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Abstract 

This field study in central Prince Edward Island, where groundwater plays a crucial role 

in surface water ecosystems, compares three methods for estimating vertical groundwater 

flux through silty sand overburden. These methods include differential stream discharge, 

Darcy-based flux, and vertical temperature profiles, with field data collected using 

various tools near a spring-fed brook. 

 

The differential stream discharge method exhibited the largest uncertainty and lowest 

confidence. The Darcy-based method indicated a consistent spatial pattern in 

groundwater flux direction, with relatively small uncertainty ranges, possibly influenced 

by systematic bias errors in vertical hydraulic conductivity (kz) determination. The 

vertical temperature profile method emerged as the most suitable for estimating flux 

through the overburden unit. While the Darcy-based and vertical temperature profile 

results displayed reasonable correlation, the Darcy-based flux estimates were roughly 2.3 

times smaller. This discrepancy is likely attributable to potential systematic bias errors in 

the determination of kz.  
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1. Introduction 

1.1. Background 

Investigations into groundwater-surface water interactions are necessary to make 

informed decisions on groundwater usage. These investigations often include 

measurement of the groundwater contribution to, or depletion of, connected streams, 

rivers, or lakes, which can help hydrologists predict potential impacts of groundwater 

usage on nearby waterways. Additionally, when investigating contamination of 

groundwater or surface water, knowing the rate of exchange between the two water 

sources is necessary to determine travel and residence times of harmful chemicals or 

microorganisms. 

 

Figure 1 depicts how springs and small streams can be hydraulically connected to 

underlying bedrock aquifers via flow through overlying overburden layers. The 

subsurface vertical flow between an aquifer and a stream is hereafter referred to as 

groundwater flux. The direction of the groundwater flux may be upward or downward 

depending on several hydrological factors. Upward groundwater flux (i.e., a gaining 

stream) maintains small streams and springs during periods of little precipitation and run-

off. However, groundwater flux may vary in magnitude and direction throughout a year 

based on water table elevations and run-off amounts, as well as varying spatially along a 

stream due to heterogeneity in hydraulic gradients and streambed and overburden 

hydraulic conductivity. 
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Figure 1 – Basic conceptual model of groundwater flux (q) between a connected bedrock 
aquifer and a spring and small stream through a semi-confining layer of overburden 
material. K’ and K indicate the hydraulic conductivity of the overburden and bedrock 
aquifer, respectively. 

 

 

Groundwater extracted from fractured sandstone bedrock is the sole source of drinking 

water in the province of Prince Edward Island (PEI), and natural groundwater discharge 

(baseflow) to the numerous small streams on PEI is important for aquatic ecosystems 

(Jiang et al., 2004).  The high demand for PEI’s groundwater is also driven by its 

significant agricultural sector, which occupies 42.5% of the province’s total land area 

(Government of Prince Edward Island, 2016). Due to concerns over the potential negative 

impacts of groundwater extraction, a moratorium on high-capacity irrigation wells was in 

place in PEI from 2002 to June 2022, which restricted the development of new wells to 

be used for irrigation with withdrawal rates above 25 m3/day (Legislative Counsel Office, 
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2022). Following the removal of the moratorium, new high-capacity groundwater wells 

now require a groundwater exploration permit, which includes the drilling and testing of 

a test well. After the groundwater exploration permit is approved, a water withdrawal 

application can then be submitted to the Prince Edward Island Department of 

Environment, Energy and Climate Action for drilling of the high-capacity well. 

 

The importance of groundwater as a resource on PEI has been a driver for much of the 

hydrological research in the province. A study by Francis (1989) characterized the deep 

aquifer system on PEI and found it to be a good source for high-quality groundwater for 

use as drinking water. Francis (1989) represents one of the early studies of the 

groundwater resources on PEI that helped inform the development of groundwater 

management in the region.  More recently, Curry et al. (2006) emphasized the sensitivity 

of aquatic ecosystems in PEI to reduced stream discharge, where streams largely depend 

on groundwater inputs to stabilize stream levels. Therefore, groundwater withdrawals that 

reduce stream discharge could negatively affect these aquatic ecosystems, which 

highlights the importance of managing groundwater sustainably to minimize potential 

