
   

 

 
 

Article 1 

Hardware selection and performance of low-cost fluorometers 2 

Jase L. Hixson 1,* and Adam S. Ward 1 3 

1 O’Neill School of public and Environmental Affairs, Indiana University, Bloomington, Indiana, USA; E- 4 
mails: jhixson@indana.edu, adamward@indiana.edu  5 

* Correspondence: jhixson@indiana.edu 6 

Abstract: Access to and extensive use of fluorometric analyses is limited, despite its extensive utility 7 
in environmental transport and fate. Wide-spread application of fluorescent tracers has been limited 8 
by the prohibitive costs of research-grade equipment and logistical constraints of sampling, due to 9 
the need for high spatial resolutions and access to remote locations over long timescales. Recently, 10 
low-cost alternatives to research-grade equipment have been found to produce comparable data at 11 
a small fraction of the price for commercial equipment. Here, we prototyped and benchmarked per- 12 
formance of a variety of fluorometer components against commercial units, including performance 13 
as a function of tracer concentration, turbidity, and temperature, all of which are known to impact 14 
fluorometer performance. While component performance was found to be comparable to the com- 15 
mercial units tested, the best configuration tested obtained a functional resolution of 0.1 ppb, a 16 
working concentration range of 0.1 to >300 ppb, and a cost of $59.13 US.  17 
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1. Introduction 21 
Fluorescent tracers are an important tool in our study of environmental transport and 22 

fate in streams and rivers [1–6]. For example, fluorescent tracers are used to study travel 23 
times, estimate the persistence of exposure or estimate risk after a spill (e.g., 7), and esti- 24 
mate transport processes and coefficients [e.g., 8]. The environmental fate of reactive flu- 25 
orescent tracers is directly related to conditions they experience during transport, includ- 26 
ing solar irradiance, hyporheic storage, pH, temperature, and turbidity [9–11]. Although 27 
information from tracer studies is valuable to our understanding of transport and fate, the 28 
high cost of research-grade field equipment limits the use of fluorescent tracers. While 29 
grab samples and laboratory analyses do offer a lower-cost surrogate, that strategy is ex- 30 
pensive in person-hours and analytical costs. Moreover, the desire for high fidelity in both 31 
space and time, including in remote locations and during adverse conditions where field- 32 
work is unsafe, mean sensors must be rugged, robust, and able to operate as stand-alone 33 
platforms for extended deployments.  34 

Recent advancements in microcontrollers and microprocessors have ushered in a 35 
new wave of low-cost equipment for environmental sensing [7,12–20]. For example, com- 36 
mercial in situ chlorophyll a fluorometers cost more than $3,000 while low-cost alterna- 37 
tives with comparable performance can be produced for less 5% of that cost [16]. Devel- 38 
opment of low-cost alternatives is not without challenge. Sensor performance is known to 39 
vary in response to consistency of components, recording bitrate, and the design and as- 40 
sembly of components themselves [e.g., 21]. However, these obstacles can be overcome 41 
through careful calibration. In one recent example, low-cost turbidimeters produced for 42 
around 4% of the cost for a commercial alternative were document to achieve performance 43 
with r2=0.9996 with commercial equipment [15].  44 



 

 

Commercial equipment for fluorescent solute tracer studies is precise, accurate, rug- 45 
ged (field deployable models), and expensive (Table 1). Early work with solute tracers 46 
focused on collection of field samples with subsequent laboratory analysis, or the use of 47 
portable generators in the field [e.g., 22–24]. Since the introduction of fluorometers, rou- 48 
tine innovation has spurred advances in equipment performance and robustness, while 49 
reducing equipment costs [16,18,25–28]. While advances have occurred through the use 50 
of varying methodologies and components [25,26,29,30], more recent advancements have 51 
integrated 3D printed components to construct niche components for specific components 52 
and research objectives [14,28,31–33].   53 

