a function of depth. The figure is 

taken from Anderson (2005). 

2.2 Description of the Study Site: Avenelles Basin 

Avenelles basin is a part of Orgeval catchment. The catchment is a part of Seine basin 

situated in north of France. Avenelles basin is at 70 km east of Paris. The study site 

comprises a 1.1 km portion of Avenelles river. 

2.2.1 Study site 

Avenelles river is well instrumented and recorded for over 30 years, by various 

institutions, and it’s a part of the research activities of PIREN-Seine (PIREN-Seine, 

2018). The catchment is formed on 104 km2 area for Orgeval. Avenelles basin covers 

46 km2 inside Orgeval basin. Agriculture covers 80% while the remaining area is 

forested. Average annual air temperature is 11°C. Annual mean precipitation is 658 

mm over the period of 1963-2010 (with a standard deviation of 111 mm)(Mouhri et al., 

2013), and annual mean potential evaporation is 592 mm. The basin represents low 

relief: the altitude varies between 130 m to 187 m above sea level for the 80% of the 
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area. The hydrometeorological conditions in the study site for the studied year are 

shown in Figure 2.3. The peak precipitation is 24.3 mm at June, whereas the mean 

monthly precipitation is 34.6 mm. The average air temperature during the year is 

10.0°C, with T
min

=-4°C, and T
max

=38.5°C. The average discharge is 157.6 L/s where 

Q
max

=1780 L/s. 

 

Figure 2.3: Hydrometeorological conditions at the study area from BDOH (Tallec et al., 2015). a) 

This figure represents air temperatures, river, and aquifer temperatures from Bertin station. b) This 

figure represents precipitation and river discharge. The period of screening is: 1 October 2016 - 1 

October 2017. 

Two main geological units influence the hydrogeological output of the Orgeval Basin: 

the Oligocene (i.e. Stampian sand and Rupelian limestone) and the Middle Eocene (i.e. 

Bartonian limestone). These geological units form the aquifers of the catchment area, 

whom are divided by a clayey aquitard, namely, Priabonian mudstone and Bartonian 

marl. The surface is mainly covered with table-land loess with a 2-5 m varying 

thickness. The aquifers and the stations of LOMOS are shown in Figure 2.4. 

a) 

b) 
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Figure 2.4: The lithological profiles of LOMOS stations with their distributions in Orgeval basin. 

Surface water-groundwater interaction was actively investigated in the area 

(Berrhouma, 2016; Mouhri et al., 2013; Flipo, 2013). Mouhri et al. (2013), have 

deployed stream-aquifer exchanges monitoring system on the basin, based on 5 LOcal 

MOnitoring Stations (LOMOS) distributed along 6 km Avenelles river network. 

Each LOMOS is composed of one or two shallow piezometers located 2 to 3 m away 

from the river edge; one surface water monitoring system, two hyporheic zone 

temperature profiles located close to each river bank. The five LOMOSes are 

distributed in two upstream, two intermediate, and one downstream position. At each 

LOMOS, water pressure and temperatures have been monitored with a 15 minutes time 

step for 5 years. This data set is interpreted by the usage of the method of the heat as a 

water flow tracer to analyze the variability of the interface hydrological functioning 

using heat as a flow tracer (Berrhouma, 2016). 

A FO-DTS unit has been set up since October 2016 along 1.1 km river to improve the 

description of water and heat fluxes between the stream and the aquifers. 
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2.2.2 Study site: reach scale 

The fiber optic cable was laid between the Bertin LOMOS and the Petit Paris LOMOS 

situated at the center part of the basin (Figure 2.7). Starting point of the FO-DTS survey 

(the 0th m) is Bertin station. The cable is laid on upstream portion of the Avenelles 

River. According to Berrhouma (2016), the river is connected to the Brie aquifer unit. 

This LOMOS is characterized by an alternation of infiltration and exfiltration periods. 

During the low flow, the mean discharge is 53 L/s, contrary to, 143.5 L/s flow during 

high flow. 

This station is characterized by a large colluvium plain and the two aquitard layer 

(green clay and marn, see Figure 2.5, Figure 2.6). Along the river corridor, there are 

three distinct concrete slabs in the river: one long slab at the downstream part of the 

confluence, and two concrete slabs beneath both bridges. 
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Figure 2.5: Lithological profile of Bertin station, the area is predominantly colluviums. 

Figure 2.6: The columnar section of Bertin station from previous studies (659434.3 E,2427873.85 N). 
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Figure 2.7: FO-DTS Setup in the Avenelles river. The survey starts from Bertin, where the instrument 

is located and set upstream. Three high resolution RBR probes were deployed to compare 

measurements of FO as well as 8 mini-LOMOS stations in various locations throughout the river 

within different time intervals. The figure is developed in the geological map provided of the area. 

The coordinates mark the northeast and southwest corners of the map 

2.2.3 Topography survey 

A topography survey is completed during a field excursion between 14-18 April 2018. 

The purpose of this survey was to measure the characteristics (position along the FO-

DTS cable, altitude, river water level) the pool and riffle sequences in the study area. 
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The survey was carried on by a tripod, a manual level, and a measurement pole. The 

goal is to take measurement at the beginning, in the middle, at the end of each pool, 

and riffle. The result of topography survey is given in Figure 2.8. In each measurement, 

the station as referenced with a FO-DTS cable meter. A total of 196 stations were 

measured. The collected data was validated with an IGN satellite digital elevation 

model (DEM) with a 5 m resolution. Both profiles had the same slope, however, the 

satellite DEM was 2 m lower than the surveyed topography profile as can be seen in 

Figure 2.9. This is due to the resolution difference between DEM and the measured 

data. 

The physical references such as concrete cascades, confluence, bridges were collected. 

The altitude of the studied section is ranging between 112.7 m to 121.3 m over a 1063 

m longitudinal path. The end of the topography is at 1063 m where the FO-DTS cable 

ends.  
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Figure 2.8: Topography section of the Avenelles River. The figure represents 196 measured points. 

The collected data is later enriched and smoothed on MATLAB platform (MathWorks, 2018). 

 

Figure 2.9: The validation of topography survey by IGN satellite DEM. The altitude difference is due 

to the resolution of DEM, which is 5 m. Therefore, the DEM covers a wide area for the riverbed and 

naturally, it represents the average altitude of the area. 
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2.3 Experimental Setup 

Field data was recorded from four instruments: FO-DTS, Mini-LOMOS, LOMOS, and 

temperature sensors (RBR). The Figure 2.10 synthesizes the position of each 

instrument and their recorded periods 

 

Figure 2.10: Data collected during the survey period. FO-DTS survey has stopped during 4 periods 

(red lines). These stops were due to electricity cut, and a stop for repair. 
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2.3.1 FO-DTS unit 

Principles and functioning 

The FO-DTS technology has found its ground in a wide range of applications in 

environmental monitoring recently as a crucial tool for measuring temperature with 

high spatial, and temporal resolution (Selker et al., 2006b; Selker et al., 2006a). The 

FO-DTS method (see Figure 2.11) became a strong tool for hydrologists in various 

ways: active distributed temperature sensing applications for quantifying flow in 

boreholes (Read et al., 2014) or thermal plume fiber optic tracking tests for 

groundwater velocity measurements (Read et al., 2015), or estimating seepage rates 

by obtaining vertical temperature profiles (Vogt et al., 2010), and for estimation of 

bedload transport under flood conditions (Bray and Dunne, 2017). The tool proved to 

be an alternative to the other conventional monitoring tools which has limited spatial 

applications. For instance, Briggs et al. (2012) compared three widely used techniques 

namely: differential gauging, dilution gauging, and geochemical mixing. They found 

that FO-DTS provided the finest spatial characterization of stream-aquifer exchanges. 

