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Abstract

Groundwater discharge along channels can affect stream runoff, chemistry, and ecological communities. Although the spatial

distribution of groundwater springs can be investigated by areal thermal remote sensing of wide rivers, this technique is difficult

to apply to forested headwater streams because their channels are often covered by riparian trees. We present a method of

mapping groundwater springs for forested headwater streams based on recording thermal video while walking along channels.

We applied this method at two sites in Hokkaido, Japan. At one site, groundwater springs were spaced every ˜100 m, and

their distribution did not follow the topography at a 1.3-km-long reach underlain by Pleistocene andesite lava. Here, almost

all of the springs were colder than stream water and had similar chemistries to each other. At the second site, cold and warm

springs were underlain by Holocene volcanic ash. The cold springs mainly seeped from the streambed at the downstream part

of the site while warm springs were located at the footslope. Some cold springs had much higher solute concentrations than

the stream and warm springs, which suggests that the groundwater discharge to the stream had multiple sources. We also used

our method to map the spatial heterogeneity of the stream temperature associated with groundwater inputs. This method

is suitable for wide-area surveys because it can easily map the spatial distribution of the surface water temperature and the

groundwater discharge along headwater streams.
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Key Points: 18 

• We present a quick and easy method to map groundwater discharge points in forested 19 

headwater streams using thermal video. 20 

• Our method can map the spatial distribution of the surface water temperature and identify 21 

springs difficult to find with the naked eye. 22 

• The water temperature map is useful for estimating sources of springs where multiple 23 

groundwater sources contribute to a stream.  24 
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Abstract 25 

Groundwater discharge along channels can affect stream runoff, chemistry, and ecological 26 

communities. Although the spatial distribution of groundwater springs can be investigated by 27 

areal thermal remote sensing of wide rivers, this technique is difficult to apply to forested 28 

headwater streams because their channels are often covered by riparian trees. We present a 29 

method of mapping groundwater springs for forested headwater streams based on recording 30 

thermal video while walking along channels. We applied this method at two sites in Hokkaido, 31 

Japan. At one site, groundwater springs were spaced every ~100 m, and their distribution did not 32 

follow the topography at a 1.3-km-long reach underlain by Pleistocene andesite lava. Here, 33 

almost all of the springs were colder than stream water and had similar chemistries to each other. 34 

At the second site, cold and warm springs were underlain by Holocene volcanic ash. The cold 35 

springs mainly seeped from the streambed at the downstream part of the site while warm springs 36 

were located at the footslope. Some cold springs had much higher solute concentrations than the 37 

stream and warm springs, which suggests that the groundwater discharge to the stream had 38 

multiple sources. We also used our method to map the spatial heterogeneity of the stream 39 

temperature associated with groundwater inputs. This method is suitable for wide-area surveys 40 

because it can easily map the spatial distribution of the surface water temperature and the 41 

groundwater discharge along headwater streams. 42 

1 Introduction 43 

The variability of groundwater discharge along a river network is a critical scientific 44 

question that needs to be addressed to fill the scale gap between the headwater stream, 45 

downstream river, and deep groundwater flow (Wagener et al., 2021). Non-negligible amounts of 46 

water and solutes are lost through subsurface flow paths from the headwater catchment, and the 47 

deeply infiltrating groundwater usually discharges to downstream channels in basins with 48 

permeable geology (Asano et al., 2020; Egusa et al., 2016; Fan, 2019; Iwasaki et al., 2015). Thus, 49 

mapping the spatial variability of the groundwater discharge is key to understanding the changes 50 

in the stream runoff and chemistry from the headwater to downstream as well as the connectivity 51 

between local and regional groundwater systems. 52 

Identifying the locations of groundwater discharge is also important with regard to the 53 

stream biota, water supply, and sediment disaster prevention. Groundwater discharge creates a 54 

suitable thermal habitat for aquatic organisms by modulating the temperatures of the stream and 55 

streambed (Briggs et al., 2013; Chu et al., 2008; Dugdale et al., 2013; Wilbur et al., 2020). 56 

Groundwater springs help increase biodiversity by creating unique environmental conditions 57 

