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Abstract 

Thermal infrared (TIR) imaging has been previously applied to survey relatively large thermal 

footprints in coastal zones, lakes, reservoirs and rivers. In freshwater systems, the buoyancy of 

relatively warm groundwater during the winter months allows for the surface identification of 

groundwater discharge or thermal pollution using TIR imaging. However, information regarding 

the performance of TIR for resolving this warm groundwater upwelling is limited, particularly at 

fine spatial scales and variable discharge rates. In order to evaluate the suitability of TIR to trace 

warm groundwater upwelling at the water surface of lakes, ponds and reservoirs (e.g. lacustrine 

groundwater discharge (LGD) in shallow near-shore zones) we conducted a mesocosm 

experiment with a TIR camera situated 4 m above the water surface to capture thermal patterns 

in response to different groundwater discharge rates, weather conditions and the diurnal cycle. A 

fiber optic distributed temperature sensing system (FO-DTS) installed at 2 cm below the water 

surface was used to ground-truth spatial patterns observed in TIR images. Results show the 

impacts of both the diurnal cycle of net radiation and prevailing weather conditions on the 

accuracy of TIR imaging for resolving warm groundwater discharge. Most reliable results were 

obtained under overcast weather conditions and during the night. The results of our study 

provide guidance for those looking to use TIR for conducting thermal tracing of LGD at the 

surface of freshwater bodies during winter. 

Keywords 

TIR, FO-DTS, groundwater, lake, heat tracing, leakage  
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1 Introduction 

The use of thermal infrared (TIR) remote sensing is increasingly popular in the earth and 

environmental sciences for mapping of temperature patterns and thermal anomalies in water 

bodies (Dugdale, 2016). As such, TIR imaging has been applied in a wide range of contexts for 

monitoring of naturally occurring natural processes such as submarine groundwater discharge 

(SGD) in coastal areas (Johnson et al., 2008; Lee et al., 2016; Tamborski et al., 2015), 

groundwater discharge in streams and lakes (Hare et al., 2015; Wawrzyniak et al., 2016), 

volcanic activity (Davies et al., 2008) or hydrothermal systems (Neale et al., 2016). It is also 

used for the identification of anthropogenic impacts on hydrological systems including thermal 

effluent from power plants (Wang et al., 2016) and surface water contamination by illegal sewers 

or storm drainage (Lega and Napoli, 2010). 

TIR imaging allows for the measurement of water surface temperature at high spatial resolution 

across a wide range of scales (Dugdale, 2016). While TIR has been relatively under-used until 

recently (in comparison to other remote sensing techniques), the increasing affordability of TIR 

has led to a recent uptake of this technology. This increased use of TIR has driven a range of 

literature reviewing the technological applications and limitations of satellite, airborne and 

ground-based TIR remote sensing (e.g. Dugdale, 2016; Handcock et al., 2012; Mundy et al., 

2016; Sobrino et al., 2016) for the monitoring and mapping of water temperature anomalies in 

both marine and freshwater environments.  

In marine systems, Submarine Groundwater Discharge (SGD) is a major source of nutrients and 

other chemical components (Burnett et al., 2006, 2003; Danielescu and MacQuarrie, 2011; 

Johnson et al., 2008; Taniguchi et al., 2002). SGD is known to affect water quality and 
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phytoplankton dynamics, potentially leading to environmental phenomena such as eutrophication 

and algal blooms (Anderson et al., 2002; Hu et al., 2006; Lee and Kim, 2007). 

In freshwater systems, groundwater discharge can create discrete temperature anomalies that 

serve as thermal refugia for fish and other ectothermic species (Baker et al., 2014; Brabrand et 

al., 2002; Hayashi and Rosenberry, 2002; Warren et al., 2005). Groundwater discharge can also 

impact nutrient budgets of lentic ecosystems (Boulton et al., 1998; Meinikmann et al., 2013; 

Shaw et al., 1990) and may play a role as a potential vector for pollution in streams and lakes 

(Nakayama and Watanabe, 2008). 

