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Abstract

Response time is a central characteristic of sensors measuring solute concentrations. Knowing the response

time of the sensor under realistic conditions is critically important when measuring rapid changes, e.g., oxy-

gen concentration fluctuations for aquatic eddy covariance flux calculations. Response times therefore should

be determined under conditions that are similar to those the sensor is exposed to when deployed for the

actual measurements. This study introduces a new method for quantifying the response time of mini- or

microsensors measuring solute concentrations in liquids and gases. The method is based on the rapid switch-

ing of the supply of two fluids with different oxygen concentration to the sensor without removing the sen-

sor from the fluid flow. The device uses a jet nozzle moved by electromagnetic actuators, and the switching

of the calibration fluids is monitored by a reference sensor with a response time<0.001 s. The functionality

of the device is demonstrated for a fast oxygen optode system that consisted of a fiber minioptode connected

to an oxygen meter that was read by a data logger. With the setup described here, the method permits repro-

ducible response time measurements with a resolution of 0.01 s 6 0.001 s (SD, n 5 60). With this technique,

the response time characterization of aquatic sensors can be standardized.

For any sensor, the reading and conversion of a change in

the measured parameter to a registered signal output consume

time, and this delay is described by the response time. The

response time thus typically integrates the response time of

the sensor and the processing time of the sensor electronics

that convert the sensor output into a signal that can be read

by a computer or data logger. In recommendations published

by the International Union of Pure and Applied Chemistry

(IUPAC), response time s for ion-selective electrodes is defined

as the length of time between the instant at which the con-

centration of the ion of interest at the sensor tip changes and

the instant at which the electrode signal reaches 90% of the

final value (Guilbault 1981). Because this change can be a

decrease or an increase, there are two response times (Fig. 1):

(1) s90
2 denotes the time to register 90% of a negative con-

centration change and (2) s90
1 the response time to register

90% of a positive change (Fig. 1). For sensor systems affected

by signal drift, the time for reaching a specific slope of the

response time curve can be used for assessing the response

time (Buck and Lindner 1994; Macca 2004).

For time-sensitive applications, a short response time is

required, and response time thus is a key parameter in sensor

design and characterization (McDonagh et al. 2002). For

example, sensors that are measuring fluid characteristics in

rapidly changing biological and chemical reactions or com-

bustion processes must have response times that are multiple

times faster than the rate of change in the system they mea-

sure. According to the Nyquist Theorem, the sampling rate

must be at least twice the highest analog frequency compo-

nent of the signal to be measured (Ramirez Diniz et al.

2002). A theoretical response time of 0.01 s would require

the response time method to resolve a frequency of at least

25 Hz. In aquatic sciences, applications requiring short

response times (< 1 s) include eddy covariance measure-

ments (Berg et al. 2003; McGinnis et al. 2008), measurement

of photosynthesis (Glud et al. 1992; Kuehl et al. 1996), free-

falling instruments for water column profiling (Oldham

1994; Wolk et al. 2002), gliders, and other autonomous

underwater vehicles (Rudnick 2016), and methods studying

metabolic activities (Shashar et al. 1993; Kuehl et al. 1995).

To the best of our knowledge, presently there is no stan-

dard method for assessing the response time of sensors used

for measurements in aquatic systems. For such sensors, the

response time is typically determined by exposing the sensor
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to two liquids or gases that differ in the parameter under con-

sideration (Fraden 2015). For example, Klimant et al. (1999) and

Berg et al. (2016) measured response times for aquatic sensors

by moving them from air into oxygen-free water (termed

“dipping method”), while Lindner et al. (1978) moved a micro-

electrode from air into a jet of liquid. Lindner et al. (1987) intro-

duced a device that performs the dipping method using two

mobile liquid jets. Haemmerli et al. (1982) injected a solution

into a liquid jet that passed the sensing tip of a microsensor.

Other methods use gels or gas as media for exposing the sensor

to different oxygen concentrations (Jensen and Rechnitz 1979;

Gnaiger and Forstner 1983; McDonagh et al. 2002).

Testing an aquatic sensor with two different media (e.g.,

water and air, dipping technique) may affect the response

time, e.g., due to smearing effects or different diffusion coef-

ficients in these media (Fig. 2).