(Meyer et al., 2007; Sakai et al., 2021). For humans, some villages utilize the discharge from 58 

groundwater springs as a water supply in not only dry regions (Nhu et al., 2020) but also humid 59 

regions (Ushijima et al., 2018). However, groundwater discharge can also be a potential pathway 60 

for contaminant transport (Thompson et al., 2021; Weatherill et al., 2014). Furthermore, 61 

searching for groundwater discharge zones may help with predicting the sites of potential deep-62 

seated landslides (Jitousono et al., 2006). The multiple positive and negative functions of 63 

groundwater discharge suggest the importance of understanding the spatial distribution of 64 

upwelling water spots. 65 

Thermal cameras are a popular method for identifying groundwater discharge zones, 66 

which have a different temperature from stream water. Although thermal cameras can only 67 

measure the water temperature at the surface, it is much less labor-intensive for surveys with a 68 
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large spatial scale than direct observation using thermometers or fiber-optic distributed 69 

temperature sensing (FO-DTS). For surveys of wide rivers, groundwater discharge zones can be 70 

mapped by using a thermal camera mounted on an unmanned aerial vehicle (UAV), helicopter, 71 

or aircraft (Dugdale et al., 2022; Niwa, 2022; Rautio et al., 2015; Wilbur et al., 2020). However, 72 

this remote sensing technique is difficult to utilize for headwater streams because their channels 73 

and riverbanks are often covered by dense riparian trees. 74 

Unlike the groundwater discharge from the outlet of zero-order hollows, springs from a 75 

bank or streambed are often difficult to find with the naked eye. Handheld thermal cameras are 76 

effective for detecting such springs in headwater streams (Barclay et al., 2022; Briggs et al., 77 

2013; Redder et al., 2021; Roesky & Hayashi, 2022; Schuetz & Weiler, 2011). Mapping the 78 

presence-only data of detected springs does not confirm that no springs were overlooked. For 79 

wide-area surveys, an ideal approach is to automatically map the water temperature along the 80 

entire reach and obtain presence–absence data of the groundwater discharge. Hare et al. (2015) 81 

created a water temperature map by using a large dataset of photographs from a handheld 82 

thermal camera with Global Positioning System (GPS) data. They reported that the thermal 83 

camera identified patterns of groundwater seepage in smaller and shallow flowing streams, 84 

similar to FO-DTS. However, they also pointed out the disadvantages of the camera: the 85 

numerous thermal images are cumbersome for viewing the spatial configuration of a whole site, 86 

and human interpretation is required to remove the effects of objects other than water surface. 87 

One potential solution to overcoming these inconveniences is video analysis. Thermal 88 

video can potentially be applied to mapping groundwater discharge zones with less trouble than 89 

thermal photographs because of the enormous amount of frame data in a single file. We present a 90 

method of using a handheld thermal video to create a water temperature map and identify 91 

groundwater discharge points along forested headwater streams. As a demonstration, we tested 92 

the proposed method in the summer at two sites in Hokkaido, Japan. The temperature map may 93 

also be useful for estimating sources of groundwater discharge because deeper groundwater has a 94 

more stable temperature than shallower groundwater. Thus, we analyzed the spring and stream 95 

water chemistry to examine if temperature of spring water is related to its sources. 96 

2 Materials and Methods 97 

2.1 Study sites 98 

Figure 1 shows the study sites. The first survey was performed on August 26, 2020 at Site 99 

F (43°18′–19′ N, 142°37′–38′ E) in the University of Tokyo Hokkaido Forest, which is at Pon-100 

nunobe River in Furano City. The bedrock mainly comprises Pleistocene andesite lava called 101 

Tairoku-san Lava, which is on older Tokachi Welded Tuff from the Pliocene to Pleistocene. This 102 

in turn covers Pre-Cretaceous sedimentary rock classified as the Hidaka Super Group (Osanai et 103 

al., 1968). Platy joints in the Tairoku-san Lava (Osanai et al., 1968) suggest that it is highly 104 

permeable. We surveyed a reach with an elevation of 744–851 m and drainage area of 289–583 105 

ha. The surrounding vegetation was a mixed conifer–broadleaf forest. The Japan Meteorological 106 

Agency (JMA) has an Automated Meteorological Data Acquisition System (AMeDAS; 107 

https://www.jma.go.jp/jma/menu/menureport.html) station near Site F (Rokugou; 43°18.1′ N, 108 