 

Due to the importance of groundwater discharge in marine and freshwater systems, the literature 

abounds with TIR remote sensing-based methods for the detection of diffuse and discrete 

groundwater discharge. In marine systems, Johnson et al. (2008) demonstrated that TIR imagery 

is an appropriate tool for mapping SGD. More recently, Tamborski et al. (2015) combined 

airborne TIR with radium (
223,224

Ra) and radon (
222

Rn) surface water sample collection to 

quantify diffuse SGD. Similarly, Lee et al. (2016) demonstrated how combining aerial TIR 

imagery with field observations can be used to identify large groundwater inputs from coastal 

aquifers to the ocean. In freshwater environments, Schuetz and Weiler (2011) used ground based 

TIR thermography to detect discrete groundwater discharge into streams. A similar experiment 

by Briggs et al., (2016) demonstrated how ground-based TIR can reveal fine scale groundwater 

discharge patterns which would have not been resolved by other (coarser) methodologies. At 

larger scales, Wawrzyniak et al. (2016) used airborne TIR to resolve cold water patches in a 

riverine system as a function of the temperature difference between the river (in low flow 

conditions) and groundwater inputs.  
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Groundwater detection using TIR is more straightforward in marine than freshwater 

environments due to the large density difference between groundwater inflow and the saline 

water column. Unlike in marine environments, where these salinity differences drive SGD 

upwelling, groundwater upwelling in freshwater systems is largely driven by temperature. Even 

small temperature differences may provoke groundwater-surface water density gradients that 

approach levels of buoyancy similar to that of groundwater discharge in saline systems 

(Lewandowski et al., 2013). This buoyancy, amongst other factors, enables the detection of 

groundwater upwelling at the surface of freshwater bodies. However, because the groundwater-

surface water temperature difference can vary substantially, the ability of TIR to resolve 

groundwater upwelling is less consistent than in marine systems. While many publications (eg. 

Briggs et al., 2016, 2013; Danielescu et al., 2009; Dugdale et al., 2015; Tcherepanov et al., 2005; 

Wawrzyniak et al., 2016) document the use of TIR to detect groundwater upwelling in 

freshwater bodies, the vast majority of these studies focus on the detection of cool thermal 

anomalies in summer, with relatively little attention paid to the quantification of warm 

groundwater-surface water exchanges in winter. Furthermore, the examples that do exist which 

describe TIR imaging to detect winter groundwater upwelling in freshwater environments focus 

on groundwater discharge: (i) in streams (eg. Hare et al., 2015; Wirth et al., 2012); (ii) at marine 

beaches (Röper et al., 2014) and; (iii) in vernal and peatland pools (Frisbee et al., 2016), rather 

than in lentic waterbodies where mixing patterns are substantially different. 

In addition, while previous studies (e.g. Briggs et al., 2016; Dugdale et al., 2015; Hare et al., 

2015; Schuetz et al., 2012; Schuetz and Weiler, 2011) highlight the reasonable ability of TIR 

remote sensing to detect thermal anomalies related to groundwater discharge in real world 

freshwater environments, there remains a lack of formal ‘laboratory-style’ data evaluating the 
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precise hydrological (e.g. discharge rates) and meteorological (e.g. weather conditions) 

conditions under which TIR remote sensing best detects groundwater upwelling, especially 

during the winter season. 

 

In light of this these knowledge gaps, we present the results of a mesocosm experiment designed 

to test the suitability of TIR for tracing the upwelling of discrete lacustrine groundwater 

discharge (LGD) in lentic waterbodies (e.g. in shallow near-shore zones of lakes, ponds and 

small reservoirs). Our specific objectives were: (i) to compare (both visually and quantitatively) 

TIR observations of surface water temperature with simultaneously-collected FO-DTS 

temperature data measured 2 cm below the water surface and (ii) to evaluate the suitability of 

ground-based TIR for the detection of spatial patterns in relatively warm groundwater upwelling 

as a function of different discharge rates, weather conditions and the diurnal cycle. 

 

2 Methods 

2.1 Experimental design 

The mesocosm used in this study contained two inlets and one outlet (Figure 1). Water from 

Lake Müggelsee located in Berlin, Germany (mean of 4.7 °C over the course of the experiment) 

was injected into the corner of the mesocosm via one of the inlets (rate ≈ 33 L min
-1

). The inlet 

remained open at all times to keep water temperatures well-mixed and relatively constant. The 

other inlet was installed at the base of the mesocosm and used for controlled warm water 

injections. A hosepipe was connected to this inlet to provide warm water. The pipe was insulated 

with foam to reduce cooling along the flow path from the tap to the mesocosm (approximately 65 

m). Temperature of the injected flow (measured at halfway between the tap and mesocosm) 
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ranged from 14 to 16 °C. A nozzle was connected to the end of the inlet and covered with 

sediment to realistically simulate dispersal of the injected water through a layer of sediment. 

Finally, an outlet at the other side of the mesocosm was used to maintain a constant water level 

of 0.82 m. Discharge at this outlet varied from 34 to 48 L min
-1

 depending on the warm water 

injection rate (Marruedo Arricibita et al., 2018). 