The velocity of sensor movement from gas into liquid or gel

and the presence of diffusive gradients further add uncertainties

Fig. 1. Changes in the registered sensor output after an abrupt (A) decrease and (B) increase in the measured parameter (e.g., oxygen concentra-
tion, changes initiated at T0). s90

2 and s90
1 mark the response times required by the sensor to register 90% the concentration decrease and increase,

respectively. Response times s90
2 and s90

1 as well as response curve characteristics for decreasing and increasing concentration changes can differ in

the same sensor.

Fig. 2. Response time measurements with a Retractable Oxygen Minisensor Ultra High Speed OXR430-UHS using the dipping method. Data were

recorded with the PyroscienceTM software “Optical Oxygen Meter FireStingO2” onto a PC. In this common method, response time is determined by
moving the sensor from air into oxygen-free water and back. (A) Dipping series used for determination of s90

2 and s90
1. (B) Close-up of the data

recorded between 300 s and 400 s in the series shown in (A). Horizontal dashed lines depict the 10% and 90% response time thresholds. Red arrows

mark the time points when the sensor was moved down into N2-bubbled oxygen-free water or up, removing the sensor from the fluid and exposing it
to air. In this case, the measured response times were 0.50 s 6 0.10 s for s90

2 and 1.60 s 6 0.11 s for s90
1. The much larger s90

1 response times likely

were caused by oxygen-free water adhering to the sensor fiber and leaking from the hypodermic needle holding the fiber after retracting the sensor
from the oxygen-free water. The same sensor (#9) showed similar s90

2 and s90
1 when tested with the jet-nozzle method introduced here (Table 1).
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(Klimant et al. 1995; Reimers et al. 2016). Furthermore, the

magnitude of the concentration change (Macca 2004; Fraden

2015), and changes in temperature (Liebsch et al. 2000; Sosna

et al. 2008), salinity (Gundersen et al. 1998), or light intensity

(Mayr et al. 2009; Borisov et al. 2010) can affect the signal of

aquatic sensors and thereby response time. For sensors that

respond in the subsecond range, these uncertainties can cause

substantial biases in the response time determination.

For the selection of the appropriate sensor for an applica-

tion, the response time of the sensor under realistic measur-

ing conditions thus must be known, and sensor response

time therefore should be determined under conditions that

are similar to those the sensor is exposed to when deployed

in the field or lab. The objective of this study was to develop

a reliable approach to accurately measure the response time

of fast aquatic sensors submerged in water under realistic, in-

situ-like flow conditions, and to remove artifacts associated

with the dipping technique. The functionality of the jet-

nozzle device and setup we developed are demonstrated

through response time determinations of a commercially

available fast optical oxygen minisensor. The device can eas-

ily be adapted to larger sensors, sensors designed for meas-

urements in gases, or sensors measuring other quantities

than concentrations (e.g., temperature). The jet-nozzle

device is a further development of the stop cock method

(Supplementary Materials), which reaches approximately

half the temporal resolution (0.02 s) that can be achieved

with the jet nozzle.

Materials and procedures

The method uses a custom-designed jet nozzle that ejects

two parallel fluid jets with different solute concentration so

that they merge into one jet after they exit the nozzle (Fig.

3A–C). The nozzle guides the two fluids to the same orifice,

within which the fluids are only separated by a “paper-thin”

sharp-crested wall. Because the two fluids move at the same

velocity, mixing is minimized when the two jets merge right

outside the nozzle, resulting in a sharp boundary between

the two fluids in the combined water jet. Response times are

measured by quickly moving the jet nozzle laterally past the

stationary sensor, thereby rapidly changing the solute con-

centration the sensor tip is exposed to without removing the

sensor from the flow (Fig. 3B). Two electromagnetic actua-

tors move the jet nozzle back and forth in the horizontal

plane. This 5-mm lateral movement is monitored using a

Fig. 3. (A) Setup of the jet-nozzle method. (1) air-saturated water reservoir, (2) oxygen-depleted water reservoir, (3) cut-off valve, (4) gas-tight