impacts. Rivard et al. (2014) provided an overview of the regional geology, 

hydrogeology, and groundwater resource potential on PEI, and discuss the challenges 

facing groundwater management, including issues related to groundwater quality, 

groundwater-surface water interactions, and groundwater depletion. 
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Due to the use of synthetic fertilizers by the agricultural industry on PEI, nitrate 

concentrations in many of the province’s watersheds are elevated above natural 

concentrations and, in some places, nearing the drinking water quality guideline (of 45 

mg/L as nitrate). Jiang et al. (2007) estimated groundwater residence times of nitrate in 

the Wilmot River watershed on PEI and found that shallow groundwater in the region had 

a residence time of about 10 years. The study provided valuable information for the 

management of groundwater resources in the region and for understanding the dynamics 

of the hydrological cycle. Jiang and Somers (2009) continued to investigate the effects of 

nitrate on groundwater quality in an agricultural watershed and found that reducing 

nitrate loading from agricultural sources could improve groundwater quality.  

 

Groundwater research is reasonably mature on PEI due to the dependence on the 

resource, with previous studies considering the effects of agricultural activities on 

groundwater quality, or groundwater movement/extraction within the fractured rock 

aquifer. However, there has been little previous research investigating flow within the 

silty-sand overburden that underlies many of the small streams and wetlands in lowland 

groundwater discharge areas on PEI. Further research would help to fill this knowledge 

gap and improve the understanding of vertical fluxes near streams that are likely to 

receive groundwater discharge. 
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1.2. Previous studies comparing vertical groundwater flux measurement methods 

Several previous field investigations have compared different methods for measuring 

vertical groundwater exchange between groundwater and surface water, also known as 

streambed seepage or groundwater discharge. These studies have involved different 

instrumentation, monitoring approaches, site scales, and/or geological settings. 

 

Cey et al. (1998) investigated groundwater contributions to a small stream in southern 

Ontario. The study site was a 450 m stream reach with a stream width ranging between 1-

2 m. Cey et al. (1998) used hydraulic gradient measurements from mini-piezometers 

driven into streambed sediments, seepage meters installed within the streambed, stream 

gauging, and hydrograph separation as four methods to estimate groundwater flux to the 

stream. Hydraulic head measurements from the mini-piezometers within the shallow 

stream sediments were used with Darcy’s Law to estimate vertical flux through the 

streambed for two dates when measurements of hydraulic gradient and hydraulic 

conductivity were made. Seepage meters provided no useful results in this study, 

reportedly due to improper seals between the instruments and the streambed, as well as 

undetectable amounts of seepage (Cey et al. 1998). Stream flow was continuously 

measured (i.e., at 10-minute intervals) at stations using a site-specific stage discharge 

relationship. The two stations (upstream and downstream) were compared to determine a 

differential discharge that was assumed to represent groundwater discharge along the 

interval between the locations. Stream gauging was shown to give groundwater discharge 

results that were four to five times larger than those of the hydrometric (i.e. mini-

piezometer) measurements. The authors noted that the hydraulic conductivity estimates 
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may have been nearly an order of magnitude too small after comparing to the other 

estimation methods, and in addition suggested that the mini-piezometers could have been 

clogged by silty material or installed in low conductivity zones that were not 

representative of the bulk conductivity. The point-measurement of hydraulic conductivity 

also may not have been adequate to characterize the full scale of the groundwater 

discharge process for the mini-piezometer method. Cey et al. (1998) concluded that 

estimating groundwater contributions to stream flow was more difficult than anticipated 

using the generally accepted methods, and that combining field measurements and 

numerical modeling can be valuable to quantify groundwater-surface water interactions 

and their contribution to streamflow in small streams. 

 

Kennedy et al. (2010) compared shallow Darcy-based flux measurements to seepage 

meter flux estimates. The study site was a 62.5 m reach of West Bear Creek in North 

Carolina, USA. Portable piezomanometers and permeameters were used at 53 sites within 

the reach to estimate hydraulic gradients and hydraulic conductivity at a depth of 31 cm 

beneath the streambed. Twenty-seven cm diameter seepage meters were used 

concurrently at each site, approximately 30 cm away from the hydraulic measurements.  

