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ABSTRACT. A system comprised of software and on-site measurements is presented for accurately obtaining water stage data from 

vented or non-vented submersible pressure sensors installed at autonomous stream gauging stations. The system accounts for pressure 

sensor offset errors, water density, and local gravitational acceleration to produce a stage height reading which is accurate to either ±0.01 

ft (±3 mm) or to the accuracy limit of the sensor, whichever is greater. A 2nd order polynomial expression for determination of water 

density from temperature and salinity is developed and found to be sufficiently accurate for this purpose. Simulated stage measurements 

performed in the laboratory with a commercially produced sensor showed errors of up to ±0.04 ft in reported stage when the sensor’s 

default conversion from pressure to depth was used; the maximum error limit was reduced to ±0.02 ft when the sensor output was instead 

processed using the new system. A custom-designed, low-cost, versatile submersible pressure sensor is introduced and tested under the 

same conditions and found to exhibit a maximum error of ±0.04 ft without any sensor calibration. These new developments, integrated 

into previously developed inexpensive base stations, enable accurate monitoring of stage height at remote locations with low installation 

and operating costs.  
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1. Introduction 

Uncertainties in hydrologic modelling arise from many 

sources. Among these are uncertainties due to the limited spa- 

tial and temporal resolution of available data and those due to 

the accuracy limits of the data itself (Fan, 2019). One source of 

high-quality hydrologic data are networks of stream gauging 

stations, such as that operated by the United States Geological 

Survey (USGS), in which surface water stage heights are con- 

tinuously monitored and converted to stream flow via experi- 

mentally determined site-specific discharge rating curves (US- 

GS, 2020). Each of these stations typically cost over $30,000 

to install, and entail annual operating budgets on the order of 

$10,000 (Royem et al., 2012). These high costs limit the num- 

ber of stations that agency budgets can support, thus limiting 

the spatial resolution of the data produced by the network. Fur- 

ther, installations with this level of expense are generally not 

feasible for monitoring activities which are short-term and/or 

low-budget. Such activities may not require all of the data typi- 

cally obtained by the USGS system, and/or may require addi- 

tional data that are not produced by standard USGS installa- 

tions. Real-Time Hydrologic Stations (RTHS) (Islam et al.,  
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2016), which are the backbone of the River and Estuary Obser- 

vatory Network (REON), offer a cost-effective solution for col- 

lecting continuous hydrologic and/or water-quality data. These 

stations are designed to be robust and reliable, yet inexpensive 

to install, operate, and disassemble or relocate, such that they 

are suitable for use in either long-term or short-term monitoring 

activities, provided that the sensors and associated systems im- 

plemented at the stations produce data of sufficient accuracy. 

In this paper we introduce the SWELL (Surface Water Eleva-

tion/Level) system, which is a combination of data processing 

software and measurement techniques for efficient and accu- 

rate stage height monitoring that has been implemented as a 

subsystem of the broader RTHS system. We also introduce the 

SHELL (Stilling-Housed ELevation/Level) sensor, a low-cost 

and versatile submersible pressure sensor which generates high- 

quality stage height data when integrated with the SWELL 

system. 

2. Background 

2.1. Overview of REON and RTHS 

The network of RTHS installations and the supporting 

cyberinfrastructure which together comprise REON was ini- 

tially established by Clarkson University and the Beacon Insti- 

tute for Rivers and Estuaries to provide real-time monitoring of 

New York State’s Hudson River Watershed and provide a plat- 
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form for the in-situ testing of new monitoring technologies. 

Presently, this network and its underlying technology are man- 

aged by the nonprofit Research Applied Technology, Educa- 

tion, and Services (RATES), and continues to be used for the 

development and deployment of cost-effective and high-per- 

forming technologies that provide real-time data with high tem- 

poral frequency for the benefit of those who manage and/or re- 

search critical water resources. REON continues to expand, and 

now includes RTHS installations throughout the Indian River 

watershed in Northern New York as well as at several locations 

within the Rio Grande Valley in Southern Texas. 