In this study, the tool is used to passively monitor the hyporheic zone exchanges at the 

riverbed, at hyporheic zone interface.  

 

Figure 2.11: Schematic setup of DTS double-ended configuration. Lengths are not to scale. The 

forward and reverse fibers are enclosed in the fiber-optic cable. The red dots indicate the entrance to 

water, end of the cable, and exit from the water. Cold and warm baths are next to the FO-DTS unit. 

The validation probes are buried in the riverbed with a 10 m loop of FO-DTS. Figure is modified from 

van de Giesen et al. (2012). 

The Raman spectra distributed temperature sensing tool measures temperature by 

sending a laser pulse down the length of the fiber optic cable. Variations in temperature 

cause differences in backscatter, changing the wavelength and intensity of the light. 

The scattered light travels back up the fiber as a higher wavelength i.e. Stokes, and 

lower wavelength i.e. anti-Stokes. The temperature does not affect Stokes, but only the 
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anti-Stokes. The ratio of the two intensities can be used to calculate the temperatures 

at different sections of the cable (Lowry et al., 2007).  

There are three methods to use FO-DTS:  

1) The single ended configuration which consists of a DTS measuring 

temperatures along the cable with only one connection to the measurement instrument. 

Single-ended field deployments with non-uniform losses cannot be easily addressed 

without additional information (Hausner et al., 2011).  

2) The duplexed single-ended configuration which consists of two co-located 

fibers laid on the same path measure the temperature where one is going away from 

the instrument and the other is coming back towards the instrument (Hausner et al., 

2011).  

3) The double-ended configuration consists of the two cables taking 

measurements from both directions and they are connected to the measurement unit 

(Hausner et al., 2011). This configuration offers an opportunity to refine the data, 

minimizing the impact of multiple step losses on measured temperatures (van de 

Giesen et al., 2012). 

The choice of method depends on the desired temperature resolution, availability of 

suitable independent observations to use as reference temperatures, and the 

experimental design of the study.  

Installation 

Fiber optic distributed temperature sensing (FO-DTS) unit was installed at the 

beginning of October 2016. In most of the FO-DTS studies, the cable has been 

deployed at the surface of the streambed, or vertically towards HZ, resulting in 

measurements of river temperature or measuring the vertical HZ temperatures. In 

contrast, in this study, the cable was installed at an average depth of 5 cm within the 

streambed to directly measure the temperature of the top of the HZ. A total of 1282 m 

of cable was installed from downstream to upstream of Avenelles river at the top 

interface of hyporheic zone. Whole portion of the FO-DTS cable was beneath the 

riverbed buried under rocks, and alluvium. The cable was stabilized with the help of 

approximately 100 tent pegs and covered with colluvium (Figure 2.12) by hand. 
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The FO-DTS unit collected temperature measurements each 15 minute with 0.25 cm 

spatial intervals. The tool was calibrated by a team from University of Rennes, and it 

was set as double-ended configuration. There were 3 highly accurate RBR temperature 

probes installed at different portions of FO-DTS cable for data validation purposes. 

The tool was planned to run from beginning of October 2016 to end of July 2017. 

During the installation, there were eight loops of 10 m each to increase the spatial 

resolution in the selected pools as one of the goals is to observe the behavior of the 

riffle-pool system. 

 

Figure 2.12: A) Installation of the FO-DTS, B) covering under the colluvium, C) installation at 

riverbed, and D) securing and hiding with tent pegs. 

 

Calibration 

In this study, the tool was calibrated by a team from University of Rennes, and the FO-

DTS unit was set in double-ended configuration. There is also in-situ calibration with 

a hot and cold bath, with known temperatures. These baths are helping the tool to 
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reference the measured temperatures throughout the cable and as a result, the tool 

provides finer resolution (Tyler et al., 2009).  

During the monitoring period, hot bath failed after an electrical failure, then a portion 

of the cable spliced and repaired. The temperature measurements varied up to 2.5°C 

from the RBR data logger results. Therefore, the collected data was re-calibrated from 

double-ended configuration to single-ended configuration to increase the accuracy of 

the measured temperatures. 

Validation 

The validation of FO-DTS temperature data was done by comparing the temperature 

with 3 highly accurate RBR temperature probes. The RBR temperature probes were 

installed at the beginning of FO-DTS cable (Bertin station, in the river), at the second 

bridge (610 m), and at the end of the FO-DTS cable (at 1083 m). Each of these probes 

was attached to FO-DTS cable. A loop of 10 m long FO-DTS cable was circulated 

around the probes to increase the accuracy of FO-DTS temperature profiles. Moreover, 

during the installation, there were eight loops of 10 m installed at selected pools to 

improve the monitoring accuracy. 

2.3.2 Mini-LOMOS 

Mini-LOMOS is a novel tool for obtaining temperature and hydraulic head 

measurements in 1-D vertical column of hyporheic zone. The sensor records the 

hydraulic difference between the HZ and the river, and the temperature profile (See 

Figure 2.13). Coupling this sensor with a hydro-thermal numerical code enables us to 

estimate the hydro-thermal parameters of the HZ and 1-D vertical water and heat 

fluxes at local scale (Cucchi et al., 2018). 

Functioning 

The method of deployment, calibration of the sensors, and the principles of the tool 

are introduced by Cucchi et al. (2018). Mini-LOMOS consists of 2 systems. First 

system is temperature system, formed by four temperature data loggers installed at 

different depths which measure the temperature profile of the HZ and one temperature 
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sensor located in the river. The second system is pressure differential system where it 

measures the difference between hyporheic zone pressure and riverbed pressure. The 

temperature and pressure differential time series are monitored constantly with 15 

minutes intervals.  

 

Figure 2.13: Positioning of Mini-LOMOS sensors in the hyporheic zone column. The tool couples (a) 

vertically distributed temperature time series measurements, (b) hydraulic head differential between 

the steam and the underlying hyporheic zone. The piezometer next to the pressure system is for 

demonstration purposes only, not present in the actual setup. The figure is taken from Cucchi et al. 

(2018) 

Field Setup 

Mini-LOMOS had been installed in various time periods throughout the 

hydrological year along the FO-DTS (Figure 2.10). There are three mini-LOMOS 

installed in Autumn, five installed in Spring and Summer. The position and 

characteristics of the mini-LOMOS are given in Table 1, Table 2Error! Reference 

source not found.. During the recorded period, some issues have been witnessed:  

– P38 : Temperature recorded at riverbed is lower than HZ recordings constantly 

at least 2°C.  

– P39 : Temperature sensors are not working, thus it can not be used for 

inversions.  

– P43 : Battery died after 5 days, temperature sensor at 7 cm does not work.  

– P45 : Pressure difference was an order of magnitude higher than other stations.  
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– Four mini-LOMOS (P40, P41, P42, and P45) have problems with one of their 

temperature sensors. Therefore, we consider only 3 HZ temperature sensors for the 

inversion, excluding the ones with problem, for these stations. 