Uncertainty for the Darcy method was based on Kennedy et al. (2008), where uncertainty 

for the determination of vertical hydraulic conductivity was found to be approximately 

20%; however; due to the spatial density of sampling points used, uncertainty for the 

Darcy method was estimated to average 6%. Kennedy et al. (2010) found that seepage 

meter results were consistently about 0.7 times the Darcy-based results, although both 

methods showed the same direction of flow. It was concluded that the factor of 0.7 was 
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likely related to streambed sediment gas bubble release during seepage meter 

measurements.  

 

González-Pinzón et al. (2015) compared multiple methods of estimating vertical flux 

through the streambed of a 3rd-order stream at different spatial and temporal scales. The 

methods used included tracer tests, distributed streambed temperature sensing, mini 

drive-point hydraulic gradient measurements, and streambed vertical temperature 

profiles. These methods range in spatial scales, including reach, sub-reach, and local 

(point) scale. They also range in temporal scales, depending on monitoring capabilities, 

from seconds to months. González-Pinzón et al. (2015) found that results from methods 

that operate on similar temporal and spatial scales are more comparable, and that scale 

should be considered when choosing methods for estimating groundwater flux for a 

site/study. The authors also concluded that deploying multiple methods can provide better 

insight into stream complexity and help to better understand the interaction of 

groundwater and surface water.  

 

Middleton et al. (2016) compared three methods of estimating vertical flux into the 

streambed of two streams in southern British Columbia (BC). The streams were Fishtrap 

Creek and Bertrand Creek, with the study reaches for both being close to the BC-USA 

border. Both streams varied between 2-8 m in width, with discharges ranging from 0.1-

10 m3/s (both had mean annual discharge of about 1 m3/s). The methods of estimating 

vertical groundwater flux included Darcy flux calculations using nested piezometers, 



 

8 
 

seepage meters, and differential stream discharge measurements. These three methods 

were used in both streams, which had similar characteristics except for streambed 

geology. Differential stream discharge results were not considered reliable due to 

measurement difficulties during low-flows, the presence of in-stream vegetation 

impeding stream velocity measurements, slow velocities, and shallow depths. Seepage 

meter and Darcy flux results were within the same order of magnitude (23.5 and 11.4 

cm/day, respectively) for the Fishtrap Creek study reach, but results for Bertrand Creek 

were determined to be inconclusive. Middleton et al. (2016) suggested that seepage meter 

results in Bertrand Creek were affected by hyporheic flow in the upper streambed, 

resulting in higher than expected seepage rates. Lower hydraulic gradients and hydraulic 

conductivity in Bertrand Creek resulted in the Darcy-based results being inconclusive for 

that study reach.  

 

Cremeans et al. (2020) evaluated four methods for measuring vertical groundwater 

velocity through sandy streambed sediments of a stream in Denmark, which included a 

Darcy-based calculation using mini-piezometers, streambed point-velocity probes, 

shallow vertical temperature profilers and seepage meters. Cremeans et al (2020) 

compared results from each of the methods against results of the Darcy-based method. 

The authors found that the streambed point-velocity probe results agreed best with those 

obtained with the Darcy-based method, while the seepage meter method underestimated 

the velocity. The velocity results from the temperature profiler method were also 

considered too low (i.e. more than 10 times lower than the Darcy-based results). The 

large discrepancy in results noted for the temperature profiler method was attributed to 
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several possible factors, including underestimation of the thermal conductivity properties 

of the streambed sediments and the effects of horizontal hyporheic flow. The effects of 

hyporheic flow on temperature profiling of streambed sediments is not easily quantified, 

and Cremeans et al. (2020) suggest further investigation is required. 