 

<Figure 1 here, please> 

Figure 1. Schematic of the mesocosm’s experimental design including TIR setup and the upper 

layer of the FO-DTS. 

 

For the FO-DTS surveys, an aluminium frame of dimensions 4 m x 2 m x 1.5 m (Figure 1) was 

installed within the mesocosm. The aluminium frame was used to support the FO cable in a grid-

like pattern 2 cm below the water surface (Figure 1). The FO cable grid consisted of 15 lines 

(rows) of cable spaced 12.5 cm apart. An ULTIMA-S DTS (SILIXA Ltd.) instrument with a 

sampling resolution of 12.5 cm was used for the FO-DTS surveys. This experimental setup 

essentially resulted in gridded temperature measurements with a resolution of 12.5 cm. 

Temperatures were acquired with a temporal frequency of 10 seconds (mean of the preceding 10 

second period; essentially the integration time of the FO-DTS). 500 m of 2.8 mm diameter 

Corning ClearCurve simplex fiber (loose tube, 1 multimode fibre, both ends terminated with 

E2000/APC connectors) were deployed for the experiments. This selected FO cable specification 

allowed bending and was thus appropriate for installation in the aluminium frame (Marruedo 

Arricibita et al., 2018). 
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Thermal images were acquired from a TIR camera installed 4 m above the mesocosm on a steel 

frame (Figure 1) and oriented perpendicular to the water surface. The FO-DTS measurements 

were used for ground truthing of the TIR results which only capture direct surface temperatures 

(ie. the upper 10 μm of the water surface ;Torgersen et al., 2001). We used a VarioCAM® hr 

head camera (InfraTec GmbH) with 640 x 480 pixels (7.5 – 14 μm). The camera was equipped 

with a wide angle lens with focal length of 12.5 mm and field of view (FOV) 65° x 51°. The 

temperature measurement range is -40 to 1200 °C and reported measurement accuracy is ±2 °C 

or ±2 %. 

 

2.2 Measurement protocol and calibration 

2.2.1 FO-DTS 

Calibration of the FO-DTS was carried out using reference sections of fibre optic cable 

immersed within ice baths containing a mix of ice and water (maintained at ~0.2 °C). The first 

and last 20 m of fibre optic cable were submerged in this well mixed ice bath, and an external 

temperature probe connected to the DTS device used to monitor calibration bath temperatures 

independently. For differential loss corrections, fixed value settings were chosen along the 

relatively short cable (500 m) without any splices (Marruedo Arricibita et al., 2018). A default 

value of 0.255 dB/km was used. This is the expected value for Corning ClearCurve OM3 fibre. 

A two-way single-ended measurement setup was deployed with alternating bidirectional 

monitoring of the light pulse sent from the DTS device (Krause and Blume, 2013). 
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2.2.2 TIR  

The TIR camera used in this study has an uncooled microbolometer FPA detector (uncooled 

Focal Plane Array) with an internal shutter. Small alterations in the microbolometer 

manufacturing process lead to non-homogeneous pixel specific sensor parameters which can 

induce temperature non-uniformities in the image (Tempelhahn et al., 2016, 2015). The camera’s 

non-uniformity correction system (NUC) compensates for these minor sources of error by using 

an internal optical shutter that periodically covers the whole camera field of view to provide a 

reference temperature. In this manner, the TIR camera performed a NUC (also known as a Flat 

Field Correction) every 90 seconds to correct for temperature or thermal drift effects on the 

measurements (eg. Chen et al., 2011; Dugdale, 2016; Handcock et al., 2012; Tempelhahn et al., 

2015, 2016). 

A simple MATLAB function was developed to compensate for the effects of vignetting which 

created a minor systematic radial temperature gradient in the raw TIR images. This was achieved 

by applying a convolution filter with a smoothing window of 25 pixels to the raw imagery and 

subsequently creating a new image whereby each pixel is assigned a value equal to the difference 

between its smoothed value and the mean of all pixels within the image. The resulting raster 

essentially contained an inverse image of the vignetting effect which was then subtracted from 

the raw TIR image resulting in a final corrected TIR image. 

Since the aim of the present study is to evaluate the suitability of TIR to determine spatial 

patterns of warm water upwelling, rather than quantifying rates of upwelling per se, absolute 

temperatures were not of specific interest and were not calculated for the data obtained by the 

TIR camera. Instead, we compared the TIR-derived data to the FO-DTS observations by 
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computing the difference in minimum temperature (∆Tmin) observed by the (corrected) TIR 

image and the FO-DTS device. 

 

2.3 Study period and influence of discharge rates, weather conditions and diurnal cycle  

Six 24-hour temperature datasets of simultaneously-acquired FO-DTS and TIR data were used in 

the present study (Table 1). The temperature datasets were obtained during 11 to 27 March 2015. 