Table 1: Mini-LOMOS sensor locations and 1-D vertical depths. The final depth represents the 

total penetration into HZ at that location by mini-LOMOS. The position starts from Bertin 

station (0 m) 

 

Name Position (m) Sensor 1 (cm) Sensor 2 (cm) Sensor 3 (cm) Sensor 4 (cm) 

 P38 1034 10 25 40 55 

P39 1034 10 25 40 55 

P40 4 10 20 30 40 

P41 774 10 20 30 40 

P42 994 10 20 30 40 

P43 436 7 17 27 37 

P44 364 8 18 28 38 

P45 74 10 20 30 40 

 

Table 2: Working sensors(x) and failed sensors (-). The periods are in format of DD/MM/YY. 

The value n represents total number of time steps for each station. Each step is 15 minutes. 

Name Temperature Pressure Temperature 

Sensor 1 

Temperature 

Sensor 2 

Temperature 

Sensor 3 

Temperature 

Sensor 4 

Period N 

 P38 X x x x x x 04/11/16-

13/12/16 

3750 

P39 - x x x x x 04/11/16-

13/12/16 

- 

P40 X x x x x x 04/11/16-

30/11/16 

2526 

P41 X x x x x x 18/05/17-

21/06/17 

3296 

P42 X x x x x x 05/04/17-

12/07/17 

9234 

P43 X x - x x x 18/05/17-

23/05/17 

450 
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Table 2. (cont.) 

P44 X x x x x x 18/05/17-

11/07/17 

5177 

P45 X x x x - x 18/05/17-

07/11/17 

16576 

 

Estimation of hydrothermal parameters 

A thermo-hydrogeological model (Ginette) coupled with a parameters screening script 

is used to determine the hydrogeological and thermal properties of the HZ (Figure 

2.14). Ginette is a fully coupled transient finite volume model solving the water flow 

and heat transport in porous media (Rivière et al., 2014). The estimated parameters are 

volumetric heat capacity (ϱC), intrinsic permeability (κ), porosity (ω), thermal 

conductivity (λ) as in Table 3. 

The domain is 1-D column representing the HZ. We use grid discretization 1 cm and 

an adaptive time series stepping ensuring convergence of numerical simulations. 

Boundary conditions applied to the domain are the hydraulic head difference time 

series, as well as the river and HZ bottom temperature time series obtained from the 

mini-LOMOS device. The initial temperature field cannot be determined from 

measurements and is unknown. To minimize the influence of initial pressure and 

temperature fields on inversion results, we introduce a burnout time of 4 days. 

Hypotheses associated with this methodology are the water and heat fluxes between 

the stream and aquifer are vertical and homogeneous in the column. The parameters 

screening script allows us the envisage the horizontal heterogeneities inside the 

domain. 
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Figure 2.14: Step by step representation of the operating scheme of inversion script using Ginette. 

The principle of the inversion script is summarized at Figure 2.14. Initially, the 

parameter sets are chosen to inverse the temperature and pressure difference time 

series. Secondly, the simulation is run with given parameter sets. After each run, the 

parameter sets are compared with respect to statistical criteria as well as simulated time 

series and observed time series. The final stage is the refinement of the parameter set. 

This process continues until the parameters are refined within acceptable limits. Table 

3 summarizes the parameters used in the inversion. While a few physical parameters 

are deterministically known, other ones vary depending on geological environments at 

investigated locations and are therefore considered as stochastic.  
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Table 3: Physical Parameters used for the inversion script. 

Parameter Notation Numerical value 

or range 

Unit Reference 

 Porosity N 0.15 - 0.5 - Fetter (2001) 

water density ϱ
w

 
10

3
 kg m

−3
 

Bejan (2013) 

water specific heat 

capacity 

c
w

 4185 
J kg

−1
K

−1
 

Bejan (2013) 

water thermal 

conductivity 

λ
w

 0.598 
Wm

−1
K

−1
 

Bejan (2013) 

sediment density ϱ
s
 1800 - 3000 

kg m
−3

 
Eppelbaum, Kutasov, and Pilchin 

(2014) 
sediment specific heat 

capacity 

c
s
 800-2500 

J kg
−1

K
−1

 
Waples and Waples (2004) ; 

Eppelbaum et al. (2014) 
sediment thermal 

conductivity 

λ
s
 1 - 5 

kg m s
−3

C
−1

 
Eppelbaum, Kutasov, and Pilchin 

(2014) 
intrinsic permeability k 

10
−14

−10
−9

 m
2

 
Menichino and Hester (2014) 

gravitational constant G 9.81 
m s

−2
 

 

water dynamic 

viscosity 

w
 

10
−3

 kg m
−1

s
−1

 
Bejan (2013) 

 

2.4 2-D Model: Estimation of the Water and Heat Fluxes 

A 2-D hydro-thermal transect model was constructed by prescribing the FO-DTS 

temperature at the surface and the hydrothermal parameters obtained using the mini-

LOMOS. 

2.4.1 Setup 

The 2-D mesh is built to simulate the heat and water fluxes in longitudinal and vertical 

section of the Avenelles river. The mesh size is determined based on the available data, 

physical constraints, the topography survey of the riverbed, the geological description 

of the LOMOS at Bertin and Petit Paris, and the mini-LOMOS positions. 

The simulated section is shown in Figure 2.15. The origin of the axes x and z is taken 

at the left bottom of the domain. The domain is 1 km long. Its thickness varies between 

3 m and 11 meters. The grid spacing in the horizontal direction is 0.5 m. The vertical 
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discretization is 0.5 m for the first 2.5 meters deep and the rest of the domain has a 

vertical discretization of 0.1 m. The surface of the domain is the topography of the 

riverbed (presented in section 3.1.1). As a result, there are 98546 cells. 

There are 7 zones determined with the help of previous studies of mini-LOMOS 

inversions, and lithological data. Boundary conditions and zones are summarized in 

Figure 2.15. The top boundary is the temperature time series recorded by the FO-DTS. 

The bottom boundary is the temperature recorder in the aquifer piezometer of Bertin. 

A no-flow boundary is used at the bottom boundary of the domain. The lateral 

boundaries are "free boundary". That means the numerical code prescribes the 

temperature calculated at the previous time step. HZ heads do not respect the 

hydrostatic head principle; "free boundaries" are prescribed beneath the river at the 

lateral edge of the model. The bottom 2 meter of each side is Dirichlet boundary:  

– the head measured in the piezometer of Bertin for the left edge  

– the hydraulic head recorded in the piezometer of Petit Paris for the right edge  

Imposed hydraulic heads at the surface are calculated from the river water level 

measured at the both stations and the elevation of geomorphologic discontinuities of 

the riverbed (cascade). Finally, the model was run for different time periods for each 

season (21 days for November, 55 days for Winter, 80 days for Spring, 27 days for 

Summer). 

Validation is conducted with mini-LOMOS stations P40, P41, P42, P43, P44, P45. 

The Spring and Summer season validation is conducted with the stations P40, P41, 

P42, P43, P44, P45. The Autumn season validation is completed by comparing to 

station P40. 
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Figure 2.15: Imposed zones on the active cells. Each color represents a distinct zone, which has a 

unique parameter set obtained from mini-LOMOS. Topography data is from the topography survey. 

The red lines represent temperature boundary conditions, blue lines are water boundary conditions. 

Dash line represents no flux, and line for Dirichlet conditions. 

The temperature series of mini-LOMOS stations are used to validate the choice of 

physical and thermal parameters obtained with the 1-D inversion. The parameters 

imposed on each zone are shown in Table 4. 