 
Table 1. Acronyms and Symbols Used in This Paper 

Acronyms 

CDSHS Custom-Designed Stage Height Sensor of (Islam, 

2016) 

NAVD 88 North American Vertical Datum of 1988 

LT400 LevelTROLL 400 (Commercially available level 

sensor, In-Situ, Inc.) 

RATES Research Applied Technology, Education, and 

Services, Inc. 

REON River and Estuary Observatory Network 

RTHS Real-Time Hydrologic Station 

SG Specific Gravity 

SHELL Stage Height ELevation / Level (sensor 

introduced in this paper) 

SWELL Surface Water ELevation / Level (system 

introduced in this paper) 

USGS United States Geological Survey 

Symbols 

C Conductivity 

D Depth of underwater pressure-sensing element 

g Local gravitational acceleration 

H Height (elevation above local reference) 

Pbaro Pressure reported by barometer 

Pgauge Gauge Pressure at pressure-sensing element 

Pnv Absolute Pressure reported by pressure-sensing 

element 

poffset Pressure offset (SWELL parameter) 

HB Height of Benchmark 

ρw Density of water 

S Stage Height (Height of water surface) 

ΔS Height of pressure-sensing element 

SA Absolute Salinity 

soffset Stage offset (SWELL parameter) 

T Temperature 

 

The RTHS design features high modularity. Virtually any 

sensor, whether custom-designed or commercially purchased, 

can be integrated into the system. Any data stream consisting 

of comma-delimited lines of data which is connected to the 

RTHS USB bus is automatically logged by the system, provid- 

ed that the first two fields contain a name and a serial number 

which uniquely identify the sensor providing the data. For com- 

mercially purchased sensors that cannot inherently produce da- 

ta in this format, a simple program implemented on a USB de- 

velopment board (e.g., the pjrc.com, LLC Teensy series) wired 

to a serial converter that accepts the sensor’s output protocol 

(e.g., RS232) is typically a sufficient interface. To date, we 

have utilized a variety of hydrologic and water-quality sensors 

(Kirkey et al., 2018; Kirkey, 2019) with the RTHS. This in- 

cludes an assortment of submersible pressure sensors, all of 

which report water temperature together with a pressure mea- 

surement which can be converted to water depth, stage height, 

or elevation: the non-vented custom-designed “stage height” 

sensors (CDSHS) of (Islam et al., 2016), a YSI, Inc. EXO2 with 

a non-vented “depth” sensor, In-Situ, Inc. LevelTROLL 400 

(LT400) non-vented and LevelTROLL 700H vented “level” 

sensors, and the non-vented SHELL sensor introduced in this 

paper. 

 

2.2. Water Pressure Sensors: Vented vs Non-Vented 

Water-pressure based depth/level sensors can be either 

vented or non-vented. Vented sensors contain an internal dif- 

ferential pressure sensor, one side of which is exposed to the 

sensor’s exterior, and the other to an internal cavity which is 

vented to the ambient atmosphere via a vented cable. Non-vent- 

ed sensors contain an internal pressure sensor, in which one 

side is exposed to the sensor’s exterior, and the other side to a 

sealed cavity; typically, an “absolute” pressure sensor is used, 

meaning that the interior cavity is under vacuum. Because the 

pressure measured by a non-vented sensor is the sum of water 

pressure and barometric pressure, a separate measurement of 

barometric pressure must be used in order to determine the sen- 

sor depth from a non-vented pressure measurement. Non-vent- 

ed sensors are typically less accurate than vented sensors, for 

two reasons. First, vented sensors do not require the use of a 

separate measurement of barometric pressure, and so have one 

less potential error source. Second, the range of an absolute 

pressure sensor used in a non-vented sensor must be larger than 

that of a differential sensor used in a vented sensor, because in 

the former the sensor must have a range large enough to sense 

the sum of the barometric and water pressures, and the speci- 

fied error of a pressure sensor is typically a percentage of its 

full-scale span. However, the up-front cost of non-vented sen- 

sors, cables, and connectors are lower than those of comparable 

vented sensors. Further, non-vented sensors are simpler to de- 

ploy and service in many situations, because they can be con- 

nected and disconnected underwater, whereas with vented sen- 

sors, the sensor and cable cavities must always be kept dry. 