 

Previous research has been focused on investigating groundwater-surface water exchange 

at the interface (i.e. minimum penetration of the streambed), with relatively little research 

on estimating the flux occurring in deeper semi-confining units that may be several, to 

tens of, metres in thickness. Despite this limitation, groundwater-surface water 

interactions studies have generally found that a Darcy-based estimation of vertical 

groundwater flux, using a combination of piezometers, monitoring wells or surface water 

levels is a reliable method, and this approach has been used as the control measurement 

in studies comparing other methods of flux estimation. Implementing multiple 

measurement methods has also been found to be beneficial in understanding 

groundwater-surface water interactions and provides an opportunity to evaluate emerging 

or novel techniques against widely accepted methods. Understanding how factors such as 

the spatial scale affect the performance and applicability of various methods can enhance 

the accuracy of the results when quantifying vertical groundwater flux. 
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1.3. Research Goal and Objectives 

The goal of this research was to investigate methods for estimating vertical flux through 

overburden material underlying a small stream in PEI. The goal was achieved by 

completing the following objectives: 

• measure stream discharge at selected locations along a stream and use the 

differential discharge method to estimate the groundwater flux, 

• install instrumentation to measure vertical hydraulic gradients, and overburden 

hydraulic conductivity, and use the collected data for Darcy-based flux 

calculations, 

• measure subsurface temperature profiles and calibrate a groundwater flow-heat 

transport model to these data to obtain the vertical groundwater flux, and  

• compare the results from the three methods and quantify their uncertainty. 

 

1.4. Scope  

This study was confined to comparing flux estimates determined using the Darcy-based 

calculation method, differential stream discharge, and vertical subsurface temperature 

profiles. The Darcy-based method was chosen because it is commonly used, with data 

collection methods that are well established and capable of continuous monitoring (e.g. 

Cey et al. 1998, Kennedy et al. 2010, González-Pinzón et al. 2015, Cremeans et al. 2020). 

Since the Darcy-based method is often used and well understood, it was used as the 

reference method when performing comparisons. Differential stream discharge is also a 

commonly used method to estimate groundwater flux into streams (e.g. Cey et al. 1998, 
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Middleton et al. 2016), providing results that are reflective of a larger spatial scale than 

the Darcy-based method. The temperature profile method, which measures water column 

temperature variations through the sediments underlying a stream, is a more novel 

approach to estimate vertical groundwater flux (e.g. Stallman 1965, Irvine et al. 2017). Its 

main advantages include that it can use the same site instrumentation as the Darcy-based 

method, and it is less impacted by minor changes in flux caused by precipitation events 

compared to other estimators such as the differential discharge method. Other methods of 

estimating flux, such as seepage meters or tracer tests, were not employed in this study. 

Based on previous studies (e.g., Cey et al. 1998, Kennedy et al. 2010, González-Pinzón et 

al. 2015, Middleton et al. 2016) these methods often lack the sensitivity that is required at 

small streams.  
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2. Study Area Description  

The study was conducted in the province of Prince Edward Island (PEI). The bedrock in 

PEI is primarily a red sandstone formation, with the upper fractured portion creating the 

Island’s primary aquifer. Hydraulic conductivity typically decreases with depth (Francis 

1989) and is very low (i.e., less than approximately 0.9 cm/day) around a depth of 160 m 

(Jiang et al., 2004). The porosity of the aquifer is approximately 0.20, the specific yield is 

estimated at 0.10, and the hydraulic conductivity ranges between 8600 to 0.86 cm/day, 

from high to low elevation (Francis, 1989; Rivard et al., 2008) dependent on fractures 

within the weathered portion of the aquifer. Due to the horizontal bedding of the 

sandstone, and the horizontal orientation of the fractures, the vertical hydraulic 

conductivity ranges between one and three orders of magnitude less than that of the 

horizontal component (Francis 1989).  

 

Glacial till covers roughly 75% of PEI, ranging on average between 1-5 m in thickness 

(Jiang et al., 2004). This till is mostly sandy and originates from the sandstone bedrock, 

with some silt, little clay, and a highly variable portion of gravel (Francis, 1989). The 

porosity of this overburden ranges between 0.20 and 0.35, with an average hydraulic 

conductivity of 23 cm/day (parameters determined for Winter River watershed, PEI; 

Francis 1989). The regional water table generally follows topography (Jiang et al. 2004), 

typically lying within the bedrock at higher elevations, and within the till near streams at 

lower elevations (Francis 1989).  
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Based on data for the period of 1981 to 2010, the average annual precipitation in PEI is 1073 

mm (Environment Canada 2023). The total recharge to the bedrock aquifer has been 

estimated to be 35-45 % of the annual precipitation, or roughly 375 - 483 mm per year (Jiang 

and Somers, 2009). There are two major annual groundwater recharge events: in April 

with the spring snow melt and freshet, and a smaller event around October due to 

increased precipitation and relatively low evapotranspiration (Jiang et al. 2004). This 

causes water table fluctuations anywhere from 1-4 m throughout the year (Francis 1989).  