In order to assess the performance of the TIR methodology at different discharge rates and 

weather conditions, injection rates were varied between 1, 5 and 15 L min
-1

 under a range of 

different (ie overcast and clear) sky conditions. Overcast vs. clear weather conditions were 

inferred from data acquired from a weather station installed alongside the mesocosm, whereby 

relative solar radiation was defined as the ratio of observed shortwave radiation (measured by the 

weather station pyranometer) to the computed maximum solar radiation that would be expected 

using clear sky conditions (after Allan et al., 1998). For example, average relative shortwave 

radiation measured on 26 March 2015 of 0.17 was considered ‘overcast’ whereas the value on 19 

March 2015 of 0.97 was classified as clear. Performance of the TIR methodology was examined 

at different points throughout the diurnal cycle to evaluate differences between day and night 

conditions. 

 

Table 1. 24-hour measurements with FO-DTS and TIR camera. The control dataset is only used 

as a reference for the initial conditions of the mesocosm measurements and is not included in the 

results. 

Injection rate (L min
-1

) Weather conditions Date (in March 2015) 

0 (control) overcast 11 

1 clear 19 
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1 overcast 26 

5 clear 18 

5 overcast 27 

15 overcast 12 

 

2.4 Comparison of TIR temperature data with FO-DTS temperature data 

We assessed the performance of the TIR data for locating and measuring the spatial extent of 

warm groundwater upwelling by comparing the TIR data with FO-DTS. Because the TIR images 

essentially contain multiple ‘layers’ of radiation resulting from solar radiation and/or longwave 

reflections (from trees, clouds, etc), it is necessary to determine the extent to which the 

temperature signal from the warm water discharge matches that recorded by the FO-DTS data, in 

light of these other sources of noise. This was accomplished both visually and quantitatively. 

 

2.3.1 Visual comparison 

A direct comparison of the FO-DTS and TIR thermal image data was difficult, given the 

different spatial resolutions of both methods and the fact that FO-DTS provided a spatially 

integrated temperature along a 2-dimensional cable section while TIR produced gridded 

temperature data. To enable comparison between the TIR and FO-DTS data, the portion of the 

TIR image corresponding to the extent of the FO-DTS measurements was extracted from the TIR 

images of the mesocosm. The TIR images were then down sampled to the same resolution of the 

FO-DTS temperature data matrix, allowing the resulting 30x15 pixel TIR matrices to be 

compared to the FO-DTS grid. 

We visually compared the average temperature grids generated by the FO-DTS and TIR 

approaches for the first 3.5 minutes of each hour. Although the FO-DTS temperature data 

showed clearer spatial temperature patterns when averaged over longer periods of time, this was 
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not the case for the temperature data monitored by the TIR camera, presumably due to increased 

surface movement in comparison to the FO-DTS (submerged at 2cm below the surface). Indeed, 

averaging the TIR temperature data over long periods of time resulted in overly blurred or 

smoothed patterns. Therefore, the decision to focus on the 3.5 min period represented a 

compromise between the two methods. 

Temperature anomalies caused by external factors such as leaves, branches or ducks on the water 

surface were identified and masked out before plotting the resulting temperature grids for the 

FO-DTS and TIR data. Temperature values found to be outside of 3 standard deviations above or 

below the mean were considered outliers due to external factors and were also removed. 

 

2.3.2 Quantitative comparison 

In addition to visually comparing the TIR and FO-DTS temperature grids, we quantified spatial 

correlation between the TIR and FO-DTS grids generated in section 2.3.1 using Bivariate Global 

Moran’s I. Bivariate Global Moran’s I is essentially a global measure of spatial association 

between two different variables in corresponding neighbourhoods. In this case Bivariate Global 

Moran’s I can thus be understood as an average value representing the correlation between the 

entire TIR and FO-DTS grids (eg. Anselin, 1995; Anselin et al., 2002).  
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3 Results 

3.1 Comparison of TIR temperature data with FO-DTS temperature data 

3.1.1 Visual comparison 

To highlight differences resulting from variations in injection rate, time of day and technique 

employed (FO-DTS and TIR), we visually compared pairs of FO-DTS and TIR temperature 

images with the lowest (ie. worst) and highest (ie. best) spatial correlation (based on Bivariate 

Global Moran’s I coefficients; see Figures 2 and 3) under overcast (Figure 2) and clear sky 

(Figure 3) weather conditions for injection rates of 1 L min
-1

, 5 L min
-1

 (Figure 2 and 3) and 15 L 

min
-1 

(Figure 2). The figures show the averages of ∆Tmin for the first 3.5 minutes of each hour.  