 

2.3. Monitoring Stage Height with Water Pressure Sensors 

Water pressure sensors can be deployed as part of an 

RTHS installation in a variety of ways; Figure 1 shows three 

methods that we have frequently used. If a pier, seawall, or sim- 

ilar structure is available for use, a stilling well (for example, a 

piece of 4″ aluminum tube) can be affixed to the structure and 

used to house the sensor as shown in Figure 1a. The sensor is 

typically mounted to a rigid bar which slides into the stilling 

well, and is pinned in place at the top. Conduit containing the 

sensor cable is run to the RTHS. This deployment method af- 

fords ready access to the sensor under all water conditions. If 

no vertical structure is available, a stilling well can be run at an 
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angle as shown in Figure 1b, and anchored to the riverbed. This 

method is suitable if the riverbed slope is such that a sufficient 

depth can be reached with a stilling well of practical length, and 

if there is minimal risk of ice formation that could displace the 

stilling well from its anchored position. For sites where instal- 

lation of a stilling well is not practical, a mount for the sensor 

can be driven into (or otherwise anchored to) the riverbed, as 

shown in Figure 1c. 
 

 
 

Figure 1. Three different methods for installing a depth 
sensor in-situ for water stage monitoring. 

 

The elevation of the water surface will vary with time t. In 

order to report a local stage height S(t) for the water surface, a 

reference level at which height H = 0 must be selected; this can 

be selected arbitrarily, but once chosen it must remain fixed. In 

order to select this level, one or more benchmarks which are 

expected to remain at fixed elevation must be established at the 

site; the use of multiple benchmarks guards against the pos-

sibility an individual benchmark being compromised or de- 

stroyed. The reference height is selected by assigning a fixed 

benchmark height HB to a particular benchmark. Standard sur- 

veying equipment can be used on-site to measure the height of 

a local position relative to the benchmark; adding or subtracting 

this measurement from HB yields the height of said position 

above the H = 0 level. If feasible, a staff gauge can be installed 

within the waterbody at the site at a fixed, known height above 

H = 0, such that subsequent on-site water surface readings can 

be taken visually without the need for survey equipment. 

In all cases shown in Figure 1, the gauge pressure at the 

sensor height, Pgauge(t), is simply the hydrostatic pressure ex- 

erted by the water at depth D(t): 
 

( ) = ( )    ( )gauge wP t t g D t    (1) 

 

where g is the gravitational acceleration, and ρw(t) is the density 

of the water, which can vary with time due to changes in con- 

ditions such as temperature and salinity.  

As shown in Figure 1: 
 

( ) = ( ) + S t D t S  (2) 

 

where ΔS is the height of the sensing element above the H = 0 

level. 

3. The SWELL System 

3.1. SWELL System Design 

In the original RTHS framework, the stage reported by the 

system was simply the depth reported by the sensor, meaning 

that any replacement sensor deployed at the site had to be in- 

stalled at the same depth as the original, and that any error as- 

sociated with either the depth measurement or the actual depth 

of the sensor would be reflected in the system-reported stage 

data. The SWELL system is a combination of software and pro- 

cedures which is designed to efficiently mitigate the impact of 

such errors and changes on the RTHS-reported stage height. 

The system is designed to sufficiently minimize any systematic 

errors, such that the accuracy of the reported stage values will 

be limited by whichever is worse: the accuracy of the gauge 

pressure measurement, or that of the on-site determination of 

the actual river stage. In the United States, survey rods and staff 

gauges used for the latter typically have a resolution of 0.01 ft 

(3 mm); this is a typical accuracy limit for direct water surface 

measurements (Kenney, 2010). The SWELL routines presented 

here aim to achieve accuracies on the order of 0.01% or lower, 

such that at a water depth of 10 ft (3 m), any systematic errors 

associated with these routines will be on the order of 0.001 ft 

or less. 