Modern laboratory fluorometers range in cost from $6,000 to $39,000 with detection 54 
limits ranging from 0.01 to 2.0 ppb for common tracers like uranine (Table 1). Since the 55 
early 1990s, field deployable fluorometers have been commercially available. Current op- 56 
tions range in cost from $1,000 to 8,000 with comparable performance to laboratory equip- 57 
ment (0.01-10.0 ppb; Table 1). While this equipment is accurate and reliable, the price- 58 
point limits access to this equipment and, consequently, the scientific understanding that 59 
could be gained by their use. 60 

The goal of this study is to prototype and document performance of a low-cost fluo- 61 
rometer for uranine built from readily available components. Here, we explore alternative 62 
hardware combinations, benchmarking performance against a commercial, field-deploy- 63 
able fluorometer [34,35]. We assess performance across ranges of concentrations, turbid- 64 
ity, and temperature to characterize drift and corrections, following the procedures used 65 
to assess performance and uncertainty in commercial units [10]. Ultimately, this study 66 
details the cost, construction, and performance of a low-cost fluorometer that can be read- 67 
ily adapted to a range of applications and tracers 68 

Table 1. Summary of commercial fluorometer cost and performance for uranine. 69 

Commercial Unit 
2020 Price 
(USD) 

Manufacturer’s stated 
sensitivity for uranine Intended Application 

Hach DR3900 7,779 2 ppb Spectrofluorometer 
Hach DR900 1,491 10 ppb Field colorimeter 
AquaLog 38,950 <1 ppb Spectrometer 

GGUN FL 30 8,000 0.02 ppb Field fluorometer 
Trilogy Laboratory 
Fluorometer with 
Uranine Module 

6,865 0.01 ppb Laboratory fluorometer 

Cyclops-7F (Uranine 
Optics) 1,865 0.01 ppb Field fluorometer 

Cyclops-6K (Chloro-
phyll Optics) 6,375 0.25 ppb Field fluorometer 

2. Materials and Methods 70 
2.1 Fluorometer Design and Components Tested 71 

Our prototype is designed around the Adafruit Feather m0 Adalogger and DS3231 72 
Precision Real Time Clock mounted together on the FeatherWing Doubler to add struc- 73 
tural support. Based around this platform, we tested configurations including varied log- 74 
ger bit resolution, LED excitation sources, emission sensors, and optical filters (Table 2). 75 
Programming was based on modifying component-specific example codes published by 76 
the manufacturer to ensure performance could be achieved with minimal coding back- 77 
ground and sample code is included, along with wiring schematics and product links, in 78 
the data associated with this study [42]. 79 
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Table 2. Fluorometer configurations tested in this study. Each configuration is shown along with 81 
the cost for unique components for that configuration, bit rate assessed, r2 with respect to the com- 82 
mercial fluorometer, and measurement uncertainty before averaging. Variants with 16-bit record- 83 
ing include an ADS1115 resolution converter. The total price includes the unique components plus 84 
the board, SD card, light sources (single tracer and turbidity), and one 10kΩ Precision Epoxy Ther- 85 
mistor common to all configurations ($58.18). 86 

Config. 
ID Unique Hardware  Bit r2 

Range of 
Measurement 
Uncertainty a 

Unique  
Component 
Price (USD) 

Total Price 
(USD) 

A Photocell w/ 1kΩ resistor 10 0.95 0.0 – 90% $0.95 $59.13 
B Photocell w/ 10kΩ resistor 10 >0.999 0.0 – 54% $0.95 $59.13 
C Photocell w/ 100kΩ resistor 8 0.99 0.0 – 119% $0.95 $59.13 

D Analog Light Sensor 
(ALS-PT19) 8 0.35 0.0 – 127% $2.50 $60.68 

E 
High Dynamic Range  
Digital Light Sensor 

(TSL2591) 
16 0.99 0.6 – 154% $6.95 $65.13 

F Log-scale Analog Light 
Sensor (GA1A12S202) 16 0.92 -317 – 2,860% $3.95 $62.13 

G 
Log-scale Analog Light 
Sensor (GA1A12S202) 