 

Overcast conditions 

Under overcast conditions with a 1 L min
-1

 warm water injection rate, the lowest spatial 

correlation occurred at 20:00 in the evening (Figure 2.a). The FO-DTS data showed warmest 

temperatures on the right side of the image resulting from the injected warm water at the bottom 

of the mesocosm. Conversely, the TIR data showed warmest temperatures on the left side of the 

image. This is likely due to the fact that images recorded at this low discharge rate were 

dominated by thermal reflections of a tree overhanging the left side of the mesocosm, which 

obscured the temperature signal corresponding to the warm water injection (indicated with a 

black arrow in Figure 2.a, TIR image). In contrast, the best spatial correlation between the FO-

DTS and TIR temperature at a 1 L min
-1

 injection rate occurred at 02:00 in the morning (Figure 

2.a), whereby there was a strong visual overlap between warmest areas in the FO-DTS and TIR 

data. 
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Under a 5 L min
-1

 injection rate, the worst spatial correlation occurred at 07:00 in the morning 

(Figure 2.b). Similar to the 1 L min
-1

 data, the FO-DTS recorded warmest temperature areas on 

the right side of the mesocosm, while the TIR temperature data again indicated warmest 

temperatures on the left due to reflections from tree cover. The best calculated spatial correlation 

between FO-DTS and TIR temperature data occurred at 02:00 in the morning (Figure 2.b), 

whereby the FO-DTS and TIR data show a similar extent of warm water. 

Under an injection rate of 15 L min
-1

, the worst spatial correlation between FO-DTS and TIR 

temperature data occurred at 13:00 in the afternoon (Figure 2.c), while the best correlation 

occurred at 20:00 (Figure 2.c). Unlike the lower injection rates, both cases showed a good degree 

of visual similarity between the FO-DTS and TIR temperature grids.  

Taken together, these results indicate a reasonable degree of similarity between the FO-DTS and 

TIR data, particularly for the higher injection rates. The TIR signal corresponding to the warm 

water injection was also clearer at night-time than during the day. 

<Figure 2 here, please> 

Figure 2. Visual comparison of TIR temperature data with FO-DTS temperature data. Worst 

(left) and best (right) spatially correlated datasets for overcast conditions at three pumping rates: 

a) 1 L min
-1

, b) 5 L min
-1

 and c) 15 L min
-1

. Temperature signal corresponding to the warm water 

injection is indicated with a black arrow in Figure 2.a and 2.b.  

 

Clear sky conditions 

Under clear sky conditions (Figure 3), simulated groundwater upwelling produced by the warm 

water injection was generally not detected by TIR. Figure 3 shows the FO-DTS and TIR 

temperature grids corresponding to the lowest and highest spatial correlations. The overall 
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correlation between FO-DTS and TIR was systematically lower than under overcast skies, and 

no meaningful differences were observed between the computed worst and best spatial 

correlation values. Thus, there was little visual agreement between the TIR and FO-DTS data for 

any injection rate, throughout the entire diurnal cycle (see Figure 3.a and 3.b). 

 

<Figure 3 here, please> 

Figure 3. Visual ground truthing of TIR temperature data with FO-DTS temperature data. Worst 

(left) and best (right) correlated datasets for clear conditions at three pumping rates: a) 1 L min
-1

 

and b) 5 L min
-1

. 

 

3.1.2 Quantitative comparison 

We calculated Global Moran’s I coefficients between FO-DTS and TIR temperature data under 

overcast (Figure 4) and clear conditions (Figure 5) across the entire 24-hour long measurement 

cycle and for all simulated warm water injection rates (Figures 4 and 5: a) 1 L min
-1

 and b) 5 L 

min
-1

 and Figure 4.c: 15 L min
-1

) with a view to ascertaining the time and conditions associated 

with the best and worst performance of the TIR methodology. Generally, we observed that 

Global Moran’s I coefficient values under overcast conditions were higher than under clear 

conditions (see Figures 4 and 5), with the absolute highest values obtained for the 15 L min
-1

 

injection rate (see Figure 4.c). Furthermore, for 1 L min
-1

 and 5 L min
-1

 injection rates under 

overcast conditions, the highest Global Moran’s I coefficient values were obtained during night 

(see Figure 4.a and 4.b).  
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Under clear conditions, Global Moran’s I coefficient values (both 1 L min
-1

 and 5 L min
-1

) were 

generally lower than those observed under overcast weather conditions, and were often close to 0 

or negative (see Figure 5.a and 5.b).  