First, the SWELL system is designed to compensate for 

errors associated with using non-vented sensors. Pressure sen- 

sors typically have an inherent offset, such that they exhibit bet- 

ter relative accuracy than absolute accuracy. For example, the 

Bosch BMP085 barometers originally used in the RTHS have 

a specified relative accuracy of ±0.2 mbar and typical absolute 

accuracy of ±1.0 mbar. This is significant; 1.0 mbar is the pres- 

sure exerted by 0.33 ft (1.0 cm) of standard surface water. For 

non-vented sensors, the SWELL system calculates gauge pres- 

sure at any time t as follows: 



W. D. Kirkey et al. / Journal of Environmental Informatics Letters 4(2) 80-87 (2020) 

83 

 

( ) = ( )  ( ) + gauge nv baro offsetP t P t P t P  (3) 

 

where Pnv is the pressure reported by the non-vented water pres- 

sure sensor, Pbaro is the barometer-reported sensor, and Poffset is 

a deployment-specific calibration parameter stored in the RTHS 

which compensates for the combined offsets of Pnv and Pbaro. 

(With vented sensors, the Pbaro value is not used.) 

The SWELL system converts gauge pressure to depth D 

and to stage S as per (1) and (2), via: 
 

( )
( ) = 

  ( )

gauge

w

P t
D t

g t
 (4) 

 

( ) = ( ) + offsetS t D t s  (5) 

 

where soffset is a deployment-specific calibration parameter stored 

in the RTHS. 

The value of g varies with both latitude and altitude, with 

an overall variation on the order of 1% across the earth (Hirt et 

al., 2013). Thus, the SWELL system uses a site-specific value 

of g stored in the RTHS in the calculation of (4). The density 

of water depends on both temperature T and absolute salinity 

SA, varying by about 0.5% as T ranges from 0 to 40 ℃, and by 

about 3% as SA ranges from 0 to 35 g/kg. Modern computation- 

al tools allow the density of surface water to be calculated from 

T and SA with extreme accuracy of ±0.0004% (Feistel, 2008). 

Others have developed 6th order polynomial expressions which 

mimic the results of said tools (International Oceanographic 

Commission et al., 2010; Roquet et al., 2015). For implementa- 

tion in the SWELL system, we have developed a simplified 

approximation to these expressions by assuming a linear de- 

pendence of density on salinity. Figure 2 shows plots of density 

vs. temperature at two different salinities, calculated from the 

expressions in Appendix A of (Roquet et al., 2015), and best-

fit second order polynomials to each plot. Assuming linearity 

with salinity, these yield the following expression for density: 
 

 0 35 0(  ,  )  ( ) + ( )  ( )   
35

A
w A

S
T S f T f T f T     (6) 

 

where fn(T) are from the fits in Figure 2a at nominal salinity n: 
 

2

0 ( ) = 0.005   + 0.0235   + 999.96
T T

f T
C C

 
   

  
 (6a) 

 
2

35( ) = 0.0043    0.0854   + 1028.1
T T

f T
C C

 
    

  
 (6b) 

 

To test the accuracy of (6), we calculated density for all 

{T, SA} where T = 0, 0.1, 0.2, …, 40 ℃ and SA = 0, 0.1, 0.2, …, 

40 g/kg using Appendix A of (Roquet et al., 2015) and using 

(6). The maximum difference between the two calculations was 

0.013%, and so (6) has accuracy on the order of 0.01% and is 

thus sufficient for use in the SWELL system. The real-time 

temperature T(t) reported by the submersible pressure sensor is 

used in the SWELL density calculation. If a conductivity sen- 

sor is installed at the station, a real-time value SA(t) can be cal- 

culated from the real-time conductivity data. Otherwise, a fixed 

value SA (or a time-dependent function SA(t)) can be estimated 

for the site and stored in the RTHS for use in SWELL calcula- 

tions. 
 

 
 

Figure 2. Water density v. temperature at salinities of 0 and 
35 g/kg, calculated via (Roquet et al., 2015), and the best-fit 

2nd order polynomial for both plots. 
 