Table 4: Parameters imposed on each zone 

HZ Properties Unit Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 Zone 7 

 Porosity - 0.35 0.40 0.35 0.25 0.15 0.05 0.15 

Intrinsic 

Permeability 
m

2
 0.10E

−12
 0.10E

−11
 0.10E

−12
 0.12E

−12
 0.10E

−11
 0.15E

−13
 0.10E

−13
 

Solid thermal 

conductivity 
kgms

−3
C

−1
 

2.0 1.2 2.5 1.8 2.5 2.5 2.8 

Solid mass heat 

capacity 
Jkg

−1
K

−1
 10

4
 10

4
 10

4
 10

4
 10

4
 10

4
 10

4
 

Specific density 
kgm

−3
 

2700 2200 1500 2500 3500 3500 3500 
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3. RESULTS AND DISCUSSION 

3.1 Field Data 

In this section, the data from DTS system, Mini-LOMOS, and piezometers will be 

evaluated.  

3.1.1 Characterization of pool and riffle sequences 

The geometrical and physical characteristics of pool and riffle sequences are important 

as they control the discharge, hyporheic exchanges, and biogeochemical conditions 

(Tonina and Buffington, 2007; Trauth et al., 2014). The pool systems in the Avenelles 

river are analyzed in Table 5. The basis of the analysis is represented on Figure 3.1. 

the average depth is 0.29 m. Maximum observed depth in the pool systems is 0.9 m, 

and the minimum depth is 0.1 m. The main slope over 1063 m is 0.01. The average 

downstream slope of the pools in the studied section is -0.05. The average upstream 

slope of the pools in the studied section is 0.05.  

 

Figure 3.1: The analysis of the pool sequences. Sd signifies the slope downstream, Su is the slope 

upstream. The Sg is the general slope. 

The size of the pool and riffle systems are important. The analysis of the lengths is 

shown in Figure 3.2. The average length of pool and riffles are around 12 m. There are 

3 exceptions for pool, which are longer than 30 m, and 2 exceptions for riffle, which 

are bigger than 40 m. Dominantly, length of pools range between 10 to 17 m, whereas 

riffle system has a range of 6 to 15 m. 
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Table 5: The analyses of the pools in the studied topography section. The downstream slope (Sd) 

is the slope closer to downstream from the deepest point of the pool. The upstream slope (Su) is 

the slope of upstream section starting from the bottom of the pool. General slope (Sg) is the 

slope between beginning and end of the pool. 

Class Class 

ID 

Length 

(m) 

Depth 

(m) 

Downstream slope of 

pool (Sd) 

Upstream slope of 

pool (Su) 

General slope 

(Sg) 
 Pool 1 14 0.2 -0.02 0.04 0.00 
Pool 2 10 0.1 -0.01 0.06 0.02 

Pool 3 22 0.1 -0.01 0.01 0.00 
Pool 4 14 0.2 -0.02 0.07 0.01 

Pool 5 10 0.2 -0.02 0.02 -0.01 
Pool 6 23 0.6 -0.20 0.03 0.01 

Pool 7 11 0.3 -0.08 0.06 0.02 
Pool 8 12 0.4 -0.05 0.03 0.02 

Pool 9 14 0.1 -0.01 0.03 0.02 

Pool 10 15 0.6 -0.07 0.03 0.01 
Pool 11 14 0.1 -0.01 0.04 0.02 

Pool 12 12 0.9 -0.08 0.09 0.00 
Pool 13 15 0.2 -0.05 0.03 0.01 

Pool 14 12 0.2 -0.03 0.12 0.03 

Pool 15 11 0.4 -0.13 0.04 -0.01 
Pool 16 7 0.4 -0.07 0.08 0.01 

Pool 17 15 0.3 -0.02 0.04 0.01 
Pool 18 19 0.1 -0.02 0.04 0.02 

Pool 19 10 0.2 0.00 0.07 0.02 
Pool 20 9 0.5 -0.06 0.20 -0.01 

Pool 21 17 0.2 -0.04 0.05 0.02 

Pool 22 17 0.5 -0.08 0.00 -0.04 
 Pool 23 8 0.3 -0.06 0.03 0.01 

Pool 24 11 0.2 -0.05 0.00 -0.03 
Pool 25 24 0.2 -0.03 0.07 0.01 

Pool 26 6 0.1 -0.01 0.07 0.02 

Pool 27 14 0.3 -0.06 0.04 -0.01 
Pool 28 8 0.3 -0.07 0.06 0.03 

Pool 29 5 0.5 -0.06 0.10 -0.03 
Pool 30 11 0.4 -0.20 0.18 0.07 

Pool 31 8 0.2 -0.01 0.02 -0.01 
Pool 32 18 0.1 -0.02 0.04 0.01 

Pool 33 20 0.4 -0.08 0.06 0.03 

Pool 34 32 0.4 -0.10 0.12 0.02 
Pool 35 11 0.2 -0.02 0.02 0.01 

Pool 36 8 0.3 -0.04 0.03 -0.01 
Pool 37 9 0.1 -0.03 0.03 0.01 

Pool 38 7 0.1 -0.01 0.04 0.01 

Pool 39 30 0.6 -0.05 0.02 -0.01 
Pool 40 11 0.2 -0.04 0.05 0.02 

Pool 41 7 0.3 -0.04 0.07 -0.01 
Pool 42 12 0.3 -0.07 0.03 0.01 

Pool 43 17 0.2 -0.04 0.05 0.00 
Pool 44 3 0.3 0.00 0.03 0.02 
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Figure 3.2: The size variation of pool and riffle sequences. 
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3.1.2 Temperature data from DTS systems 

Validation of the data 

The difference of FO-DTS data and the validation RBR probes are shown in Figure 

3.3. Validation of the data is completed in two periods. Until February, the temperature 

difference in each validation position is less than 0.01°C. The temperatures of RBR is 

in good correlation with the temperatures in the FO-DTS. 

After March, the difference between FO-DTS cable and RBR probe was as high as 

2°C for latter 3 periods (Figure 3.3). This trouble is related to a splice occurred at 797 

m. Then, a single-ended method was used to improve the calibration for this period. 

The temperature differences in each section reduced to 0.5°C. However, the 

temperature differences at the diurnal temperature peaks are still high. This can be 

explained by the fact of the hot bath was not operating during these 3 periods and FO-

DTS signal is affected by missing a high temperature reference point (hot bath). As a 

result, a workable data set from October to July is obtained. 

The final temperature data collected are in good agreement with RBR probes. From 

the 10th of July until 15th, the FO-DTS temperatures recorded beneath the second 

bridge are correlated to the air temperature (Figure 3.3). We do not use this period for 

the interpretation. 
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Figure 3.3: Validation of FO-DTS data for all periods. The gaps between the blue lines represent each 

period without record. The red lines represent RBR temperature record. 

General description of the spatio-temporal variation of temperature 

The Figure 3.4 shows the evaluation of the DTS temperatures in function of the 

distance and the time (Figure 3.4.a) and the monthly temperature averages as a 

function of distance (Figure 3.4.b). Figure 3.4.a represents all data collected during the 

survey period. 

The temporal variation is mainly controlled by diurnal variation in daily frequency and 

seasonal changes in monthly variation. Note that the temperatures near the second 

bridge has a sharp evolution due to the low thickness of water in the river (Figure 

3.4.b). 

Mean temperatures in Winter season drop as low as 4.5°C in January. In summer, 

average temperatures are increasing up to 22°C. The second bridge has at least 3°C 

higher average temperatures in Spring and Summer seasons, and 1°C lower than 

average temperatures in Winter. The confluence is affecting the temperature 

recordings, though the temperature difference is not more than 0.5°C.  