w/ optical filterb 
8 0.85 -1,897 – 1,558% $80.95 c $139.13 

H Photocell w/ 10kΩ resistor 16 0.99 0.3 – 53% $0.95 $59.13 

I Log-scale Analog Light 
Sensor (GA1A12S202) 8 0.37 0.0 – 157 $3.95 $62.13 

a For configurations A-I, we report the range of 95% confidence intervals (as 2σ/µ × 100%) 87 
for the 14 concentrations tested in Experiment 2. Uncertainty for each concentration is 88 
available on HydroShare [42].  89 

b 1 cm2, 510nm-520nm nm notch filter from PIXELTEQ 90 
c price reflects the $3.95 sensor costs (identical to Configurations F and I) plus $77.00 for 91 
the optical filter 92 
 93 
We tested loggers using native 8- and 10-bit resolution on the m0 board and added 94 

configurations with an additional ADS1115 16-bit resolution converter after preliminary 95 
screening of hardware alternatives. Across all designs, we used a Broadcom Limited 96 
470nm (460-480 nm) and 12,000mcd LED to provide excitation for uranine, and a 97 
Kingbright 630nm (605-655), 12,000mcd LED to sense turbidity. Both LED wavelengths 98 
were selected to closely match the commercially available GGUN FL30 [35]. Importantly, 99 
the wavelength for turbidity is outside the range of excitation/emission spectra for com- 100 
mon solute tracers including uranine, rhodamine WT, resazurin, and resorufin, enabling 101 
future expansion of this design for other tracers without requirement to change the tur- 102 
bidity sensor. LEDs were mounted using the IO Rodeo Colorimeter LED Board Ver. B to 103 
ensure each light source had the same angle of incidence to the optical cell. In addition to 104 
the optical sensors, a 10kΩ Precision Epoxy Thermistor (resolution 0.25°C) was placed 105 
directly in the water column to record water temperature. This placement differs for the 106 
placement of a temperature probe on the GGUN FL30, where the thermistor is inside the 107 
waterproof housing but isolated from the water by the Pyrex flow-through tube [36]. 108 

Low-cost photocells or photoresistors may not be accurate for measuring exact light 109 
intensity, instead recording variable values even at a fixed intensity [21]. To increase the 110 
reliability of designs using photoresistors (configurations A-C, H), we collected a large 111 
number of replicate observations samples for each case with the goal of averaging meas- 112 
urements to produce a functional 2 s sampling rate to improve precision. We evaluated 113 



 

 

performance of the 8-bit and 10-bit sensors by averaging (or ‘stacking’) 40,000 replicate 114 
measurements collected in about 1 s. The 16-bit sensor data were based on averaging 1,000 115 
samples collected within about 1 s, with the lower number compared to 8- and 10-bit ow- 116 
ing to the computational overhead in using the 16-bit converter. Additionally, instability 117 
in optical instruments has been documented prior to light sources being ‘warmed up’ [16]. 118 
Therefore, to remove this instability, the LEDs were activated for 1 s prior to the start of 119 
measurements, yielding a functional 2 s temporal resolution for each configuration tested.  120 

2.2 Experiment 1: Benchmarking Low-Cost Fluorometer to Commercial Unit Performance 121 
Experiments were performed using a recirculating system consisting of a GGUN 122 

FL30 field fluorometer, two optical cells (Pyrex tubes) with an outside diameter of 20 mm, 123 
and a constantly mixing reservoir operated in series (Figure 1). The system was plumbed 124 
with silicone tubing, with a total volume of 500 mL circulating through the system. The 125 
system was initially filled with 0 ppb MilliQ water to establish background readings for 126 
each sensor. Known masses of uranine were added to the mixing reservoir to incremen- 127 
tally increase concentrations across the range of 0 to 300 ppb uranine, matching the typical 128 
calibration range used for the commercial unit [36]. Initial increases in concentration were 129 
small (1.5 ppb) to assess low concentration instrument sensitivity. Uranine concentrations 130 
between 10-100 ppb were increased in 10 ppb steps, and for concentrations above 100 ppb 131 
we increased concentration in 100 ppb steps up to 300 ppb. At concentrations above 100 132 
ppb, our goal was to determine if the instruments would experience saturation at high 133 
concentrations. Concentrations were allowed to stabilize for at least 3 times the residence 134 
time in the recirculating system before observations were made for calibration to ensure 135 
uranine was well mixed. In all cases, a regression between the GGUN and low-cost con- 136 
figurations was used to assess performance, with a linear correlation coefficient of 1.0 rep- 137 
resenting perfect performance.  138 