 

<Figure 4 here, please> 

Figure 4. Bivariate Global Moran’s I values for spatial correlation between FO-DTS and TIR 

temperature data under overcast weather conditions, for three pumping rates: a) 1 L min
-1

, b) 5 L 

min
-1

 and c) 15 L min
-1

. 

 

<Figure 5 here, please> 

Figure 5. Bivariate Global Moran’s I values for spatial correlation between FO-DTS and TIR 

temperature data under clear sky conditions, for two pumping rates: a) 1 L min
-1

 and b) 5 L min
-

1
. 

 

4 Discussion 

4.1 Comparison of TIR temperature data with FO-DTS temperature data 

Visual and quantitative comparison of the TIR temperatures with FO-DTS data demonstrated 

that best matches occurred during overcast weather conditions than during clear sky conditions, 

during night than during day and at higher injection rates than at lower injection rates (Figures 2-

5). FO-DTS observations provided a spatially-explicit validation for the patterns observed in the 

TIR images for a range of different discharge rates, weather conditions and points along the 

diurnal cycle. The FO-DTS setup allowed for the differentiation of thermal anomalies related to 
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groundwater upwelling from thermal anomalies present within the TIR images which were 

related to other factors (eg. reflections from vegetation). The use of near-surface mounted FO-

DTS to validate TIR in this manner is novel, as the majority of other studies incorporating FO-

DTS measurements and TIR use FO-DTS installed at the sediment-water interface (e.g. 

Lewandowski et al., 2013). In such studies, comparison of TIR images with FO-DTS 

temperature data is problematic because: a) depth-dependent mixing may fundamentally alter the 

thermal patterns received by the FO-DTS in comparison with TIR and b) the warming effect of 

incident radiation at the air water interface (eg. Benyahya et al., 2012; Marruedo Arricibita et al., 

2018; Ouellet et al., 2014) may not be recorded by the bed-mounted FO-DTS. Our experimental 

setup provides a partial resolution of this problem, allowing for more direct comparison of the 

two techniques.  

 

4.2 Influence of discharge rates, weather conditions and the diurnal cycle 

4.2.1 Simulated discharge rates 

Higher simulated discharge rates increased the ability of TIR to detect warm upwelling at the 

surface. The simulated discharge rates in the present study (1 to 15 L min
-1

) are at the higher end 

of LGD rates reported worldwide (eg. 745 cm day
-1

 = 5.2 L m
-2

 min
-1

 reported in Rosenberry et 

al., 2015). Examples of similarly high discrete LGD are found in Karst aquifers or in humic lakes 

with macropore groundwater discharge, occasionally exceeding 15 L min
-1

 (eg. Norrström and 

Jacks, 1996). Nevertheless, we appreciate that the simulated discharge rates are much higher than 

those typically observed in nature. Our values were chosen with a view to understanding the 

upper and lower limits of detectability using TIR in high discrete LGD environments under a 

best-case scenario. Thus, we do not recommend the extrapolation of our results or the use of TIR 
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for studying LGD at the lower end of rates reported in the literature (eg. 0.005 to 124.1 cm day
-1

; 

Rosenberry et al., 2015).  

 

4.2.2 Influence of weather conditions 

The present study builds on the mechanistic findings of Marruedo Arricibita et al. (2018) 

whereby the propagation of relatively warm water from the sediment to the air-water interface 

was tracked by several layers of FO-DTS cable in the water column. Marruedo Arricibita et al. 

(2018) showed that the propagation of relatively warm water heat signal from the sediment to the 

air-water interface was mainly influenced by the diurnal cycle of net radiation (Rn) and cloud 

cover, due to the role of Rn in controlling heat gains and losses at the water surface. These 

findings also have implications for the TIR results. During daytime, Rn values were higher under 

clear skies than under overcast weather conditions, due to increased incident shortwave radiation. 

This means that the water surface heated up more than under overcast weather conditions, 

rendering the signal from the warm water injection (at the base of the mesocosm) difficult to 

observe with TIR (because of the very small resultant temperature difference between the 

simulated upwelling and the ambient mesocosm surface temperature). On the contrary, during 

night-time, a greater amount of net radiation (Rn) was lost during clear sky conditions than under 

overcast conditions (Marruedo Arricibita et al., 2018). While this increased heat loss explains 

why the FO-DTS data was not able to properly characterise upwelling (due to rapid dissipation 

of heat energy at the surface), it does not explain why the TIR images were not readily able to 

detect the upwelling, as it is this very loss of radiation which is measured by the thermal camera. 