The median daily temperature amplitude is 0.91°C, whereas in certain days, it reaches 

up to 2.75°C. The 75 and 25 percentiles are ranging between 1.27°C, and 0.63°C. 

Physical references (bridge, confluence) indicate lower temperatures or higher 

temperatures than average throughout the monitoring period. Certain pools and riffles 
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deviates from the mean recorded temperatures throughout the monitoring period. 

These positions will be evaluated in detail in the upcoming section. 

In December, and January temperatures recorded by FO-DTS is lower than T
aquifer

 

(Figure 2.3). During Spring months, temperature difference between the river and the 

aquifer is not as high as Winter months. In Summer, T
aquifer

 is lower than temperatures 

recorded by FO-DTS. 

Striking point in this plot (Figure 3.4) is the temperatures near second bridge, which 

are deviating greater than other temperature spots. The confluence is affecting 

temperatures in the studied area, although the effect is somewhat similar to a pool. 

A decreasing trend in temperature is present in winter months towards downstream. 

The similar trend is not present in Spring, it is more or less flat. However, an increasing 

temperature trend is present towards downstream from May towards July. This is due 

to aquifer losing temperature towards upstream in Winter and gaining temperature in 

Summer.  
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Figure 3.4: a) Temporal and spatial variation of the bulk FO-DTS data. The data is representing all 

the periods beginning from November until the early July. b) The plot of monthly temperature time 

series averages over distance. The white area is representing riffles, the grey shade represents pools. 

The yellow zone is confluence with concrete cascade. The turquoise color represents the bridges. The 

positions of mini-LOMOS stations are indicated at the bottom. 

Effect of the pool and riffle 

The positions of riffles have similar temperature averages. There is a relationship 

between the pools and temperature deviation from average. Pools have lower 

temperature in summer, and higher temperature in winter.  

Deeper pools have higher temperature difference than mean temperature. In the case 

of Pool No. 6 (Table 5), is deeper than adjacent pools and in Summer months, its 

temperature is 2.5
∘
C lower temperature than monthly T

mean
. Contrary to Pool No. 6, 
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Pool No. 9 has 1 m depth, but, the temperature difference between the pool and 

monthly mean is not more than 0.2°C. In majority of the pools, a temperature 

difference is observable. Therefore, depths of pools are positively related with 

temperature differences within the river. However, only the depth is not sufficient to 

express the temperature difference, because as in the case of pool No. 9, having the 

largest depth, is warmer than a shallower pool No.6 (Figure 3.4.b). 

During Spring and Summer months, pools have higher temperature deviation at 

downstream, than the pools upstream. However, in Winter, there are certain pools 

(pool No. 28 at 760 m, see Table 5) has higher temperature average than other pools. 

We do not see a similar higher temperature response than pool No. 6 or pool No. 9 for 

the same period. 

Finally, downstream pools have higher temperature response than the pools upstream 

of second bridge. There is no certain difference in the shape or the slope of the pools 

between the ones downstream of bridge 2 and the ones upstream of bridge. Therefore, 

geometry is not the only dominant factor. This thermal response might be related to 

streambed topography and the heat capacity of the material accumulated towards 

downstream. Perhaps, the material brought by the confluence plays a higher role in 

determination of the temperature response. 

A strong relationship between the slope of the pools and the temperature variation 

could not be found. However, the depth of pool affects the temperature deviation. 

There are also certain pools with higher temperature deviation even though depth is 

close to mean depth of the pools. This might be due to riverbed topography, or the 

accumulated high heat capacity material at the surface of the pool. 

3.1.3 Temperature data from the mini-LOMOS 

Temperature data from mini-LOMOS (Figure A.1 to Figure  .8) is in good correlation 

with FO-DTS data (δT<0.01
∘
C). This means the recorded mini-LOMOS temperatures 

are validating the FO-DTS temperatures, as well as, the mini-LOMOS temperature 

recordings might be used for the validation of 2-D model. Temperatures recorded in 

Autumn (P38, P40), has at least 2°C lower temperature than T
aquifer

. On the contrary, 

Temperatures recorded in Spring and Summer, has higher temperatures than T
aquifer

. 
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Recorded temperature series vary both in diurnal variation and amplitude. The 

amplitude ranges between 0.5°C for P40 to 2.6°C for P42 for river temperatures. This 

difference is due to change in diurnal variation in different seasons. The amplitudes 

are lowering at least 60% at the deeper sensors. This is normal since the surface diurnal 

variation diminishes towards deeper zones. However, higher amplitude at deeper 

zones means the river is infiltrating towards the HZ (see Figure 2.1). The amplitude 

pattern changes for P42 between upper two temperature sensors and lower two 

temperature sensors. This might be due to inability of water to penetrate towards the 

HZ at deeper zones. There could be a clay limit after 20 cm. A phase shift is also 

present between temperature sensors in each location. For example, at station P40 

(Figure  .2), the sensor at 10 cm is at least 2°C above the temperature at 20 cm depth. 

This is due to a change in the lithology. Probably, a green clay dominant zone is present 

at this position. 

Therefore, the temperature in the HZ is affected greatly by the spatial heterogeneity 

and the changes in the lithology are the dominant factor in this difference.  
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3.2 Estimation of Hydrothermal Parameters from Mini-LOMOS 

The hydrothermal parameters of each mini-LOMOS stations are estimated by using an 

inversion script as detailed in section 2.3.1.b. In this section, the results of inversions, 

and water and heat fluxes will be investigated. 

3.2.1 Inversion results 

The results are validated by comparing the observed temperature series (Figure 3.5, 

see Figure A.1 to Figure B.6 for other stations). The RMSE of this position is 0.10 

(Table 7). The results are in good correlation with the observed time series. 

 

Figure 3.5: Simulated vs observed time series for mini-LOMOS station P44. Temperatures are 

recorded only for 5 days; the sensors are working fine. The statistical results of calibration are given in 

Table 7. 

The estimated parameters are stated in Table 6. The results vary up to an order of 

magnitude in between. Porosities (ω) range between 0.05 to 0.25. The highest porosity 

is at position P40. However, the porosity results are lower than the parameters from 

the literature (Table 3). Intrinsic permeability (λ) ranges between 0.10E
−12

 m to 

0.50E
−13

 m. Intrinsic permeability and porosity are important physical parameters 

controlling the advective heat flow in the porous medium. Results of intrinsic 
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permeability is well within the range of literature values. The intrinsic permeability 

results are not so low, thus a certain amount of advective heat flow is normal.  

Solid thermal conductivity parameters are within the literature parameters (Table 3). 

The estimated volume heat capacity results are ranging between 1500 Jm
−3

K
−1

 to 3500 

Jm
−3

K
−1

. 

Table 6: Parameters estimated after calibration 

HZ 

Properties 

Unit P38-

39 

P40 P41 P42 P43 P44 P45 Clay 

 Porosity - 0.05 0.25 0.10 0.10 0.15 0.10 0.05 0.05 

Intrinsic 

Permeability 

m
2
 0.10E

−12
 

0.10E

−12
 

0.10E

−13
 

0.10E

−12
 

0.55E

−12
 

0.55E

−12
 

0.10E

−12
 

0.50E

−13
 

Solid 

thermal 

conductivity 

kgms
−3

 

C
−1

 

2.0 1.5 1.0 1.2 2.5 1.5 2.1 1.5 

Solid 

thermal 

capacity 

Jkg
−1

K
−1

 10
4
 10

4
 10

4
 10

4
 10

4
 10

4
 10

4
 10

4
 

Specific 

Density 

kgm
−3

 2700 3500 1500 2500 1500 2200 3000 1900 

 

The statistical results of the estimated parameters are shown in Table 7. RMSE is 

ranging between 0.03 to 0.47. The correlation of the results is very well. The position 

P42 has correlation coefficient 0.84. This might be due to fluctuation in the recorded 

temperature series at the bottom sensor. 
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Table 7: Statistical parameters of the estimated parameters for each mini-LOMOS station. 