3.2. SWELL System Implementation 

3.2.1. On-Site Determination of poffset 

The poffset calibration value can be obtained on-site by ei- 

ther of two methods. In the first method, prior to installation in 

the water, the SHELL sensor is connected to the SWELL sys- 

tem and operated while in the air, such that the actual pressure 

at the sensor is equal to that at the barometer. poffset is calculated 

from the reported data by setting Pgauge = 0 in (1). In the second 

method, after the system is fully installed and running, the actu- 

al depth of the water pressure sensing element is measured at a 

known time t0. This value D(t0) is then used to together with the 

recorded system data to determine poffset via (from (1) and (2)): 

 

 0 0 0 = ( )    ( )  ( )  ( )offset w nv baroP D t g t P t P t     (7) 

 

Relative to the second method, the first is simpler, but has 

the disadvantage that the submersible sensor must be kept out 

of the water until the rest of the system is operational, which 

may slow the installation process, particularly for installations 

such as that of Figure 1c. A drawback to the second method is 

that it may be difficult to accurately measure the actual depth 

of the sensing element; however, any error in this measurement 

can be largely negated in the reported stage data if the second 

soffset determination method discussed below is used. With ei- 

ther method, data must be managed such that only data ob- 

tained with the sensor fully installed and processed with the 

proper poffset value is ultimately reported as stage height data. 

 

3.2.2. On-Site Determination of soffset 

The soffset value can be obtained on-site following installa- 

tion by either of two methods. In the first method, DS (Figure 

1) is measured by surveying the actual height of the water pres- 
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sure sensing element, and this value is used as soffset. A draw- 

back to this first method is that in many installations, it may be 

difficult or impossible to determine the exact height of the 

sensing element with the desired accuracy of ±0.01 ft. In the 

second method, the height of the water surface at a known time 

t1 is measured (for example, by surveying the height of the wa- 

ter’s edge). This value S(t1) is then used together with the sys- 

tem-reported value of D(t1) to calculate soffset via (5). Aside from 

being more practical, another advantage of this method over the 

first is that with this method, any offset in the system-reported 

value of D(t) will be duplicated in the obtained value of soffset, 

and thus eliminated in the system-reported stage height S(t). 

With either method, once soffset is determined, it must be applied 

to all data that will ultimately be reported. 

 

3.2.3. Water Surface Elevation 

If the elevation of a benchmark at a site can be determined 

(for example, by using survey-grade GPS technology) in refer- 

ence to a standard sea-level datum such as the North American 

Vertical Datum of 1988 (NAVD 88) (National Oceanic and 

Atmospheric Administration, 2020), then the water surface el- 

evation at the site can be reported by adding the elevation of 

the H = 0 level to the reported stage height. Elevation data has 

more “permanence” than stage height data, as stage height data 

has meaning only as long as the H = 0 level remains consistent. 

For example, if a monitoring station which reports only stage 

height is removed, and a new station installed at the same lo- 

cation is later installed, stage data from the two installations 

cannot be directly compared (unless the same H = 0 level is 

used in the subsequent installation is the same as in the first, 

which would require that a benchmark from the first installa- 

tion remains known and intact). 

 

3.2.4. Post-Processing, Transmission, and Storage of SWELL 

Data 

In our default implementation, the submersible pressure 

sensor and the barometer each generate lines of data at a high 

temporal frequency (typically every 3 seconds). The RTHS 

software automatically generates a separate “log file” for each 

individual sensor; each line of these files contains a line of 

comma-delimited sensor data preceded by an RTHS-applied 

timestamp. Periodically, SWELL system software on the 

RTHS operates on these sensor log files to produce a “stage log 

file”, each line of which contains: a minute-specific timestamp; 

the mean values for water pressure and barometric pressure ob- 

tained during each minute, each along with the associated num- 

ber of measurements and standard deviation; and the Pgauge, 

Depth, and Stage Height values calculated from the mean pres- 

sure values. This file is zipped, transmitted to one of two central 

servers, and archived locally, while the original log files are ar- 

chived locally but not transmitted (so as to reduce the volume 

of data both transmitted and archived on the servers). Normal- 

ly, the stations transmit to the primary server, which then relays 

the data to the backup server; however, if the primary server is 

unreachable, the stations will relay to the data to the backup 

server, which subsequently relays it to the primary server. (If 

neither server is available, the station will periodically attempt 

retransmission until it successfully uploads.) On each server, 

data over each 5-minute block of time is averaged, and these 

averages are stored in a mySQL database. User interface appli- 

cations can be operated on the data servers, or on separate ma- 

chines which query the data servers. 