142°31.3′ E), and it recorded a mean annual temperature and precipitation of 6.3°C and 998 mm, 109 

respectively, for the 10-year period of 2012–2021. On the day of the survey, antecedent 110 

precipitation for the week and the mean daily temperature was 0.5 mm and 24.9°C, respectively. 111 

https://www.jma.go.jp/jma/menu/menureport.html
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The water temperature was recorded hourly during the observation period by using the Onset 112 

Hobo UA-001-171 at 5 km downstream of Site F (43°18.0′ N, 142°35.2′ E). 113 

The second survey was conducted on July 17, 2021 at Site S (43°23′ N, 144°39′–40′E), 114 

which is in the Shibecha Branch of the Hokkaido Forest Research Station, Field Science 115 

Education and Research Center, Kyoto University. This is at Isochibetsu River in Shibecha 116 

Town. The geology of Site S comprises Quaternary Holocene volcanic ash that is called Mashu 117 

Volcanic Ash Layer Ⅰ. We surveyed a reach with an elevation of 60–99 m and drainage area of 118 

6–155 ha. The vegetation of the targeted watershed comprised a forest of natural broadleaf trees 119 

and partly planted conifers. In contrast, the neighboring watershed, which comprised the part of 120 

the volcanic ash plateau upstream of Site S, had pasture vegetation. The AMeDAS station near 121 

Site S (Shibecha; 43°17.5′ N, 144°35.2′ E), recorded a mean annual temperature and 122 

precipitation of 5.6°C and 1070 mm, respectively, for the past 10 years. On the day of the survey, 123 

antecedent precipitation for the week and the mean daily temperature were 1.5 mm and 22.3°C, 124 

respectively. 125 

The surveys were conducted in the summer to maximize the temperature difference 126 

between the groundwater discharge and stream water. In addition, field surveys in the winter 127 

would have been difficult because of the snow cover and cold weather.  128 

 129 
Figure 1. Elevation map and Google satellite imagery of the study sites (©2022 Google, 130 

CNES/Airbus, and Maxar Technologies). The elevation map was created from the Geospatial 131 

Information Authority of Japan’s 10 × 10-m digital elevation models (DEMs). Black and yellow 132 

lines indicate the GPS track. 133 

2.2 Field survey 134 

A thermal video of the water surface was shot while walking in the reaches and/or 135 

adjacent riparian zones of the study sites. The equipment is shown in Figure S1. Thermal images 136 

were obtained by using a compact thermal camera (FLIR C3, Flir Systems) that was connected to 137 

a tablet computer (Surface Go 2, Microsoft) with dedicated software (FLIR Tools+, Flir 138 

Systems). A waterproof case (PDA-TABWPST10BK, Sanwa Supply Inc.) was used to carry the 139 

tablet in the field. The times of the camera and tablet were calibrated before the surveys. The 140 
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thermal video was recorded by using FLIR Tools+. The camera was worn on the chest using a 141 

neck strap and was pointed downward. Thus, the distance between the camera and water surface 142 

was maintained around 1–1.5 m. To obtain whole images of the reaches including both banks, 143 

we walked by turning our body at narrow channels. For wide channels, we walked in a zigzag 144 

pattern to approach both banks. We left the reaches and shot video from the riparian zones if 145 

there were obstacles such as fallen trees or cascades. Handy GPS (GPSmap 62sc, Garmin) was 146 

used to record the location information. The interval of the track log was set to auto-normal 147 

mode (approximately 20 s) at Site F. Because the interval was long, we stopped for several tens 148 

of seconds when we found an area with a different temperature from the surrounding stream 149 

water. At Site S, the interval was set to 5 s for the first ~30 min and 1 s after that. 150 

Water samples were collected at various positions of mainstream, tributary, and 151 

groundwater springs found during the surveys. An inflow into the mainstream from a distinct 152 

channel with a drainage area of >1 ha was regarded as a tributary. Samples were collected in 153 

polyethylene bottles either directly or by using a syringe. Bottles and syringes were rinsed with 154 

sample water more than twice before sampling. The electrical conductivity (EC), pH, and water 155 

temperature were measured at all sampling points by using a portable meter (WM-32EP, CM-156 