During the dry summer months, baseflow accounts for approximately 80% of stream 

flow, with a typical streambed having a vertical hydraulic conductivity of 240 cm/day 

and an average thickness between 1-1.5 m (parameters determined for Winter River, PEI; 

Francis 1989). 

 

A site referred to as ‘Webster Spring Brook’ was chosen for this study based on the 

absence of nearby water extraction that would affect groundwater flow and stream 

discharge, the presence of a spring feeding the stream (indicating groundwater interaction 

with the stream), and permission by the landowner to establish a study site around the 

stream. Figure 2 shows the location of Webster Spring Brook, located in Middleton, 

approximately 17.5 kilometers southeast of the City of Summerside, PEI. The 1st-order 

brook is approximately 0.75 m wide (+/- 0.25 m) along the approximately 450 m study 

reach, and varies in depth between 0.1 m to 0.4 m. The brook originates from a spring 

about 200 metres upstream of the start of the study reach, then flows east, passing 

through several laneway culverts before discharging into a small pond. A 1 to 5 m wide 

riparian zone of diverse vegetation lines each side of the brook along the study reach. 
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Webster Spring Brook is a tributary to Southwest Brook, which eventually discharges 

into the Dunk River. This site was instrumented and monitored so that vertical flux could 

be estimated with three independent methods. 

 

Figure 2 – Webster Spring Brook location within Prince Edward Island (PEI). 
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3. Methodology 

Uncertainty in measuring groundwater-surface water interactions may be significant due 

to heterogeneity of hydraulic properties in streambed and overburden materials. Selecting 

a method that is appropriate for a study site, as well as the goal of the project, is 

important to minimize such uncertainty. This can include consideration of the expected 

magnitude of the groundwater flux, spatial scale of the monitoring efforts, and temporal 

scale requirements for the study. For this study the spatial scale is on the order of 102 m, 

while the temporal scale varies from hourly-weekly to quarterly. 

 

The various measurements for each of the three flux estimation methods were distributed 

along a 450 m reach of the study site, with key locations shown in Figure 3. Figure B – 1 

in Appendix B illustrates the approximate elevations of key monitoring locations at the 

site. 
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Figure 3 – Webster Spring Brook site layout and instrumentation. P’s, F’s and MW’s 
represent numbered piezometers, flume sites, and monitoring wells, respectively. Water 
flows in the brook from west to east. 

 

 

3.1. Differential Stream Discharge  

The discharge of the stream was measured at locations F1 to F4 (Figure 3) using RBC 

(Replogle, Bos, and Clemmens) portable flumes (Bos et al., 1984) having throat widths 

of 100 and 150 mm. RBC flumes are portable devices (Figure 4) that allow accurate and 

relatively quick measurement of discharge in small open channels. Based on the flume 

geometry, the depth of water measured in the flume stilling well is related to a 

corresponding discharge value. This corresponding stage-discharge relationship for an 

RBC flume (from Bos et al., 1984) assumes that the flume is installed horizontally (i.e., 

level), the flume captures all flow in a channel (i.e., no by-pass around the flume), and 

that critical flow occurs above the throat (or crest) of the flume. Discharge was measured 
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at the same four sites throughout the duration of the project during field visits when it 

was considered that discharge was not affected by recent runoff events (i.e. two to three 

days without significant precipitation). A summary of dates when discharge 

measurements were conducted can be seen in Figure 5, where field activities are 

superimposed on a hydrograph of the Dunk River (Hydrometric Station 01CB002).  

 

Figure 4 – 150 mm throat width RBC Flume being used to measure discharge at site F2, 
near MW2. 