The details of these data handling defaults can be custom-

tailored to the specific needs of a particular monitoring project. 

For example, if data with higher temporal frequency than 1-

minute averages may be desired, the station can be set to also 

transmit the sensor-specific log files to the servers for perma- 

nent archival, such that they can be accessed in the future if 

desired. 

 

3.2.5. Reporting of SWELL Data 

By default, each RTHS station is set up with an online 

visualization webpage accessible from http://rths.us. Data re- 

quested via these pages is extracted from the database and 

placed into comma-delimited data files, which are then plotted 

using the open-source Dygraphs library (Dygraphs, 2020); the 

plots are displayed on the website, along with links for down- 

loading the corresponding data file. Alternative interfaces for 

accessing the data are presently in development. 

For many stations, the RTHS servers are configured to re- 

port selected results to multiple online interfaces; often, two 

websites are created, with one geared toward data users, and 

another geared toward system operators. This approach is ben- 

eficial for the SWELL system, as it produces certain types of 

data which will be of interest only to system operators. For ex- 

ample, the value of Depth reported by the SWELL system will 

generally be of no interest to data users (unless there are sensors 

for other parameters co-located with the depth sensor, in which 

case the sensor depth may be useful metadata for the other 

measured values). However, for station operations, the actual 

depth of the sensor is useful data for ensuring that the sensor 

port remains below the surface of the water. It also provides a 

useful parameter for troubleshooting; for example, if an error 

in the reported stage height is detected, the actual depth of the 

sensor can be checked against the reported sensor to help deter- 

mine whether the error is due to the in-situ sensor or to some 

other component of the system. Other operationally-relevant 

RTHS parameters which will generally not be of interest to 

users include station battery voltage and charging and load cur- 

rents. 

4. New SHELL Pressure Sensors 

The CDSHS originally deployed for monitoring stage 

height with the RTHS units are described in detail in (Paley, 

2014). When deployed at RTHS stations in the vicinity of exist- 

ing USGS stations, the sensors typically showed agreement to 

within 0.03 ~ 0.1 ft (1 ~ 3 cm) with the USGS stage height da- 

ta (Islam et al., 2016). However, over extended deployments, 

these sensors were found to exhibit drift due to clogging of the 

sensor port by suspended sediments, particularly when de- 

ployed as depicted in Figure 1c. We have now custom-designed 
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a new water pressure sensor, the SHELL (Stilling-Housed Ele- 

vation/Level) Sensor, shown in Figure 3, with a designed tai- 

lored for use with the SWELL system in any of the deployment 

configurations illustrated in Figure 1. The sensing element is 

embedded within two chambers, each of with is vented to the 

outside via small vent holes. This is intended to serve as a built-

in stilling well that will inhibit suspended materials from 

reaching the sensing element, where it could foul the mem- 

brane and impact the accuracy of the water pressure measure- 

ment. 
 

 
 

Figure 3. Photograph of SHELL sensor. 
 

The cost of materials for the CDSHS was approximately 

$200. The materials cost of the SHELL is significantly lower, 

totaling between $25 and $60 depending on the cabling config- 

uration. Whereas the CDSHS utilized through-hole electrical 

components contained in a housing built from polyvinyl chlo- 

ride pipe and fittings, the SHELL uses surface mount electron- 

ics and a 3D-printed polylactic acid housing, yielding a com- 

pact and versatile design. While many commercial pressure 

sensors are cylindrical and have a preferred deployment orien- 

tation, the SHELL’s rectangular design incorporates built in 

mounting holes, such that it can be readily mounted with stan- 

dard fasteners, and can be deployed in any orientation. A batch 

of four SHELL sensors requires approximately 8 hours of labor 

to assemble. 