 139 
Figure 1. (a) Experimental setup of recirculating system to test fluorometer designs and bench- 140 
mark performance with a commercial GGUN FI30. (b) Initial layout of low cost fluorometer de- 141 
signs for simultaneous testing. LEDs and sensors were oriented at 90-degree angles to prevent 142 
detecting the light source over fluorescence. All experiments occurred with the fluorometers being 143 
placed in a dark container to prevent ambient light from being measured. Flow cells were con- 144 
nected via PVC barbed couplers and silicone tubing fitted over the flow cells and taped to prevent 145 
leaks. 146 



 

 

2.3 Experiment 2: Assessment of the Functional Resolution and Sensitivity of Low-Cost Sensors 147 
To assess the ability of the low-cost sensors to resolve fine changes in concentration, 148 

measurements from the low-cost sensors and GGUN were compared by measuring small 149 
changes in concentration in the operation range of 0.99 to 111 ppb. We achieved a slow 150 
change in concentration by allowing the system to recirculate while photolysis slowly de- 151 
graded the uranine. The recirculating system was filled with a concentration of 111 ppb 152 
of uranine and run continuously until concentration approached 0 ppb after 133 hours. 153 
After the first 4,000 minutes we added an external light source to increase the photolysis 154 
rate and accelerate the experiment. Each hardware configuration collected one observa- 155 
tion approximately every 10 s during the study, with one reading at a time to ensure no 156 
interference would occur between sensors. The calibration curves from Experiment 1 were 157 
used to convert raw mV readings to uranine concentrations. These concentrations were 158 
compared to GGUN concentrations to assess performance based on goodness of fit (r2) 159 
between low-cost designs and commercial alternatives. For each 22-minute interval, we 160 
tabulated the mean, median, and standard deviation of the measurements collected. To 161 
assess the uncertainty of individual measurements we calculated the 95% confidence in- 162 
terval for each concentration tested as two times the standard deviation (σ) divided by the 163 
mean (µ). Comparable data are not available for the commercial GGUN as the unit already 164 
stacks measurements and reports only the averaged behavior, but reported uncertainty is 165 
0.02 ppb (Table 1). 166 

2.4 Experiment 3: Robustness of Performance with Temperature and Turbidity 167 
Measurements from fluorometers are known to be susceptible to several environ- 168 

mental factors including temperature, turbidity, pH, and background fluorescence of or- 169 
ganic matter [10,37–39]. Here, we follow established procedures for assessing perfor- 170 
mance as a function of temperature and turbidity [10]. Briefly, the recirculating system 171 
was initially filled with room temperature stock concentrations of uranine (6, 20, 70 ppb 172 
concentrations were each tested independently). The entire system was placed in a refrig- 173 
erator and cooled to about 4 deg-C, then removed from the refrigerator and allowed to 174 
return to room temperature. Changes in intensity of fluorescence were calculated as the 175 
percent change from the initial, room-temperature signal. In addition to the GGUN FL30 176 
used in these experiments, temperature and turbidity sensitivity of an additional GGUN 177 
FL30 was determined according to Blaen et al., [10] to determine the range of sensitivities 178 
across several commercial units. Performance as a function of turbidity was assessed by 179 
adding a known volume of 1000 NTU solution (Hach StablCal 1000 NTU Turbidity Stand- 180 
ard) to increase turbidity in increments of 10 NTU over the range of 0 to 60 NTU. These 181 
experiments were repeated for uranine concentrations of 6, 50, and 80 ppb. As in experi- 182 
ment 1, the system was allowed to circulate to achieve equilibrium prior to collecting ob- 183 
servations at each turbidity value tested, with at least three residence times of the system 184 
allowed to pass between observations. Based on the results of Experiments 1 and 2, we 185 
only tested temperature and turbidity sensitivity for hardware configurations A, B, F, G, 186 
and H. 187 