Statistical parameters P38-39 P40 P41 P42 P43 P44 P45 

 RMSE 0.45 0.25 0.47 0.24 0.15 0.10 0.03 

BIAS 0.33 0.13 0.02 -0.10 -0.08 -0.03 -0.01 

RBIAS 0.03 0.01 0.00 -0.01 -0.01 0.00 -0.01 

Correlation coefficient 0.97 0.98 0.91 0.84 0.99 0.99 1.00 

3.2.2 Water and heat fluxes 

Water and heat fluxes are estimated as represented in Figure 3.6 (see Figure C.1 to 

Figure C.5 for other stations). Water fluxes of P44 indicates that the dominant flow is 

infiltrating. There are only 2 brief periods where water is flowing to the river. 

Conductive flux in this station is following the diurnal temperature pattern. Though, 

in July, it fluctuates from the same pattern. This might be due to a disturbance in the 

probe. The advective fluxes are infiltrating. Contrary to the P44, the station P40 is 

exfiltrating. The station is positioned next to Bertin. Conductive fluxes are fluctuating 

in a random manner, rather than following diurnal pattern. 
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Figure 3.6: Estimated fluxes for the mini-LOMOS position P44. The minus sign indicates infiltration. 

The dominant advective flux is towards the HZ. The exfiltration is present only for 2 brief periods 

when the flux reversal is present. The water fluxes range between 1.5 cm/day to -1 cm/day. 

 

 

Figure 3.7: Estimated fluxes for the mini-LOMOS position P40. The minus sign indicates infiltration. 

Exfiltration is dominant in this station. Average water fluxes are 0.2 cm/day towards river. The 
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conductive fluxes are varying between +12 to -25 W/m2. Advective fluxes are towards river, and they 

are decreasing with time. 

 

Figure 3.8: The plot of quantified water and heat fluxes of 1-D mini-LOMOS stations on the 

topography. The magnitude of dominant flows is represented by the thickness of the arrows. 

The dominant flow is towards river at the upstream portion of the river. The 

downstream portion of the river is dominated by flow towards hyporheic zone (Figure 

3.8). The exception for this are P44 and P38, P39. This might be because of lateral 

inflows or the relative positions of the mini-LOMOS stations to the riffle. If the station 

is at downstream part of riffle, the flow is expected to be dominant towards river, in 

the other hand, at the upstream portion: the flow is expected to be towards hyporheic 

zone (See Figure 1.1). Hence, downstream of river is gaining water, and upstream part 

of river is losing water according to the temperature recorded by the FO-DTS. 

3.3 2-D Cross Section Model: Estimation of Water and Heat Fluxes  

3.3.1 Comparison between the temperature time series 

During Spring period, the temperature difference was as low as 0.2°C as in Figure 3.9. 

Overall, the temperatures are well represented except the deepest sensors (Figure 

3.10). These sensors have an average RMSE of 0.30 from 1-D vertical inversion. The 
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temperature difference between 2-D and 1-D for these sensors can be explained in 

several ways. Firstly, the last sensor (where the RMSE is taken) is the boundary 

condition and the simulated temperatures might differ at the boundaries. Secondly, 

results of mini-LOMOS are for local scale 1-D vertical exchanges, therefore, 2-D 

exchanges are not taken into consideration, which might affect the results. Perhaps, 

these sensors are at the limit of the clay, which needs to be calibrated separately.  

 

Figure 3.9: Comparison between observed mini-LOMOS temperature time series (thin lines) and 

simulated temperature time series from 2-D model (dots). 

The model is responding well to Autumn season as well, and it is in good correlation 

with station P40 as can be seen in Figure 3.10. The temperature difference is below 

0.2°C for Autumn, and head difference time series is also well correlated (Figure 

3.10.b). 
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Figure 3.10: a) Comparison between observed mini-LOMOS temperature time series (thin lines) and 

simulated temperature time series from 2-D model (dots) for Autumn season. b) Comparison between 

head differential time series. 

Overall, the simulated temperatures are in agreement with mini-LOMOS stations. The 

temperature difference is maximum 0.2°C for P43 station in Spring. The temperature 

difference 0.5°C created by the splice explains the difference between simulated and 

observed temperatures. 

The parameters estimated for local scale processes and the results do not represent the 

whole lithological medium as spatial heterogeneity is high. Although, the results are 

representing the local processes, to simulate the water and heat fluxes in 2-D 

longitudinal, the estimated parameters are used as indicators for the zone variation in 

the 2-D mesh. Depending the position of the mini-LOMOS in the river, the dominant 

flow direction might change. Therefore, the high spatial heterogeneity and difficulty 

of estimating the parameters makes it harder to upscale the estimated parameters. 

However, FO-DTS data enables us to upscale the estimated parameters and develop a 

preliminary 2-D mesh to test the obtained parameters from mini-LOMOS studies.  

3.3.2 Temporal variation of the temperature profile 

Temporal variation of each season is shown in Figure 3.11. The results in the figure 

represent a snapshot of one run. Temperatures of aquifer in Autumn and Winter season 
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is above river temperature. Whereas, in Spring and Summer, temperatures of aquifer 

are above river temperature. A position at 600 m has 2°C lower temperature than 

average in Winter, and 2°C higher temperature than temperature average in Summer. 

This difference is not so obvious in transitional seasons such as Autumn or Spring. 

 

Figure 3.11: Seasonal variation of temperatures in 2-D model, a snapshot in time. 

There is not a significant difference as in the variation of head levels (Figure D.1). 

This is due to imposed fixed head at the top boundary, and no flow boundary at the 

bottom. The head flow is lateral and decreasing gradually. In the upstream section in 

Winter season, there is a distinct zone with higher head, which coincides with a higher 

temperature zone during Winter (Figure 3.11). 
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3.3.3 Fluxes in 2-D and comparison to 1-D fluxes 

The estimated fluxes for mini-LOMOS are quantified only for 1-D vertical fluxes. 

There might be 2-D fluxes present. Therefore, the advective and conductive fluxes 

might be affected by 2-D fluxes. Moreover, fluxes of P40 and P44 might be affected 

due to their position in riffles (Figure 1.1). If they are positioned downstream of the 

riffle, the exfiltration might be dominant, or if the station is positioned upstream part 

of the riffle, infiltration might be dominant.  

2-D fluxes are estimated at the cells of mini-LOMOS stations to see the change 

between 1-D fluxes and 2-D fluxes. The water flux is fluctuating between 0.5 to - 1.5 

cm/day. Water is both infiltrating and exfiltrating. Conductive fluxes are ranging 

between +5 to -5 W/m2. The conductive fluxes follow the diurnal pattern. Advective 

fluxes are also flowing in both directions. There are certain periods where the fluxes 

reach up to 5 W/m2. 

 

Figure 3.12: The estimated fluxes in P44. 