31P and HM-30P, DKK-TOA Corporation). 157 

2.3 Data processing 158 

The thermal video data were processed by using FLIR Tools+. The reflected temperature 159 

and stream surface emissivity are difficult to quantify. Thus, the empirical correction approach is 160 

useful for extracting the absolute stream temperature (Baker et al., 2019). Firstly, the tentative 161 

temperature was calculated by using 0.97 as the water emissivity and default values as the other 162 

parameters: a distance to object of 1 m; reflected temperature, atmospheric temperature, and 163 

external optical temperature of 20°C; external optical transmittivity of 1; and relative humidity of 164 

50%. For each video file, the temporal changes in the minimum temperature within the full 165 

screen were plotted by using the Area tool and Plot tab of FLIR Tools+. If the water surface 166 

appeared on part of the screen, other objects (e.g., land surface and plants above water) did not 167 

affect the minimum temperature because they had a higher surface temperature than the stream 168 

and spring water (Figure S2). The plotted data were copied from FLIR Tools+ and were pasted 169 

into Microsoft Excel. By these processes, two or three minimum temperature data were obtained 170 

per second. The average value of consecutive three data was used as the minimum temperature 171 

for each second. Minimum-temperature data ranging between 0 and 20°C were regarded to 172 

represent the water temperature (Figure S3). Outlier data (>20 or <0°C) were recorded mostly 173 

when no water surface appeared on the screen or the camera was automatically calibrated.  174 

Then, the temperature was corrected by using the following linear relationship 175 

empirically observed between the minimum tentative temperature recorded around the sampling 176 

point and actual water temperature from the portable meter (R2 = 0.88; Figure S4): 177 

𝑇𝐴 = 0.87 × 𝑇𝑇 + 3.4 (1) 178 

where TA and TT are the actual and tentative temperatures (°C), respectively. The observation 179 

points and timings of the tentative and actual temperatures slightly differed because we did not 180 

necessarily take a video of the same scene measured by the portable meter. However, the 181 

associated error should be negligible because we used data from many points (45 points). 182 
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Geographic information system (GIS) analysis was conducted by using QGIS 3.22.7. 183 

GPS track data were imported as point data by using the Batch GPS Importer plugin. The data 184 

were exported to a CSV file after geometry attributes were added. The water temperature data 185 

every second and GPS data were integrated by using Microsoft Excel. Then, the data of the water 186 

temperature and location of each time were saved as a CSV file and were imported to QGIS. The 187 

data were classified based on water temperature. 188 

2.4 Chemical analysis 189 

The samples were filtered through a GF/F filter with 0.63-µm pores in a laboratory. The 190 

samples were sealed in polyethylene bottles and were refrigerated at about 2°C until analysis. 191 

The Cl−, NO3
−, SO4

2−, Na+, K+, Mg2+, and Ca2+ concentrations were measured by using ion 192 

chromatography (Dionex ICS-1100; Thermo Fisher Scientific, Waltham, MA, USA). At Site S, 193 

The PO4
3− concentration was also measured by using an auto-analyzer (QuAAtro 2-HR; BLTEC, 194 

Osaka, Japan). 195 

2.5 Statistical analysis 196 

Q-mode hierarchical cluster analysis (HCA) was conducted to classify the stream and 197 

spring water samples into hydrochemically similar groups, in accordance with Güler et al. (2002). 198 

The analysis was performed by using the EC, pH, and concentrations of all solute data and R 199 

4.2.0 software (R Development Core and Team). Although Güler et al. (2002) log-transformed 200 

the data to more closely correspond to a normal distribution, we did not conduct a log 201 

transformation because most of the chemical variables were originally normally distributed 202 

(Shapiro–Wilk test, p > 0.05). All variables were standardized by calculating their standard 203 

scores (z-scores) using their means and standard deviations. The Euclidean distance (euclidean 204 

method in dist function) and Ward’s method (ward.D2 method in hclust function) were used for 205 

the similarity measurement and linkage, respectively. The number of groups was selected based 206 

on visual examination of the dendrogram at each site. Differences in the chemical variables 207 

between groups were examined by the Tukey–Kramer test (p < 0.05). 208 

3 Results 209 

3.1 Spatial distribution of groundwater springs 210 

At Site F, the water temperature was >11°C for the stream and <9°C for many 211 

groundwater springs (Figure 2a). The spatial heterogeneity in temperature was much greater than 212 

the fluctuations in the mainstream water temperature during the observation period (<0.6°C; 213 