Instead, we hypothesise that the formation of a (shallow) inverted thermocline resulting from the 
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high surface energy loss may prevented warm water from reaching the surface prior to mixing, 

possibly explaining the lack of an observable plume extent in the TIR images. 

 

The TIR sensor measures longwave radiation that is emitted and reflected from the water 

surface. This means that thermal images obtained from TIR cameras contain information on both 

water surface temperature and reflections from surrounding vegetation (in this case, tree cover 

next to the mesocosm) or cloud cover (Anderson and Wilson, 1984; Handcock et al., 2012; 

Schott, 1994; Torgersen et al., 2001). In addition, the sensor in the TIR camera detects radiation 

emitted from the upper 0.1 mm of the water surface (Torgersen et al., 2001), whereas the FO-

DTS measured true kinetic temperature at 2 cm below the water surface. As a consequence, FO-

DTS temperature measurements, unlike the TIR data, were not affected by radiation emitted by 

surrounding vegetation or clouds. 

Under clear sky conditions, the TIR imagery incorporated artefacts generated from longwave 

reflections of tree cover. These artefacts caused temperature variations at the water surface and 

made it extremely difficult to discriminate the extent of the thermal plume associated with the 

warm water injection. The match with the FO-DTS data (which were not influenced by 

vegetation reflections) was therefore poor. Conversely, under overcast weather conditions, it was 

possible to discriminate the extent of the thermal plume associated with the warm water injection 

in the TIR image. We provide two possible explanations for this phenomenon. First, during 

overcast conditions, the TIR imagery incorporated longwave reflections not only from 

vegetation, but also from cloud cover. As a consequence, most reflections from vegetation were 

masked by bulk reflections of clouds, which provided a relatively uniform background in the 

TIR image. The thermal plume from the warm water injection into the mesocosm was thus 
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visible against the uniform background, providing an improved degree of similarity between the 

FO-DTS and TIR data. Second, the decrease in solar radiation under overcast conditions meant 

that resulting longwave emissions from trees were also diminished, reducing the magnitude of 

reflections from tree cover. 

 

4.2.3 Influence of the diurnal cycle 

Although overcast conditions aided detection of the warm water injection during both day and 

night, it was generally easier to detect the thermal plume during the night, when longwave 

reflections from trees beside the mesocosm were minimized. Longwave emissions from 

vegetation are lower at night because vegetation temperature is generally reduced in comparison 

to daylight conditions (owing to a lack of incident shortwave radiation at night). This resulted in 

substantially weaker longwave emissions from vegetation to the water surface, eliminating 

vegetation reflections in the TIR images and further aiding discrimination of the thermal plume. 

  

4.3 Experimental shortcomings and future improvements 

The present experiment was conducted in a semi-controlled environment (a mesocosm with 

simulated groundwater discharge) in order to decrease the number of external influences (e.g. 

turbulence from waves, vegetation in the water column) on the ability of TIR to detect the warm 

water injection. This experimental setup allowed us to better isolate and investigate the influence 

of weather conditions (clear vs overcast) and the diurnal cycle (day vs night), which might 

otherwise be obscured by other external phenomena. Our results could be applied or extrapolated 

to shallow lakes up to 1 m deep, or shallow littoral environments, provided wind velocities and 

mixing were sufficiently similar. However, we acknowledge: (i) that in natural environments, the 
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ability of TIR to detect warm groundwater upwelling in winter is also influenced by a range of 

other factors and; (ii) the limited number of parameters (discharge rates, weather conditions and 

diurnal cycle) included in this study. This experiment is a first attempt to understand under which 

conditions ground-based TIR remote sensing is a suitable method to detect discrete LGD at the 

water surface of slow flowing freshwater bodies such as lakes, ponds or reservoirs, in winter. 

Therefore, we advocate further research that will build upon the lessons learned from the results 

and conclusions presented in this paper, through the use of more detailed experimental designs 

capable of examining a larger variation of parameters (e.g. surface water depth, angle of the TIR 

camera or the range of ΔT between surface water and groundwater) or future measurements in 

natural conditions (conducted from the shores of lakes). 