The estimated fluxes from 2-D model deviate from the results of 1-D model (Figure 

3.6, Figure 3.12). The estimated water fluxes in mini-LOMOS is dominantly towards 

HZ, however, 2-D water fluxes are in both directions without a dominant flow 

direction. The same pattern is present in advective fluxes. The magnitude of advective 

fluxes are lower than mini-LOMOS results, and in both directions.  
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The conductive fluxes show a similar pattern, yet, the amplitude of conductive fluxes 

is down by 90 %. This is due to presence of 2-D lateral fluxes as well as vertical fluxes. 

The estimated fluxes for the 1-D hyporheic zone show temporal variation, conductive 

fluxes follow the diurnal pattern with varying magnitudes. The advective heat fluxes 

are closely related to the magnitude of the water fluxes. Diurnal variations in 

temperature are directly affecting the conductive fluxes. The important point is 

majority of the heat exchange is carried through conductive fluxes in the hyporheic 

zone.  

The magnitude of the fluxes varies through seasons, as stations in Autumn has lower 

conductive and advective fluxes than in Spring stations. However, this is not validated 

by comparison of multi-seasonal temperature time series at the same position. 

Therefore, the result might be due to the spatial heterogeneity between the studied 1-

D hyporheic columns. 

2-D model fluxes have lower heat fluxes than the estimated heat fluxes of 1-D mini-

LOMOS stations. The magnitude can change up to an order of magnitude. 1-D mini-

LOMOS results indicate that the dominant advective fluxes are homogeneous in one 

direction (either infiltrating or exfiltrating). However, for the same positions, the 

advective fluxes does not have a dominant direction, and feeding both the river and 

hyporheic zone; resembling a pattern following the diurnal fluctuation of the 

conductive heat fluxes. This pattern is also present for the water fluxes. 

This variation might be due to various reasons. The main reason is the head difference 

which is taken between aquifer and the river for the 2-D model, contrary to in-situ 

measurement of the head difference in the hyporheic zone for 1-D mini-LOMOS 

stations. Which is closely affecting the estimated advective fluxes. Another reason 

might be the resolution of the 2-D mesh. 1-D mini-LOMOS temperature time series is 

solved by a numerical model with 1 cm thick cells. However, 2-D mesh has 10 cm 

thick cells which creates a 1:10 cell ratio between the compared cells. Another possible 

reason is the 2-D lateral flows which were not considered in the 1-D mini-LOMOS 

results. This means some of the advective fluxes were lost to the lateral flow in the 

system. This case might be true for the conductive fluxes since their magnitude is also 

less than 1-D mini-LOMOS in 2-D mesh. Hyporheic exchange is noted to increase 
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during low flow conditions (Tonina and Buffington, 2007). Thus, increased flow rates 

in mini-LOMOS stations at Spring and Summer might be resulting from this fact. 

The resolution difference between 2-D mesh and 1-D mini-LOMOS is due to 

limitations in the computing power. For the 2-D model, it takes around 10 minutes per 

run, depending on the length of time series. However, a finer 2-D model would require 

much more computing power. Since the ratio of cells is 1:10, imitating the same 

resolution with 1-D mini-LOMOS would be impractical. 

3.4 Relationships Among Streambed Temperatures and Geometry of the Pool 

Pools and riffles, geometry of the pool is closely related with the temperature variance 

in the river, as well as the interactions with banks and other physical references such 

as bridges, concrete slabs etc. The variation of the pool and riffle sequences in 

amplitude, size and geometry are not the only key factors driving the hyporheic 

exchange. 

They act as a storage of heat and respond slower to diurnal temperature variations than 

riffles. The heat difference between pools and adjacent riffles reach up to 2.5°C.  

As can be seen in Figure 3.13, the temperatures are lower than the average temperature 

of the river in Spring and Summer (See Figure 3.11). These temperatures are around 

14.5°C to 15°C at the center of the pool, while they are increasing to 16°C. The similar 

temperature difference is not present in Autumn season. But the temperature difference 

is beginning to increase in Winter. This result is in agreement with the monthly 

temperature variation (See Figure 3.4.b). Therefore, only the depth or the geometry of 

the pool is not sufficient to explain the difference in the temperatures. There are 

flooding events present in earlier February, and in March (see Figure 2.3). A possible 

alteration of the streambed topography and the lithology might be the reason for this 

difference in response. A more detailed study of the pools is required to understand 

the reason. 
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Figure 3.13: The 2-D temperature variation of the pool No.9 per season. A drop in temperature is 

observable in Spring and Summer. 
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4. CONCLUSION AND PERSPECTIVES 

The temperature and head data acquired are validated and in good correlation between 

each other. The estimated hydro-thermal parameters are well within the literature 

ranges (Table 3). The limitation of the hydro-thermal parameters obtained is that we 

obtain information only about the 1-D vertical heterogeneity. However, the spatial 

heterogeneity is variable and can change up to an order of magnitude from location to 

location. 

A more detailed study is needed for the relationship of the fluxes and the riffle system. 

The study lacks the installation of the mini-LOMOS into pool systems because of their 

depth. This is due to physical limitations on the deployment of the tool (Cucchi et al., 

2018). 

The spatial variation of temperature time series is high. The heterogeneity is great due 

to the abundance of the pool and riffle sequences, and physical references (i.e. bridge, 

confluence, concrete slab). The decreasing and increasing temperature trend during 

different seasons is due to losing stream condition at the upstream section of the 

hydrologic network and gaining stream condition at the downstream section of the 

hydrologic network. This is also supported by the estimated fluxes by the mini-

LOMOS. 

The methodology used in this study has strengths and weaknesses. FO-DTS provides 

very fine and accurate temperature data as well as mini-LOMOS. The estimated 

parameter set is robust for 1-D hyporheic zone exchanges, and they are in good 

agreement with the literature values. However, the results are explaining for local scale 

exchanges, and these exchanges are subject to spatial variation of the lithology. 

However, mini-LOMOS is a strong tool for estimating the 1-D fluxes at local scales.  

Up-scaling the results, 2-D mesh is also subject to spatial variation and the mini-

LOMOS parameters are too few to represent whole length of the studied zone. This 

challenge might be overcome by deployment of more mini-LOMOS stations and 

increasing the abundance of the physical parameters estimated for the studied medium. 

The resolution of the 2-D model is sufficient to explain the exchanges. However, it is 

not in the same resolution of 1-D model. This can be improved with the increased 
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computing power. For practical reasons, the resolution is good for analyzing the fluxes 

at this scale. 

The 2-D model is used to simulate the heat and water fluxes with the help of FO-DTS 

data set. The data set used in the model is validated and the model provides good 

results. The temperature variation of the hyporheic column can be observed with the 

variation of the FO-DTS data. The hydro-thermal parameters are picked depending on 

the mini-LOMOS parameters and the proximity of mini-LOMOS stations with each 

other and their parameters. This approach comes handy to initiate the model and solve 

the system. But in a 1 km reach scale numerical model, the spatial heterogeneity is 

very high and depends on many factors (i.e. pool and riffle, geometry, lithology). 

Therefore, additional refinement with more mini-LOMOS stations is required to 

overcome the problem of spatial heterogeneity. This might result in additional zones 

and increased accuracy of the developed 2-D model.  

To conclude, this thesis presents a new combination of methods for characterization 

of the surface water-ground water interactions. High-resolution spatial and temporal 

temperature measurement unit FO-DTS is combined with mini-LOMOS and a 2-D 

mesh is developed to express the hyporheic exchange at reach scale. According to the 

conclusions, answers are sought for the research objectives of the study.  