Figure S5). Springs with a temperature of <9°C existed at 13 points in the 1.3-km reach. Most of 214 

the cold springs were not in the hollow with a concave topography. The thermal images enabled 215 

us to find springs gradually seeping from the flat streambank, which would be difficult to find by 216 

the naked eye (Figure S2). 217 

At Site S, the spring distribution also did not follow the surface topography except for the 218 

spring from the hollow (near 12:00 in Figure 2b). Springs with a temperature of <9°C mainly 219 

upwelled from the streambed at the downstream part of Site S (Figure 2b). These springs were 220 

difficult to find without thermal images (Figure S2). There were also some warm springs with a 221 

temperature of >13°C. Although these springs were unclear in the thermal images, they were 222 

easily found with the naked eye because they trickled down from the footslope. Although the 223 
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stream temperature was higher than 13°C in the upstream segment (upstream of 15:48 in Figure 224 

2b), it decreased to 11–12°C in its downstream segment (downstream of 15:48) owing to the 225 

inflow of water from cold springs. The stream temperature declined to 10–11°C in the furthest 226 

downstream segment (downstream of 17:00). Because the stream temperature of the neighboring 227 

segments was observed at almost the same time, the difference between segments can be 228 

attributed to the mixture of springs and tributaries. 229 

 230 

 231 
Figure 2. Water temperature maps generated from thermal video at (a) Site F and (b) Site S. The 232 

passage time on the track is also shown. One-way and round-trip surveys were conducted at Sites 233 

F and S, respectively. 234 
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3.2 Relationships between the water temperature and chemistry 235 

At Site F, almost all springs had a lower temperature, higher EC, and higher 236 

concentrations of Na+, Mg2+, Ca2+, and Cl− than the mainstream (Figure 3a). In contrast, Site S 237 

had some springs with a higher temperature, lower EC, and lower concentrations of all solutes 238 

except for SO4
2− than the mainstream (Figure 3b). Springs colder than the mainstream had 239 

greatly varying chemistry, and some had higher concentrations of all solutes than the mainstream 240 

and tributary water. 241 

HCA showed the contrasting classification schemes between water samples from Sites F 242 

and S (Figure 4). Each site had three groups. At Site F, the springs and tributary (Groups 2 and 3) 243 

clearly had a different chemistry from the mainstream (Group 1) (Figure 4a). Groups 2 and 3 had 244 

a higher EC and concentrations of all solutes except for K+ and NO3
− than Group 1 (Table S1). 245 

The difference in concentrations between Groups 2 and 3 was not significant for many solutes. 246 

The springs showed a similar water temperature but had different elevations between groups 247 

(Figures 4a and S6a; Table S2). At Site S, some springs were classified into the same group as 248 

the mainstream (Figure 4b). The EC and all solute concentrations except for SO4
2− and PO4

3− 249 

were significantly different between all groups. The clearest difference between groups was for 250 

the NO3
− concentration, which was five times higher in Group 1 than in Group 2. Springs in 251 

Group 2 had a higher water temperature than the other groups despite being at a similar elevation 252 

(Figure S6b; Table S2). 253 
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 254 
Figure 3. Relationships between the water temperature estimated from the thermal video and 255 

chemical variables: (a) Site F and (b) Site S. 256 
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 257 
Figure 4. Dendrogram from HCA for the stream and spring water samples at (a) Site F and (b) 258 

Site S. The samples are numbered in descending order of elevation for each water category. The 259 

number in parentheses indicates the water temperature estimated from the thermal video. 260 

4 Discussion 261 

4.1 Merits of temperature mapping using thermal video 262 

The spatial variability of the surface water temperature associated with the groundwater 263 

input could be mapped with a fine resolution even in forested headwater catchments, where 264 

aerial remote sensing is difficult to apply. The locations of cold groundwater discharges, which 265 

include seepage hard to find with the naked eye (Figure S2), could be clearly identified in the 266 

temperature map (Figure 2). Video recording does not require special skills, and a reach longer 267 

than 1 km could be surveyed in half a day each way. Moreover, unlike the analysis using thermal 268 

photographs (Hare et al., 2015), eliminating the effects of objects other than water required little 269 

effort because the minimum temperature of each frame can be automatically plotted. Although 270 

the observed temperature was underestimated, especially at low temperatures, it could be 271 

corrected by using a linear empirical relationship with the actual temperature (Figure S4). The 272 

underestimation can be attributed to our method of extracting the minimum temperature within 273 

the screen and the deviation of parameters as the object temperature decreased. 274 