 188 
3. Results 189 
3.1 Low-cost Fluorometer Performance 190 
3.1.1 Comparison of components for low-cost fluorometers (bit rate and sampling fre- 191 
quency) 192 

Configurations with higher bit resolution resulted in higher r2 values with known 193 
concentrations. For example, the same light source and detector showed significant im- 194 
provement when increasing from 8-bit (r2= 0.37; configuration I) to 16-bit (r2= 0.92; config- 195 
uration F) due to the increased precision of each measurement. This improvement is real- 196 
ized because the standard 8-bit pins divide the 3.3 V delivered by the Adalogger into 256 197 
values (i.e., 28), which results in a resolution of 12.9 mV. For comparison, the 10-bit divides 198 
the range into 1024 values (210; 3.22 mV resolution) and the 16-bit sensors into 65,536 199 



 

 

values (216; 0.05 mV resolution) and is visible as ‘stair steps’ in experimental results (Fig- 200 
ure 2). 201 

Increasing bit rate, while increasing the mV resolution, did not increase performance 202 
across all sensors. The equipment showing greatest improvement with increasing bit res- 203 
olution are from components with minimal noise, such as the sensor in configuration F 204 
that has a true log-linear relationship with fluorescence. However, the photoresistors had 205 
diminished improvement beyond the on board 10-bit resolution due to the inherent noise 206 
in these sensors. Uncertainty in the measurements can be overcome with increased sam- 207 
pling and averaging of measurements. In order to achieve 2 s sample resolution, a greater 208 
number of samples could be collected per second for 8-bit (r2= 0.35-0.99 @ 40,000 samples 209 
averaged per measurement; configurations C, D, G, I) to and 10-bit (r2= 0.95-1.0 @ 40,000 210 
samples averaged per measurement; configurations A, B) resolution, which resulted in 211 
increased precision. The additional resolution of the 16-bit (r2= 0.92-0.99 @ 1,000 samples 212 
averaged per measurement; configurations E, F, H) did improve performance evaluated 213 
as r2 with the commercial unit, but reduced the ability to ‘stack’ or average replicate meas- 214 
urements, leaving the device more vulnerable to error associated with component noise. 215 
The addition of a uranine-specific optical filter allowed for better detection of uranine (r2 216 
of 0.37 and 0.85 on 8- and 16-bit configurations, respectively; configurations I and G). 217 
While the optical filter did improve performance, components A-C, E, F, and H achieved 218 
a higher r2 for less than 10% of the cost of the optical filter alone, suggesting its cost may 219 
not be justified by its benefit in this application. 220 

 221 
Figure 2. Concentration profile used to calibrate and determine resolution of low-cost sensors. 222 
Each sensor, with the exception of configuration D, was able to accurately measure changes in 223 
uranine concentrations. Configurations with “stair step” pattern still achieved a high r2, but were 224 
less sensitive to changes in concentration. 225 

3.1.2 Performance comparison of low-cost vs. commercial (comparison to GGUN) 226 
Limited resolution of lower bitrate sensors inherently constrains instrument perfor- 227 

mance at low concentrations, while still allowing greater resistance to saturation at higher 228 
concentrations (Figure 2). While the 8-bit sensors were found to have an r2 up to 0.99, they 229 
could only resolve concentration changes of 12 ppb, resulting in frequent jumps or steps 230 
in the estimation of concentrations (Figure 2). The highest r2 for the low-cost designs was 231 
achieved using configuration B. To gain a higher sensitivity than produced in the 8-bit 232 
components, the 10-bit and 16-bit components were used in subsequent trials (e.g., con- 233 
figurations B and H). Resolution of the 10-bit sensor was 1.2 ppb, while the 16-bit sensor 234 
was 0.1 ppb and achieved an r2 of >0.999 and 0.99. Configurations D and I produced over- 235 
all low-quality data at 8-bit resolution (r2 of 0.35 and 0.37, respectively). However, the 236 
same detector as F but with a higher 16-bit resolution was able to produce an r2 of 0.92. 237 
Similarly, measurement uncertainty generally decreased as bit rate increased, indicating 238 
more repeatable measurements (Table 2). 239 