 

 

Potential systematic errors associated with the flume discharge measurements could 

include not being levelled accurately during installation, or not being accurately 

calibrated. During field installation of the flumes, accurate levelling was achieved by 

checking all four sides of the flume with a carpenter’s level. Each of the flumes used in 
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the field were calibrated by comparing to the relationship presented in Bos et al. (1984) 

and to independent discharge measurements. Each flume was tested in the laboratory 

with controlled discharges ranging between approximately 0.5 L/s and 5 L/s, which were 

independently measured as mass flow rate, and subsequently compared to the calculated 

flow determined using the Bos et al. (1984) relationship. A summary of the calibration 

results for the flumes can be found in Appendix A, and shows that each flume produces 

marginally different results, but generally agree well with the relationship presented in 

Bos et al. (1984).  

 

Figure 5 – Dates of site visits between June 2017 and October 2019 for manual water 
level measurements, brook discharge measurements, or vertical temperature profile 
measurements. The site visit dates are superimposed on the Dunk River stage hydrograph 
(Hydrometric Station 01CB002). 
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Stream discharge data were used to estimate vertical groundwater flux based on the 

differences in volumetric discharge occurring over a known length of stream reach. The 

approximately 450 m stream reach was subdivided according to the location of discharge 

measurement sites (Figure 3), producing three sub-reaches: F1 to F2, F2 to F3, and F3 to 

F4. The lengths of these sub-reaches were approximately 67 m, 160 m, and 200 m, 

respectively. Vertical flux was calculated using: 

𝒒𝒒𝒛𝒛 = 𝜟𝜟𝜟𝜟
𝑳𝑳 𝒘𝒘

𝑪𝑪      [1] 

where: 
 
qz = vertical groundwater flux [cm/day]; 

∆Q = difference in stream discharge between two measurement sites [m3/sec]; 

L = stream length between the two discharge measurement sites [m]; 

w = apparent contributory width of groundwater inflow to the streambed [m]; 

C = unit conversion factor of 8,640,000 [(cm*sec)/(m*day)]. 

 

The contributory width term is an uncertain parameter because it is difficult to know the 

lateral extent of groundwater discharge into the stream. Langhoff et al. (2006) have 

investigated groundwater seepage to alluvial streams and noted that the total groundwater 

contribution consists mainly of direct seepage through the streambed, with additional 

contribution from wet areas within the riparian zone (e.g., entering as bank seepage).  For 

one of their sites, which has characteristics similar to the brook investigated here, a 

stream with a width of 1.5 m had a dimensionless apparent relative seepage width (which 

factors the width of the wet riparian zone to the effective stream width) of 12.8; 
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streambed seepage dominated groundwater discharge to the stream, but an estimated 25% 

of the discharge may have been contributed from horizontal bank seepage (Langhoff et 

al., 2006). In the present study the width term, w, was therefore varied from the actual 

stream width of about 1 m, up to 16 m, which represents a variety of widths underlying 

the stream that may contribute vertical flux through the overburden unit that eventually 

influences gains/losses through the streambed. A value of 8 m for contributory width was 

ultimately used when making comparisons to the results obtained from other methods. 

The 8 m value chosen for the contributory width was not informed by any site-specific 

information, such as that presented in the study of Langhoff et al. (2006), but rather 

judgement of the reasonableness of the resulting flux values. This decision was made due 

to the difficulty, and large uncertainties associated with, measuring the individual 

groundwater contributions to the brook from the various pathways (i.e., direct streambed 

seepage, bank seepage, shallow horizontal superficial flow); making such extensive 

measurements was beyond the scope of the current study.  

 

Uncertainty in the differential discharge method has two primary sources: the uncertainty 

in the discharges measured with the RBC flumes, which is assumed to be approximately 

5% based on the accuracy of these flumes and associated systematic errors of installation 

(Bos et al., 1984), and the uncertainty resulting from an unknown value of the 

contributory width term, w, used in equation [1]. The uncertainty in w is assumed to be 

represented by the range of results determined using three values (i.e., 1 m, 8 m, 16 m). 