In contrast to the conventional method of simply mapping spring locations (i.e., presence-275 

only data), our method can also map locations without springs (i.e., absence data) and the 276 

longitudinal spatial variation of stream temperature. The absence data are useful for confirming 277 

that nothing has been overlooked. Even if the survey is outsourced, our method ensures that all 278 

springs with characteristic temperatures are mapped. The spatial distribution of the stream 279 

temperature is also important information because of its complexity; it differs between segments 280 

(Brown & Hannah, 2008; Isaak et al., 2010; Kanno et al., 2014) and within a segment (Dzara et 281 

al., 2019) due to various factors such as the topography and different water sources. The 282 

spatiotemporal thermal heterogeneity would be higher in catchments with multiple geologies 283 

because the underlying geology also affects the groundwater discharge (Ishiyama et al., 2022; 284 

Tague et al., 2007). The behavior and distribution of stream organisms are closely linked to the 285 
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spatiotemporal pattern of the water temperature. Thus, we believe that the information obtained 286 

by our method on the longitudinal thermal heterogeneity of headwaters will be valuable for 287 

future ecological research. For example, mapping the water temperature with our method can be 288 

a first step to finding suitable habitats for groundwater-dependent (crenobiont) species and 289 

thermal refuges from climate change. 290 

4.2 Potential of temperature map for estimating sources of groundwater discharge 291 

At Site S, cold springs had higher concentrations than warm springs of almost all solutes, 292 

especially NO3
− (Figures 3 and 4). Stream water from a pasture has higher concentrations of 293 

many solutes including NO3
− than that from a forested catchment due to fertilizer and excretion 294 

(Nakagawa et al., 2002; Woli et al., 2004), and such a pasture was adjacent to Site S.  Nitrate 295 

contamination from agricultural areas has also been observed in groundwater, especially at 296 

catchments underlain by Quaternary volcanic ejecta in Hokkaido (Takada et al., 2009). 297 

Groundwater discharge can often be a source of NO3
− in agricultural watersheds underlain by a 298 

permeable subsurface substrate (Redder et al., 2021; Richards et al., 2021). Considering the 299 

permeable geology and higher elevation of the neighboring pasture (Figure 1), our results 300 

suggests that inter-basin groundwater flow from the pasture contaminated the cold springs in Site 301 

S. In contrast, warm springs with diluted solutes may have discharged via a shallower local flow 302 

path from the targeted forested watershed. The coexistence of these different groundwater 303 

components (Figures 2 and S6) demonstrates the importance of mapping surface water 304 

temperature by field observations. 305 

At Site F, the colder temperature and higher solute concentrations of the groundwater 306 

discharge (Figures 3 and 4) suggest that it had a deeper flow path than the stream water. This is 307 

consistent with the results of other Quaternary volcanic rock catchments where deeper 308 

groundwater contributed to stream water as the drainage area increased (Fujimoto et al., 2016). 309 

The similar spring chemistry between the two groups (Table S1) implies that all springs derived 310 

from a similar source, which caused an unclear relationship between the temperature and 311 

chemistry here. In contrast to Site F, multiple groundwater sources have been suggested to 312 

contribute to some volcanic catchments underlain by multiple lavas (Bertrand et al., 2010) and 313 

Neogene lava (Iwasaki et al., 2021). In such catchments, a water temperature map may be useful 314 

for distinguishing groundwater discharges from different sources, as was the case for Site S. 315 

4.3 Limitations of the method 316 

Although our method is quick and easy, it does have some limitations. First, the 317 

groundwater discharge from a deep water body may be hard to detect because our method 318 

observes the surface temperature. This is the same disadvantage of areal thermal remote sensing. 319 

However, Hare et al. (2015) pointed out that submerged seepage zones with a depth of <0.5 m 320 

can be identified clearly by using thermal cameras. Because our method is targeted towards 321 

headwater stream, which have shallow water depths, this disadvantage should not be significant. 322 