 

 

Across an operating range of 1 to 305 ppb uranine, low-cost fluorometer performance 240 
was comparable to that of a commercial instrument (Figure 3). Percent error for each step 241 
in concentration was calculated after each step equalized in concentration, comparing the 242 
calibrated fluorometer concentrations to the known concentrations. Average percent error 243 
for the commercial unit was 11.2%, while Configuration A and E had an average error of 244 
13.9% and 10.3%, respectively. Although the 10-bit have a theoretical resolution of 1.2 ppb, 245 
in practice they were unable to detect the first increase in concentrations (1.0 to 3.2 ppb; 246 
Fig. 3, box 1). However, 10-bit sensors did respond to this initial change in concentration. 247 
All low-cost configurations continued to be responsive across the higher range of concen- 248 
trations up to the maximum tested (305 ppb). Configuration F was able to detect all steps 249 
in concentration. The GGUN FL30 was unable to detect changes in concentrations greater 250 
than 200 ppb (Figure 3, box 2) due to saturation of the optical detector. 251 

 252 

 253 
Figure 3. Concentration profiles that represent the commercial unit, 16-bit sensor (Configuration 254 
E), and 10-bit sensor (Configuration A). The 10-bit sensor had a lower resolution and did not de- 255 
tect the initial change in concentration (grey box 1). The commercial unit was unable to detect 256 
changes in concentrations at >200 ppb due to saturation (grey box 2). Only at the highest and low- 257 
est concentrations tested did the low-cost and commercial fluorometers diverge in their ability to 258 
accurately measure uranine concentrations. 259 

3.2 Sensitivity of low-cost fluorometers to temperature and turbidity 260 
3.2.1 Thermal sensitivity  261 

Thermal sensitivity of the low-cost sensors was comparable to the commercial unit. 262 
While temperature sensors recorded similar trends in temperature (r2=0.97), the low-cost 263 
sensor recorded an overall smaller range in temperatures (15 to 18 deg-C) compared to 264 
the commercial sensor (5 to 21.5 deg-C). We attribute the divergence to the difference be- 265 
tween sensor place (in the water for low-cost configurations; isolated from the water in 266 
the commercial fluorometer). The temperature dependence of fluorometers has been ob- 267 
served to vary with equipment, even across individual units of the same make and model 268 
[10,40]. The GGUN FL30 used in this study showed minimal temperature dependence, 269 
within the range of dependencies expected across GGUN units (Figure 4a-c). For compar- 270 
ison, Blaen et al., [10] found a change in intensities for uranine varied up to 15% across 271 
several GGUN units tested using the same testing protocol. The greatest variability, cal- 272 
culated as the percent change from the initial signal at room temperature, calculated from 273 
the low-cost sensors was 17%, measured with configuration B. Configuration H was most 274 
stable, with a maximum change in intensity of 3%. Temperature dependence was also 275 
observed in the logarithmic light sensors, while photoresistors were generally insensitive 276 
to temperature. The r2 for configurations were 0.38, 0.17, 0.56, 0.74, and 0.45 for the con- 277 
figurations A, B, F, G, H, respectively. The average r2 for the GGUN was 0.43. Overall, we 278 
find that sensitivity to temperature for some configurations (B and G) was greater than 279 



 

 

the particular commercial unit we tested, but within the range of expected sensitivities 280 
reported for these units in the literature [10]. 281 

 282 

 283 
Figure 4. (a-c) Temperature dependence of uranine across the low-cost sensors and a commercial 284 
unit for three uranine concentrations. Shaded grey area represents the maximum and minimum 285 
change in intensity measured across GGUN FL30 units from our study and prior assessment of the 286 
same units [10,40]. (d-f) Temperature timeseries for Experiment 3. 287 