Tygon tubing, (5) computer, (6) cut-off valve/actuator control board, (7) oxygen sensor readout unit, (8) linear position sensor readout unit, (9)
micromanipulator, (10) oxygen sensor, (11) jet nozzle, (12) flow-through cell with oxygen probe, (13) actuator, (14) linear position sensor, (15) oxy-

gen flow-through cell readout instrument. (B) Principle of the jet-nozzle operation. The close-up depicts the vertical position of the sensor tip very
close to the orifice. Only one of the two actuators is shown. The linear position sensor (not shown) connects horizontally to the lower end of the verti-
cal rod holding the nozzle. (C) Dimensions of the jet nozzle scaled for use with oxygen mini/microsensors. The angle between the two nozzle flow

ducts is 238, and the sharp-crested wall separating the two flow ducts at the nozzle orifice is 0.2-mm thick and 3-mm wide.
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linear position sensor that is attached to the aluminum rod

holding the jet nozzle. Each of the two ports of the jet noz-

zle is connected via gas-tight tubing to a fluid reservoir. The

fluids contained in the two reservoirs differ in the concentra-

tion of the solute selected (e.g., oxygen) for testing of the

sensor. A shut-off valve inserted in the tubing below each

container allows switching the flow to the jet nozzle on and

off. The two reservoirs are mounted at the same adjustable

height (0.1–1.2 m) above the jet nozzle to achieve the same

hydrostatic pressure in the two fluids at the jet nozzle, and

thus the same flow velocity. The oxygen concentrations of

both fluids are monitored continuously with two oxygen

flow-through sensors inserted in the two supply lines next to

the jet nozzle. A parts list for the device is available in the

Supplementary Materials.

The sensor to be tested is mounted vertically above the

jet nozzle using a micromanipulator such that the sensor tip

is centered above the nozzle opening that is nearest to the

endpoint of the nozzle path. With the micromanipulator,

the sensor tip can be positioned such that it is<1 mm above

the level of the sharp-crested wall that separates the two

nozzle ducts, i.e., at a height, where the boundary between

the two fluids in the combined water jet is sharpest. After

starting the flow and recording the reading of the sensor for

the first fluid and solute concentration, the jet nozzle is

switched to its second position, thereby exposing the sensor

to the second fluid with different solute concentration. The

movement and position of the jet nozzle are recorded syn-

chronously with the sensor signal. The time span between

completion of the repositioning of the jet nozzle (as indi-

cated by the position sensor) and the time point the sensor

registers a defined fraction (e.g., 90%) of the concentration

change are used for determining the response time.

Assessment

The operation of the jet-nozzle device is demonstrated by

measuring the response time of a fast optode sensor system.

Oxygen optode measurements rely on the ability of oxygen

to act as a collisional quencher reducing the luminescence

quantum yield of an excited luminophore contained in the

sensing dye (Kautsky 1939; Klimant et al. 1995; Klimant

et al. 1997). Further information regarding the functioning,

performance, and limitation of optical oxygen sensors are

provided in the reviews by Holst et al. (2000) and Wang and

Wolfbeis (2014).

The oxygen measuring system used in this study was

manufactured by PyroscienceTM (Specifications, Table 1) and

was composed of a Retractable Oxygen Minisensor Ultra

High Speed OXR430-UHS connected to a four-channel Fire-

StingO2 Oxygen Meter. The PyroscienceTM UHS optode sen-

sors are designed for short response time and have no

oxygen consumption and no cross sensitivity with pH, CH4,

CO2, H2S, and ionic species. The FireStingO2 oxygen meter

has integrated atmospheric pressure and humidity sensors

and a built-in temperature port for an external PT100 tem-

perature sensor for automatic temperature compensation.

The instrument was linked via USB cable to a PC that

allowed programming the oxygen meter with the Pyroscien-

ceTM software “Optical Oxygen Meter FireStingO2.” For all

response time measurements, the FireStingO2 meter was set

to an oxygen integration interval of 0.01 s, an LED intensity

of 10%, a signal amplification factor 200, and a data smooth-

ing setting of “1” (i.e., no smoothing). The analog output

ports of the FireStingO2 oxygen meter and the linear posi-

tion sensor (P3 America LMC15-10, response time<0.001 s,

limited by recording frequency) were connected to a DataQ

DI-710 data logger that recorded the analogue signals of

both sensors synchronously at 900 Hz. Both signals could be

monitored during the measurements with the DataQ WIND-

AQVR recording and playback software.