Second, the suitable observation time is limited. Our method is limited to the summer or winter, 323 

which have the largest differences in temperature between the stream water, groundwater 324 

discharge, and objects other than water. Our method is also less suitable for observing storm 325 

runoff because of the large temporal changes in water temperature during or just after rainfall. In 326 

addition, walking along the channels during these times may be dangerous. Finally, the precision 327 

of the spring location may be limited by the accuracy of portable GPS. Although we used 328 
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consumer-grade GPS, the use of mapping-grade GPS or GNSS can improve the accuracy (Wing, 329 

2008). For instance, Tokuni et al. (2016) showed near Site F that the mean and maximum 330 

positioning errors under the forest canopy were 2 and 4 m, respectively, for mapping-grade 331 

GNSS (Trimble Pro series 6H). In contrast, the mean and maximum positioning errors were 4 332 

and 10–20 m, respectively, for consumer-grade GNSS (Garmin GPSMAP 62 SCJ), which was a 333 

similar model to ours. 334 

Despite the above limitations, our method can be used to easily estimate the locations of 335 

groundwater discharge and the spatial distribution of the stream temperature in half a day along 336 

reaches of >1 km without requiring any special skills. Thus, our method will be useful for 337 

preliminary investigations before detailed observations and in wide-area surveys of groundwater 338 

inflows. 339 

5 Conclusions 340 

We presented a simple method for mapping groundwater discharge zones using thermal 341 

video. Its application at two sites demonstrated that springs could be successfully mapped even 342 

when they did not follow the characteristic topography. The proposed method obtains the 343 

presence–absence data of springs and the spatial distribution of the stream temperature. For sites 344 

where the groundwater derives from multiple sources, the water temperature map is useful for 345 

distinguishing groundwater discharges from different sources. Our method will be beneficial for 346 

wide-area surveys and preliminary investigations of groundwater dynamics in various fields and 347 

applications, including runoff processes, stream ecology, contaminant pathways, water supply, 348 

and landslide prediction. 349 
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Introduction 

This supporting information provides extra data, including a photograph of the 
equipment, a comparison between the RGB and thermal images, all minimum 
temperature data, the relationship between the tentative and actual temperatures, 
fluctuations in the stream water temperature during the survey period, and details of the 
hierarchical cluster analysis (HCA) results. 
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Figure S1. Photograph of the equipment used in the survey. 
 
 
 
 

 

Figure S2. (a) RGB and (b) thermal images of the stream. 
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Figure S3. All minimum temperature data recorded at (a) Site F and (b) Site S. 
 
 
 
 

 

Figure S4. Relationship between the tentative temperature from thermal videos and 
actual temperature from a portable meter. 
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Figure S5. Fluctuations in the stream water temperature during the survey period at Site 
F. 
 
 
 
 

 

Figure S6. Sampling locations of each group at (a) Site F and (b) Site S.   
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Table S1. Mean water chemistry of the stream and spring samples in groups determined 
from HCA. 

Group 
EC 
(µS/cm) 

pH 
Solute concentrations (µmol/L) 

Na+ K+ Mg2+ Ca2+ Cl− NO3
− SO4

2− PO4
3− 

Site F                     

1 54.9 a 7.40 a 136 a 23 a 44 a 119 a 46 a 7 a 20 a - 

2 69.2 b 6.71 b 167 b 28 b 58 b 163 b 53 b 4 b 27 b - 

3 66.6 b 7.36 a 160 b 22 a 55 b 145 c 54 b 7 a 25 b - 

Site S                     

1 168.5 a 6.62 a 417 a 58 a 162 a 423 a 235 a 100 a 28 a 0.99 a 

2 70.3 b 7.06 b 256 b 41 b 51 b 137 b 78 b 19 b 20 b 0.78 a 

3 117.1 c 7.10 b 335 c 48 c 106 c 270 c 139 c 64 c 18 b 0.98 a 

Values not sharing the same letter are significantly different (Tukey-Kramer, p < 0.05). 
 
 
 
 
Table S2. Mean water temperature and elevation of spring samples in groups 
determined from HCA. 

Group 
Water temperature (°C) Elevation (m) 

From meter From thermal video   

Site F       

2 7.46 7.38 752.20 

3 7.29 7.68 809.49 

Site S       

1 6.78 7.04 85.64 

2 10.71 10.46 78.47 

3 6.89 7.46 71.03 

 