5. Results and Discussion 

The LT400 and the new SHELL sensor were tested in the 

laboratory setup shown in Figure 4. A vertical column, open at 

the top, is connected to a reservoir of freshwater containing a 

temperature-controlled heater. Water is continuously pumped 

through the column, such that the water in the column remains 

at constant height and uniform temperature. The sensors were 

affixed to a weighted mount, which was lowered into the col- 

umn and secured at the desired depth. Fiberglass measuring 

tape (not shown) attached to the mount was read at the surface 

of the water in order to read the depth of the mount. Changes 

in stage height were simulated by changing the depth of the 

mount by the desired amount. The accuracy this depth mea- 

surement is estimated to be ±0.01 ft, which is the resolution of 

the measuring tape; the meniscus of the water on the measuring 

tape limits the ability to visually interpolate beyond this reso- 

lution. The sensors were tested at four different water tempera- 

tures. At each temperature, data was collected at simulated 

stage heights of 2.00, 4.00, 6.00, and 8.00 ft. 

The LT400 was configured to report a numeric pressure 

value, such that the barometric pressure correction could be ap- 

plied externally. The SHELL sensor similarly reported a nu- 

meric pressure value. The RTHS system logged barometric 
pressure readings from a Bosch BMP180 pressure sensor. The 

LT400 output was converted to depth using two independent 

methods, Default and SWELL, where the former reflects the 

LT400’s default internal conversion to depth. For the SHELL 

output, only the SWELL method was used. The Default method 

calculated gauge pressure by subtracting the barometer reading 
from the LT400-reported pressure, and then applied the con- 

version value of 0.70307 m/PSI that Level TROLL series sen- 

sors use by default (In-Situ, Inc., 2015) to convert pressure to 

depth. The SWELL method used Equations (3), (4), and (6), 

with a poffset value obtained by Method 1 of section 4.2.1. With 

each method, the depth was converted to stage using (5), with 
a soffset value obtained from the output at 25.4 ℃, 2.00 ft stage 

as per Method 2 of section 4.2.2. 
 

 
 

Figure 4. Diagram of laboratory setup for stage height 

measurements. 

 

The reported stage values obtained with each Sensor 

(Method) are shown in Table 1, together with the Stage Error 

(Reported Stage – Actual Stage). For the LT400, both the De- 

fault and SWELL methods produce accurate output at low and 

moderate temperatures, with errors no larger than 0.02 ft in 

magnitude (recall that the error of the actual stage measure- 
ments is ±0.01 ft). However, at 32.5 ℃, the Default method 

yields error of –0.04 ft, while the SWELL method remains ac- 

curate to within ±0.01 ft. The LT400’s internal conversion uses 

the coefficient 0.70307/SG to convert pressure in PSI to depth 

in meters, where SG is the specific gravity and is set to 1 by de- 

fault, which pertains to water at 4 ℃. The actual specific grav- 
ity of water decreases with increasing temperature, which ex- 

plains why the Default conversion yields an under-reported 

depth at elevated temperatures. These results illustrate that the 

details of the conversion from pressure to stage can have a sig- 

nificant result on the accuracy of the measurement, even after 

the most significant effects (such as the impact of barometric 
pressure on the sensor output) are accounted for. 

The results obtained with the SHELL sensor are compa- 

rable to those obtained with the LT400 via the Default method,  
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Table 2. Error in the Stage Reported by the LT400 and SHELL Sensors in the Laboratory When Processed with the LT400 

Defaults and with the SWELL System 

Actual Conditions LT400 (Default) LT400 (SWELL) SHELL (SWELL) 

Actual 

Stage (ft) 

Water 

Temperature (℃) 

Reported 

Stage (ft) 

Stage Error 

(ft) 

Reported 

Stage (ft) 

Stage Error 

(ft) 

Reported 

Stage (ft) 

Stage Error 

(ft) 