– Is it possible to use the hydro-thermal parameters estimated with a 1-D model 

in a 2-D model at reach scale? 

The estimated hydro-thermal parameters from the 1-D model provide good data set for 

the 2-D model. The results are in good agreement with the mini-LOMOS results. It is 

refined for the Spring season and validated for Autumn season. However, more 

verification is needed for the parameters. Spatial heterogeneity problem requires 

additional surveys to estimate the parameters. Coupling FO-DTS with piezometric and 

temperature data from the study area to estimate fluxes and validating with mini-

LOMOS possess a high potential for future research and up-scaling the parameters for 

the use of water managers.  

– Are we able to represent the effects of pool and riffle sequences without data 

set? 

The FO-DTS unit detects the spatial variations on temperature resulted from pool and 

riffle sequences. However, the spatial variation is not just resulted from these 
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sequences. Mini-LOMOS is a strong tool for characterization of the 1-D local scale 

exchanges. Coupling both methods provides insight about the effect of pool and riffle 

sequences. The geometry of the pool and riffle sequences are important factors on the 

exchanges. A detailed study should be taken to further analyze the effect of pool and 

riffle sequences by addressing the effect of other factors correctly. 
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APPENDICES 

Appendix A. Mini-LOMOS 

 

Figure A.1: Temperature and head difference time series of mini-LOMOS station P38, this station 

recorded in Winter season. Red line represents the head difference, and other lines are from each 

sensor at various depth. The location is at upstream part of study area, at 1034 m from Bertin. This 

station is not included in the 2-D model since its outside of the modeled zone. Dominant water flux is 

upstream except a week between 13-20 November. 
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Appendix A continue 

 

Figure  .2: Temperature and head difference time series of mini-LOMOS station P40, this station 

recorded in Winter season. Red line represents the head difference, and other lines are from each 

sensor at various depth. The location is next to Bertin station. Fluctuation of head difference is higher 

than other positions. The dominant flux is towards hyporheic zone. All sensors recorded temperature 

data. 

 

Figure  .3: Temperature and head difference time series of mini-LOMOS station P41, this station 

recorded in Spring season. Red line represents the head difference, and other lines are from each 

sensor at various depth. The location is at 774 m. The dominant water flux is towards hyporheic zone. 

All sensors recorded temperature data. However, the deepest temperature sensor recorded faulty data, 

thus omitted. 
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Appendix A continue 

 

Figure  .4: Temperature and head difference time series of mini-LOMOS station P42a, this station 

recorded in Spring season. Red line represents the head difference, and other lines are from each 

sensor at various depth. The location is at 994 m. The dominant water flux is towards hyporheic zone. 

After 23 April, the water flux reverses, and flows into river. The temperature sensor at 40 cm depth 

deviates from the actual temperatures, it might have been damaged. 

 

Figure  .5: Temperature and head difference time series of mini-LOMOS station P42b, this station 

recorded in Summer season. Red line represents the head difference, and other lines are from each 

sensor at various depth. The location is at 994 m. The dominant water flux is towards river. 

Temperature sensors are not damaged; however, the amplitude head difference is higher than other 

positions. 
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Appendix A continue 

 

Figure  .6: Temperature and head difference time series of mini-LOMOS station P43, this station 

recorded in Spring season. Red line represents the head difference, and other lines are from each 

sensor at various depth. The location is at 436 m. The dominant water flux is towards river. The 

battery failed after 5 days at this position. The temperature sensor at 7 cm did not operate. 

 

Figure  .7: Temperature and head difference time series of mini-LOMOS station P44, this station 

recorded in Summer season. Red line represents the head difference, and other lines are from each 

sensor at various depth. The location is at 364 m. The dominant water flux is towards hyporheic zone. 

There are two small periods with water flux towards river. The sensors are working correctly. 
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Appendix A continue 

 

Figure  .8: Temperature and head difference time series of mini-LOMOS station P45, this station 

recorded in Summer season. Red line represents the head difference, and other lines are from each 

sensor at various depth. The location is at 74 m. The dominant water flux is towards hyporheic zone. 

The head difference is an order of magnitude higher than other positions. Therefore, one of the 

pressure sensors might have been damaged. The temperature sensor at 30 cm is damaged, it did not 

record any data. 
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Appendix B. Calibration vs observed time series from mini-LOMOS 

 

Figure A.1: Simulated vs observed time series for mini-LOMOS station P38. The deepest sensor data 

was not good for inversion script; thus, it is omitted. The two center sensors are used for calibration. 

The statistical results of calibration are given in Error! Reference source not found..  

 

Figure B.2: Simulated vs observed time series for mini-LOMOS station P40. The sensor at 10 cm 

data was not good for inversion script (observed temperature was 2.5°C higher than other data), thus it 

is hard to simulate. The other two sensors are used for calibration. The statistical results of calibration 

are given in Error! Reference source not found.. 
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Appendix B continue 

 

Figure B.3: Simulated vs observed time series for mini-LOMOS station P41. The sensor at 40 cm 

data was not good for inversion script (the sensor recording is deviating a lot from other sensors); 

thus, it is hard to simulate. The other two sensors are used for calibration. The statistical results of 

calibration are given in Error! Reference source not found.. 

 

Figure B.4: Simulated vs observed time series for mini-LOMOS station P42. All the temperature 

sensors are working fine, however, after 20 April, the temperature data recorded at deepest sensor, and 

the head difference is deviating, thus the simulated temperatures are becoming harder to simulate. The 

statistical results of calibration are given in Error! Reference source not found.. 
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Appendix B continue 

 

Figure B.5: Simulated vs observed time series for mini-LOMOS station P43. Temperatures are 

recorded only for 5 days; the sensors are working fine. The statistical results of calibration are given in 

Error! Reference source not found.. 

 

Figure B.6: Simulated vs observed time series for mini-LOMOS station P45. The sensor at 30 cm 

depth is not working. The calibration is done through other stations. The statistical results of 

calibration are given in Error! Reference source not found.. 
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Appendix C. Water and heat fluxes from mini-LOMOS 

 

Figure C.1: Estimated fluxes for the mini-LOMOS position P38. The minus sign indicates 

infiltration. 
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Appendix C continue 

 

Figure C.2: Estimated fluxes for the mini-LOMOS position P41. The minus sign indicates 

infiltration. 

 

Figure C.3: Estimated fluxes for the mini-LOMOS position P42. The minus sign indicates 

infiltration. The dominant water flux is towards hyporheic zone. After 23 April the exfiltration is 

dominant. Conductive heat fluxes have an amplitude of ±25 W/m2. Advective fluxes are around 5 

W/m2 towards hyporheic zone. 
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Appendix C continue 

 

Figure C.4: Estimated fluxes for the mini-LOMOS position P43. The minus sign indicates 

infiltration. 

 

Figure C.5: Estimated fluxes for the mini-LOMOS position P45. The minus sign indicates 

infiltration. Water fluxes is towards hyporheic zone. This station has much higher water fluxes than 

other mini-LOMOS stations. The conductive fluxes are ranging between ±30 W/m2. The dominant 

advective flux is towards hyporheic zone. Advective fluxes are much higher than conductive fluxes 

(Ranging between 70-170 ±30 W/m2). 
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Appendix D. 2-D model 

 

Figure D.1: Seasonal variation of head in 2-D model, a snapshot in time. 
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