3.2.2 Turbidity measurements and interference with fluorometry  288 
Turbidity measurements across all low-cost sensors achieved an r2 of 1.0 with the 289 

commercial unit (Figure 5), indicating a strong linear relationship between known turbid- 290 
ity and detected light transmission. All sensors reliably measured turbidity with varying 291 
uranine concentrations (Figure 5d-f) with r2 ranging from 0.76 to 1.0 for all concentration 292 
and turbidity configurations. The commercial unit showed fluorescence interference with 293 
turbidity similar to those documented in past studies (Figure 5a-c) [10]. Interference is 294 
particularly notable when both uranine concentration and turbidity are high (Figure 5c, 295 
5f). The greatest decrease in intensity attributable to turbidity was 24% for the GGUN and 296 
35% for the low-cost sensors (configuration B). However, uranine detection for three of 297 
the five low-cost sensors tested were insensitive to turbidity (<10% change in intensity for 298 
configurations F, G, H) while configurations A and B exhibited changes in intensity vary- 299 
ing from 10-35%. Overall, changes in intensity due to turbidity for the low-cost configu- 300 
rations (1 to 35%) were comparable in magnitude to that observed for the GGUN FL30 301 
tested here (-24 to -4%) and those reported by Blaen et al., [10] (-10% to 1%). The largest 302 
difference between the low-cost sensors and the commercial unit is the proportionality to 303 
turbidity. The changes in intensity for low-cost sensors were directly proportional to tur- 304 
bidity, while the particular commercial unit we tested showed an inverse relationship 305 
with turbidity. 306 

 307 



 

 

 308 
Figure 5. (a-c) Performance of the low-cost sensors at measuring turbidity. (d-f) Low cost sensors 309 
were comparable to the commercial unit (r2=1.0). Sensors A and B showed the greatest sensitivity 310 
to changes in turbidity, comparable or greater than the commercial unit. Three of the five configu- 311 
rations were insensitive (<10% change in intensity) to changes to turbidity (middle column). 312 

4. Discussion & Conclusions 313 
4.1. Low-cost fluorometers can achieve fluorescent tracer sensitivity, performing compa- 314 
rably to commercial units across operational ranges for solute tracer studies  315 

The goal of this study was to prototype a capable, low-cost, single tracer fluorometer 316 
for a fraction of the price for a commercial unit. To that end, the configurations explored 317 
in this study demonstrate that a low-cost fluorometer can produce comparable data to a 318 
commercial unit – including performance across variability in turbidity and temperature 319 
– for a total cost of $59.13 US for the components (Configuration H). Added cost would 320 
be associated with packaging in a configuration to meet applications (e.g., waterproof 321 
flow-through housing for stream solute tracers; cuvette holder for laboratory or grab sam- 322 
ple analysis). Based on the performance across variable uranine concentrations, tempera- 323 
ture, and turbidities, we recommend design configuration H. Comparison to the commer- 324 
cial unit resulted in a maximum r2 of 1.0 for concentrations of uranine, and the low-cost 325 
fluorometer configurations were sensitive at concentrations beyond the upper limit of the 326 
commercial unit. The fluorometer produced, here, obtained a functional resolution of 0.1 327 
ppb and a working concentration range of 0.1 to >300 ppb under laboratory conditions, 328 
with measurement standard deviation ranging from 0.1 to 26.6 ppb across the operational 329 
range tested [42]. 330 

 331 
The results of this study also document the influence of both temperature and tur- 332 

bidity on measured fluorescence intensity, both of which are known to be important in 333 
interpretation of data from commercial units [10]. Across all configurations, the low-cost 334 
sensors experienced comparable sensitivity to temperature and turbidity to the commer- 335 
cial units that have been documented in the literature. While the particular commercial 336 
unit used in this study showed minimal dependence with temperature, identical units 337 
have shown greater dependence in past tests [10]. The commercial unit showed a depend- 338 
ence of fluorescence on turbidity that was non-linear with uranine concentration. Low- 339 
cost components ranged from insensitive to temperature and turbidity to comparably as 340 
sensitive to as the commercial units used in this study and others [10].  341 



 

 