The PyroscienceTM OXR430-UHS Oxygen Minisensor was

mounted above the nozzle with a micromanipulator (World

Precession Instruments, Kite-R) that allowed positioning of

the sensor tip at 0.5 mm above the nozzle at a precision of

10 lm. The nozzle was manufactured from AcryliteVR acrylic

sheet material and its dimensions were scaled for the use

with the minisensor (Fig. 3C). In our demonstration meas-

urements, one reservoir contained sterile fresh water contin-

uously infused with air, the other sterile fresh water infused

with N2 gas. The oxygen concentrations in the fluids ejected

by the nozzle were recorded by two Hach Oxygen LDO101

intelliCAL sensors integrated in the flow-through cells

mounted in the two fluid supply lines of the jet nozzle.

The measurements were initiated by starting the flow

from the two water reservoirs (2-L Nalgene bottles) through

opening the two shut-off valves (Redhat 12V DC Solenoid

Valve) in the water supply lines (Tygon tubing, 7-mm inner

diameter). After a steady oxygen signal was achieved and

recorded for 10 s, the nozzle was moved horizontally by the

electromagnetic actuators (DC12V push-type solenoids,

Allied Electronics) within 0.01 s 6 0.001 s (SD, n 5 60) to

endpoint 2, thereby exposing the optode abruptly to the

flow of oxygen-depleted water. The response of the sensor to

decreasing oxygen concentration was recorded until a new

steady state was achieved. The response time s90 was calcu-

lated from the synchronous recordings of the oxygen and

position sensors as the time span between the start of the

exposure of the optode sensor to a fluid with different oxy-

gen concentration and the time point the optode read 90%

of the actual oxygen concentration change. For the sensor

response time assessment and its statistical evaluation, 10

shifts between the two fluids with different oxygen concen-

tration were used. Additional tests with different oxygen

ranges investigated whether measurements performed at

lower oxygen concentrations would affect the response time.

At the fluid reservoir height of 1.2 m above the jet nozzle,

the two fluids emerged the nozzle openings at a velocity of
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70 6 3 cm s21. To determine whether variations in the flow

velocity influence the response time measurements, a series

of measurements were conducted for a range of jet flow

velocities realistic for natural environments (14–70 cm s21).

All response time measurements were conducted with fresh

water at a constant temperature of 228C, without automatic

temperature compensation. Differences between response

times were statistically compared using the t-test.

The measurements demonstrated that the jet-nozzle

method allowed a rapid and reproducible determination of

the sensor response time (Table 2, Fig. 4). The response times

for the PyroscienceTM UHS sensor system ranged from 0.15 s

to 0.59 s, with averages of 0.34 s 6 0.12 s for s90
2 and 0.35

s 6 0.12 s for s90
1. The direction of the oxygen change had

no significant influence on the response time (t: 20.31484,

p: 0.756141, df 5 10, n 5 11, p< .05; Table 2, Fig. 4), nor did

measurements in two fluids with lower oxygen and smaller

concentration difference between the two fluids affect the

response time measurements (t: 20.84833, p: 0.210455,

df 5 4, n 5 5, p<0.05; Fig. 5). No significant dependency on

flow velocity could be detected within the range of velocities

tested (t: 0.03549, p: 0.486021, df 5 10, n 5 11, p<0.05; Fig.

6). At the logging frequency of 900 Hz, the temporal resolu-

tion of the recordings of distance and oxygen sensor data

was 0.001 s. The exposure of the sensor to two different solu-

tions could be achieved within 0.01 s 6 0.001 s (SD, n 5 60).

In the present configuration, the jet-nozzle device thus could

be used for sensors with response times>0.01 s.

Discussion

With the jet-nozzle flow-switch method, the response time

of fast aquatic sensors can be determined in a reproducible

manner without removing the sensor from the fluid medium.

For the aquatic oxygen sensors tested here, this mimics far

better the field conditions than the commonly used approach

of moving sensors from air into anoxic water (dipping tech-

nique). Specifically, it eliminates several potential errors that

may be caused by different temperatures, viscosities, refractive

indices, light intensities, fluid drops adhering to the sensor,

variable or interrupted flows at the sensor tip, and diffusive

properties that can change the performance of the sensor and

oxygen transport to the sensor’s sensing surface (Opitz 1986;

Spichiger et al. 1995; Klimant et al. 1997; Kurihara et al. 2002;

Glazer et al. 2004; Berg et al. 2016).