2.00 11.80 1.985 –0.020 1.981 –0.020 2.026 +0.030 

4.00 11.80 3.990 –0.010 3.987 –0.010 4.011 +0.010 

6.00 11.80 5.988 –0.010 5.986 –0.010 6.004 +0.000 

8.00 11.80 7.978 –0.020 7.978 –0.020 7.984 –0.020 

2.00 17.50 1.995 –0.010 1.992 –0.010 2.010 +0.010 

4.00 17.50 3.988 –0.010 3.987 –0.010 3.993 –0.010 

6.00 17.50 5.991 –0.010 5.994 –0.010 5.985 –0.020 

8.00 17.50 7.985 –0.020 7.990 –0.010 7.977 –0.020 

2.00 24.50 2.000 0.000 2.000 0.000 2.000 0.000 

4.00 24.50 3.994 –0.010 3.999 –0.000 3.987 –0.010 

6.00 24.50 5.983 –0.020 5.993 –0.010 5.972 –0.030 

8.00 24.50 7.981 –0.020 7.996 –0.000 7.989 –0.010 

2.00 32.50 1.991 –0.010 1.995 –0.010 1.994 –0.010 

4.00 32.50 3.977 –0.020 3.990 –0.010 3.986 –0.010 

6.00 32.50 5.964 –0.040 5.986 –0.010 5.981 –0.020 

8.00 32.50 7.960 –0.040 7.992 –0.010 7.962 –0.040 

 

but inferior to those obtained with the LT400 via the SWELL 

method. However, the SHELL sensor as presented here re- 

quired no calibration, whereas the LT400 incorporates a factory 

calibration; the manufacturer recommends that the sensor be 

returned to the factory for re-calibration every 12 ~ 18 months 

(In-Situ, Inc., 2019). Potential calibrations for the SHELL’s 

pressure response will be explored in the future. Even with no 

calibration, the SHELL sensor shows comparable performance 

for stage height measurements to that of the LT400 when facto- 

ry defaults are used for the conversion. 

It should be noted that the LT400 includes provisions for 

changing settings stored in the sensor, which would allow it to 

mimic the SWELL conversion method and report a depth or 

stage; specific gravity can be changed, and values for pressure 

offset and level (i.e., stage) offset can be entered, but updating 

these parameters would require external software to make cal- 

culations and send new values to the sensor, updating for baro- 

metric pressure and specific gravity changes as needed. The 

SWELL system instead allows the sensor to simply be config- 

ured to report the in-water pressure (absolute pressure for non-

vented sensors, gauge pressure for vented sensors), and places 

all of the information that depends on sources external to the 

sensor on the RTHS. Another model for comparison is that 

used by the YSI EXO2, which is a modular, multiparameter 

sonde that can be equipped with a vented or a non-vented depth 

/level sensor which can report pressure and/or depth (YSI, Inc., 

2020). With a non-vented sensor, the EXO2 can be positioned 

in air and zeroed before use in order to correct for barometric 

pressure, but any subsequent changes in barometric pressure 

will impact the EXO2’s output. Whether vented or non-vented, 

the EXO2 converts pressure to depth using an internal algo- 

rithm. Altitude and latitude can optionally be entered by the 

user to be used in the algorithm, and if the sonde is equipped 

with the optional C/T sensor, the conductivity and temperature 

data are used as well. When used with the SWELL system, the 

EXO2 simply needs to report pressure. The barometric pressure 

is automatically used to compensate if the depth/level sensor is 

non-vented. Temperature and conductivity can be sourced 

either by the EXO2, or by some other source(s). Finally, with 

the SWELL system, because all site-related pa-rameters are 

stored on the RTHS rather than in the sensor, if a pressure 

sensor is replaced or relocated, none of the settings in the sensor 

or on the station need to be changed other than poffset and soffset. 

6. Conclusions 

The SWELL subsystem for accurately and efficiently con- 

verting in-situ water pressure data into stage height or elevation 

data and its implementation as part of the broader RTHS sys- 

tem has been presented. Stage height data produced by a com- 

mercially available pressure sensor was shown to be signifi- 

cantly more accurate when processed using the SWELL system 

as opposed to using the sensor’s default conversion parameters. 

Further, the SHELL sensor, a low-cost water pressure sensor 

which can be readily integrated into SWELL has been intro- 

duced. These innovations allow for accurate monitoring of sur- 

face water stage height that can be implemented cost-effective- 

ly for monitoring at remote locations. 
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