 342 
For an individual tracer, the on-board 8 and 10-bit pin(s) of the Adafruit Feather m0 343 

Adalogger are capable of data in good agreement with the commercial unit given suffi- 344 
cient averaging of measurements. Comparison across uranine, temperature, and turbidity 345 
produced r2 values of 1.0, 0.97, and 1.0 between the low-cost fluorometer and the commer- 346 
cial unit. Overall performance of the low-cost fluorometer compared well to the commer- 347 
cial unit. The low-cost fluorometer was able to outperform the commercial unit in two 348 
areas. First, the GGUN FL30 has a memory capacity of 2 gigabytes, while the low-cost 349 
fluorometer can initialize larger external memory cards (32 gigabytes used in low-cost 350 
fluorometer) that may be useful in extended deployment. Next, the low-cost fluorometer 351 
was able to accurately measure concentrations above 300 ppb, while that saturated the 352 
optical sensors of the commercial unit. While this study did not explore the upper limit of 353 
either unit, the commercial unit was unable to accurately measure the 305 ppb concentra- 354 
tion, suggesting higher concentrations would not perform well. 355 

 356 
4.2. Low-cost fluorometers are readily customized for different tracers and could be 357 
adapted for multi-tracer applications.  358 

Expansion of the designs tested beyond single tracers can also be accomplished with 359 
minimal additional costs. For instance, a configuration similar to the GGUN FL-30, con- 360 
sisting of a temperature probe, four excitation sources (630 nm, 570 nm, 470 nm, 525 nm), 361 
and four photodetectors would cost no more than 5% of a commercial unit depending 362 
upon exact selection of components and housings. Construction and programming of this 363 
low-cost fluorometer requires only rudimentary knowledge of electronics and coding due 364 
to the availability of open-source instructions and examples. Additionally, the low cost of 365 
parts and numerous locations to source components allow for rapid and affordable re- 366 
pairs/upgrades. 367 

 368 
Additionally, placement of the 10kΩ Precision Epoxy Thermistor changes the signif- 369 

icance of changes in temperature. The observed variability in the low-cost fluorometer’s 370 
and GGUN’s temperature ranges, as a result of probe placement, indicate that, while both 371 
are measuring temperature, one is measuring sensor temperature (GGUN) and one is 372 
measuring environmental temperature (low-cost fluorometer). Measuring internal hous- 373 
ing temperature is useful to temperature-correct component variability. However, these 374 
measurements have almost exclusively been used as a direct analog to system tempera- 375 
tures. Directly measuring water temperatures is the best placement to account for changes 376 
in fluorescence as a result of water temperature. At the cost of $4.00 per 10kΩ Precision 377 
Epoxy Thermistor, measuring both component (in waterproof housing) and system (wa- 378 
ter) temperature would allow for variability in sensors and fluorescence to be divorced 379 
from each other.  380 

 381 
To aid in sensor selection for future applications, we developed a flow chart based 382 

on fluorometer requirements (Figure 6). Designs using the 16-bit adaptor are capable of 383 
supporting up to 4 sensors per board, and 4 boards per controller, yielding a maximum 384 
of 16 16-bit sensors on a single controller. Notably, this many parallel operations would 385 
limit temporal resolution on any individual channel, but could be of interest for high res- 386 
olution measurements made in close proximity, such as multiple depths on a minipoint 387 
sampler [41]. Optical filters, while improving r2 values, were found to not be cost effective 388 
for single tracers. However, multi-tracers applications may benefit from filters on the 389 
sources and/or detectors to minimize interference if simultaneous measurements are to be 390 
made.  391 
 392 



 

 

 393 
Figure 6. Flow chart of suggested component selection based upon application. Each design con- 394 
sists of the Adafruit Feather m0 Adalogger and DS3231 Precision Real Time Clock mounted to- 395 
gether on the FeatherWing Doubler. Temperature (8-bit), turbidity (8-bit), and rapid sampling for 396 
individual tracers (10-bit) are made using the on-board pins of the Adafruit Feather m0 Adalog- 397 
ger. 398 
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