Moving the sensor between two calibration fluids requires

time, and the length and variability in this transition time

affect the response time measurements (Fig. 7). The jet-

nozzle method was designed to minimize the length and

variability of the transition time, while keeping the sensor in

Table 1. Specifications of the measuring system used for the
response time measurements as provided by the manufacturer.

Oxygen meter

Oxygen meter type PyroscienceTM FireStingO2 4 channel

Measuring principle Luminescence lifetime

detection (REDFLASH)

Excitation wavelength 620 nm (orange-red)

Emission wavelength 760 nm (NIR)

Maximum sampling rate with

temperature compensation

4 Hz

Analog output 0–2.5 V DC, 14-bit resolution

Oxygen sensor

Optical O2 fiber sensor type PyroscienceTM OXR430-UHS

Fiber diameter 430 lm

Response time <0.3 s

Maximum measuring range 0–1440 lmol l21

Detection limit 0.3 lmol l21

Resolution at 20% O2 0.78 lmol l21

Accuracy at 20% O2 63.13 lmol l21

Position sensor

Linear position sensor type P3 America LMC15-10

Stroke length 10 mm60.5 mm

Resistance value 5 k X610%

Power 0.2 W

Linearity 62.0%

Resolution <1 lm

Response time Defined by recording

frequency, <0.001 s

Data logger

Logger type DataQ DI-710 16-Channel

Ethernet data logger

Input Single-ended or differential

Recording signal range 610 V

Maximum sampling rate

recording to memory card

14.4 kHz

A/D converter 14 bit

Table 2. Response times measured for 10 PyroscienceTM UHS
optodes.

OXR430-UHS
s90

2 s90
1

Sensor AV (s) SD (s) n (s) AV (s) SD (s) n (s)

1 0.150 0.032 10 0.145 0.025 10

2 0.236 0.084 10 0.237 0.130 10

3 0.250 0.086 10 0.242 0.066 10

4 0.326 0.027 10 0.404 0.029 10

5 0.330 0.030 10 0.424 0.030 10

6 0.345 0.026 10 0.382 0.016 10

7 0.368 0.148 10 0.331 0.249 10

8 0.382 0.107 10 0.363 0.169 10

9 0.415 0.048 10 0.437 0.035 10

10 0.592 0.159 10 0.583 0.298 10

Average 0.339 0.123 10 0.355 0.124 10
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the same flow and medium, and the setup and response

time measurement as simple as possible. The horizontal

movement of the jet nozzle was achieved by two electromag-

netic actuators that moved the jet nozzle within 0.01 s

between its two positions. Shorter traveling times can be

achieved with stronger actuators and a sturdy jet nozzle, but

very high switching velocities can also damage fragile sen-

sors due to fluid shear. The jet-nozzle method utilized a ref-

erence sensor with much shorter response times (linear

position sensor, response time<0.001 s, limited by recording

frequency) than the oxygen sensor, thereby allowing a deter-

mination of the time point the front separating the two cali-

bration fluids passed the oxygen sensor tip. The error

associated with this determination was small (1–3%) relative

to the response time of the oxygen sensors, and thus had no

significant influence on the results.

The two fluids exiting the jet nozzle start to mix, due to

turbulent mixing at the flow velocities relevant here, as soon

Fig. 4. Response time determination for the PyroscienceTM system with Retractable Oxygen Minisensor Ultra High Speed OXR430-UHS using the jet-

nozzle method. Black lines: signal of the oxygen sensor (#6). Red lines: signal of the distance sensor. All data were recorded at 900 Hz onto the data
logger. Dashed horizontal lines: 90% thresholds for the decreasing and increasing signals, respectively. (A) Continuous recording (no smoothing) with

repeated switches between fluids with 100% and 0% oxygen air saturation, respectively, showing reproducibility and variability of consecutive
response time measurements. (B) Close-up of the response of the oxygen sensor when changing from 100% to 0% oxygen air saturation (section 48–
51 s, O2 line smoothed after data recording by spline interpolation). (C) Close-up of the response when changing from 0% to 100% oxygen air satu-