 

4.4 Implications of results for TIR based monitoring of groundwater upwelling 

Our study emphasizes the importance of considering the influences of weather conditions (clear 

vs overcast) and the diurnal cycle (day vs night) on TIR-based detection of LGD in slow flowing 

freshwater. The emphasis on the relevance of weather conditions and the diurnal cycle is in 

agreement with other recent investigations which also highlighted similar findings (e.g. bedrock 

groundwater seepage detection; Mundy et al., 2017; TIR imaging of high altitude alpine 

environments; Aubry-Wake et al., 2015;). Indeed, in a study designed to assess the influence of 

air temperature and solar radiation on ground-based TIR measurements of groundwater seepage 

from bedrock, Mundy et al. (2017) specifically recommended that TIR temperature 

measurements should be carried out when solar radiation is not present (during night) and in 

stable weather conditions. This finding supports our results and highlights the importance of 

conducting monitoring: i) at night and; ii) under overcast weather conditions. Thus, while close-



  

22 

 

range TIR techniques can constitute an effective tool for monitoring groundwater upwelling, 

their efficacy depends upon a wide range of environmental factors. Care must therefore be taken 

when performing similar work to control for the factors detailed in this paper to ensure optimal 

monitoring results. 

We also note that our TIR imagery required post-processing to account for the effects of 

vignetting. Vignetting results in a circular gradient of decreasing image brightness from the 

centre of the image to its edges (Gupta, 2018; Lelong et al., 2008). Although commonly 

associated with optical remote sensing (eg. Kordecki et al., 2016; Meng et al., 2015), vignetting 

is also known to impact TIR images in a similar fashion (eg. Hook et al., 2005; Meier et al., 

2011) resulting in generally ‘cooler’ temperatures towards the edges of TIR images. This effect 

is particularly pronounced with wide angle lenses (Goldman, 2010; Kelcey and Lucieer, 2012), 

such as the 12.5 mm (65° x 51° field-of-view) model used in our study. While such vignetting is 

therefore unlikely to present challenges for airborne TIR which benefit from the ability to use 

narrower field-of-view (FOV) lenses due to increased sensor to object distances, the use of wide 

FOV lenses is often a necessity in ground-based TIR studies in order to acquire imagery of a 

given study area in its entirety. Future ground-based studies of discrete LGD should therefore be 

aware of the potential for temperature bias resulting from the use of wide-angle lenses; such 

studies may therefore require the application of similar post-processing methodologies to 

account for this. 

 

5 Conclusion 

The manifestation of warm water upwelling at the surface of a mesocosm was monitored using 

TIR and compared to FO-DTS temperature observations for a range of different injection rates. 
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Results show that the diurnal cycle of incoming net radiation as well as weather conditions (clear 

versus overcast skies) had a substantial effect on the ability of TIR to accurately detect simulated 

warm water upwelling (in comparison to FO-DTS records). While simulated warm water 

discharges were generally well detected during overcast conditions and at night, TIR was less 

able to replicate FO-DTS observations during day and under clear sky conditions. These findings 

have important implications for the use of TIR imaging to detect discrete LGD at the water 

surface of slow flowing freshwater bodies in winter.  
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Figure 1. Schematic of the mesocosm experimental design including TIR setup and the upper 

layer of the FO-DTS. 
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Figure 2. Visual comparison of TIR temperature data with FO-DTS temperature data. Worst 

(left) and best (right) spatially correlated datasets for overcast conditions at three pumping rates: 
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a) 1 L min
-1

, b) 5 L min
-1

 and c) 15 L min
-1

. Temperature signal corresponding to the warm water 

injection is indicated with a black arrow in Figure 2.a and 2.b. 

 

 

Figure 3. Visual comparison of TIR temperature data with FO-DTS temperature data. Worst 

(left) and best (right) correlated datasets for clear conditions at three pumping rates: a) 1 L min
-1

 

and b) 5 L min
-1

. 
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Figure 4. Bivariate Global Moran’s I values for spatial correlation between FO-DTS and TIR 

temperature data under overcast weather conditions, for three pumping rates: a) 1 L min
-1

, b) 5 L 

min
-1

 and c) 15 L min
-1

. 

 

Figure 5. Bivariate Global Moran’s I values for spatial correlation between FO-DTS and TIR 

temperature data under clear sky conditions, for two pumping rates: a) 1 L min
-1

 and b) 5 L min
-

1
. 
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Table 1. 24-hour measurements with FO-DTS and TIR camera. The control dataset is only used 

as a reference for the initial conditions of the mesocosm measurements and is not included in the 

results. 

Injection rate (L min
-1

) Weather conditions Date (in March 2015) 

0 (control) overcast 11 

1 clear 19 

1 overcast 26 

5 clear 18 

5 overcast 27 

15 overcast 12 
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Thermal infrared imaging for the detection of relatively warm lacustrine groundwater 

discharge at the surface of freshwater bodies 

Highlights 

 Distributed Temperature Sensing (DTS) 2 cm below the water surface validated TIR data. 

 TIR best detected Lacustrine Groundwater Discharge (LGD) under overcast conditions 

and at night. 

 Large LGD rates that occur only in exceptional cases are required for reliable detection 

by TIR. 

 