ration (section 52–55 s, smoothed O2 line). Fast movement and inertia caused a small temporal bending of the aluminum rod holding the jet nozzle
when it reached the end points of the movement, which is reflected in the small overshoot peaks in the distance sensor signal visible in (A) and in (C)
at � 0 s. These peaks were used as the starting time points for the response time measurements.
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as they meet outside the nozzle. Assuming that the eddy dif-

fusivity at the length scale of the nozzle outflow (5-mm

diameter) is � 3 3 1023 cm2 s21 (Okubo 1971), this mixing

cannot produce a gradient larger than 38 lm over the 0.5-

mm travel distance between nozzle exit and sensor tip and a

jet exit velocity of 35 cm s21, and thus could not produce a

measurable error. Likewise, molecular diffusion cannot pro-

duce a gradient larger than 2.3 lm at these settings and its

effect was considered negligible (oxygen diffusion coeffi-

cient: 1.9 3 1025 cm2 s21). The potential error caused by

mixing of the two water jets can be minimized by moving

the tip of the oxygen sensor as close as possible to the sharp

edge that separates the two nozzle orifices. The maximum

flow velocity used for the measurements with the jet nozzle

did not exceed 70 cm s21 because higher velocities could

damage the fiber sensors during the rapid switch between

the two fluids with different oxygen concentration. The

results of the experiment (Fig. 6) suggest that for the range

of flow velocities common in the marine environment, flow

velocity does not influence the response time measurements

of the PyroscienceTM optical fiber sensors.

The signal of the PyroscienceTM optical fiber sensors is

temperature dependent, and all response times were

recorded for water with a constant temperature of 228C.

Although assessing the effect of temperature change on sen-

sor response time is central for in-situ studies (e.g., Berg and

Pace 2017), characterizing the temperature effect of the

PyroscienceTM optical fiber sensors was beyond the scope of

this study and will be addressed elsewhere. It should be

emphasized that this study was designed to develop and test

a response time measuring setup that mimics natural field

conditions better than response time tests typically per-

formed today, and not to generate representative response

time and performance data for commercially available

Fig. 6. The response time for the PyroscienceTM OXR430-UHSTM sensor

#7 system for different velocities of the nozzle outflow. The differences
were statistically not significant.

Fig. 7. Effect of switching speed between fluids with different oxygen concentration on response time determination. Oxygen concentration (upper
part of graphs, left Y axes) and transition time between calibration fluids (lower part of graphs, right Y axes) measured with fast (0.02 s, black curves)
and slow (0.2 s, red dotted curves) switching between calibration fluids. sf 90

2, sf 90
1 and ss90

2, ss90
1 denote the response times determined using

the fast (f) and slow (s) switching, respectively. In this example, the slower switching increased the response times by and 18% (A, O2 decrease) and
24% (B, O2 increase).

Fig. 5. Response times of the PyroscienceTM OXR430-UHS sensor #9

system for different changes in oxygen concentration. White columns
depict s90

1, green columns s90
2 response times. The differences were

statistically not significant.
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oxygen sensors. For sensors with relatively slow response

time (> 1 s), a description of a modified flow-switch method

that uses a stopcock instead of the jet nozzle is presented in

the Supplementary Materials.

The jet-nozzle method can be used for response time deter-

mination of a broad spectrum of sensors measuring other

parameters in fluids, e.g., temperature, conductivity, pH, car-

bon dioxide, nitrate, chlorophyll a, and it is not limited to

use with liquids but can easily be adapted to use with gases.

Increasing the number of openings of the jet nozzle and

mounting the nozzle to actuators aligned perpendicularly to

each other allows testing sensors that can measure multiple

parameters simultaneously (e.g., oxygen and temperature).

For assessing the most realistic response times that are

effective during measurements in the aquatic environment,

the response time should be determined with the sensor

immersed in water. Because response times assessed using

stagnant water may differ from those determined in flows,

exposing the sensor to in situ-like flow velocities produce

the most realistic response time data. As the response times

of an aquatic sensor may depend on the direction of a con-

centration change in the surrounding water, response times

should be determined for both, increasing and decreasing

concentration change. The jet-nozzle method permits repro-

ducible response time measurements of fast aquatic sensors

while allowing integration of these factors and presents a

tool that can be used for standardized response time

determinations.
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