These two sources of error were applied to equation [1] to create a range of vertical flux 

estimates for the differential stream discharge method. 
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3.2. Darcy-based Flux Calculations 

To obtain a sub-streambed hydraulic head data set, 25 mm diameter steel piezometers, 

with 20.5 cm long screened sections (Figure 6), were driven 1.5 or 2.0 m into the 

streambed materials (locations P1 to P4, Figure 3).  Water column height and water 

temperature in each piezometer were recorded with a submersible pressure transducer 

and data logger (Levelogger Model 3001, Solinst) at a frequency of one reading per hour.  

The total pressure data from all Leveloggers were adjusted using data from a single 

pressure transducer (Barologger, Solinst) that simultaneously measured ambient air 

pressure. The resulting water column heights were converted to hydraulic head values 

using manual depth to water readings and a top-of-piezometer elevation that was 

determined by a levelling survey.  All site elevations, which are provided in Table B - 1 

in Appendix B, were established using an assumed elevation of 27.00 m that was 

assigned to the top of piezometer P4 (Figure 3).   
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Figure 6 – Drive-point piezometer tip before installation into streambed.

 

 

Deep groundwater monitoring wells were installed in December 2017 adjacent to the 

stream (locations MW1 to MW3, Figure 3) to allow for monitoring of hydraulic heads at 

the upper boundary of the sandstone bedrock aquifer (i.e., lower boundary of the 

overburden unit). The monitoring wells were installed close to the stream to allow for 

comparisons between bedrock groundwater levels, shallow groundwater levels from the 

streambed piezometers, and stream water levels. The three monitoring wells were 

installed by a drilling contractor (Lantech Drilling Services Inc.) that augered the 

boreholes and installed 50 mm diameter Polyvinyl Chloride (PVC) pipe with 1.5 m 

screened sections.  Details of the three monitoring well completions are shown in Figure 

7. The three monitoring wells were also instrumented with a submersible pressure 



 

23 
 

transducer and data logger (Levelogger Model 3001, Solinst) collecting data at a 

frequency of one reading per hour.   

 

Figure 7 - Completion details for the MW1, MW2 and MW3 monitoring wells. The well 
locations are shown in Figure 3. Groundwater levels are shown for July 30, 2018. 

 

 

During drilling of the boreholes, a standard split-spoon sampler was used to retrieve soil 

samples at 0.6 m intervals with varied sample recovery amounts. Although the samples 

were taken from undisturbed soil ahead of the drilling augers, the process of driving a 

split spoon sampler into the ground and subsequently transferring the samples to plastic 

storage bags disturbed the samples. Although sampling was essentially continuous, only 
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approximately 50% recovery was achieved during sampling, with sample recovery 

lengths ranging from 0.15 m to 0.6 m. The soil samples were bagged and labelled with 

the sampling depth and the corresponding SPT (standard penetration test) N value. 

Samples were retrieved in this manner from about 0.6 m below ground surface to the top 

of bedrock for MW1 and MW3, but it was deemed unnecessary to sample at this 

frequency for MW2 because of the similar subsurface conditions. Only three samples 

were recovered from MW2 at selected depths. 

 

The average vertical hydraulic conductivity, kz, of the overburden was required to 

estimate vertical groundwater flux. To obtain a value for vertical hydraulic conductivity 

the samples retrieved during drilling of MW3 were reconstituted and subjected to a series 

of laboratory falling head tests. The samples that were collected over a total borehole 

length of approximately 10 m were separated into four representative samples that were 

reconstituted in a 10.05 cm diameter, 11.62 cm high rigid-walled permeameter mold 

(model 4050, Karol-Warner). The samples used to comprise the four representative 

samples had similar standard penetration (N) results and similar visual appearance (i.e. 

grain size distribution and color). These four samples were from the depth ranges of 

0.6 - 2.6 m, 3 - 5.5 m, 5.5 -  7.3 m, and 7.3 - 9.1 m. 

 

The minimum and maximum index densities were determined according to ASTM 

Standard D4254, “Standard Test Methods for Minimum Index Density and Unit Weight 

of Soils and Calculation of Relative Density” and ASTM Standard D4253, “Standard 
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Test Methods for Maximum Index Density and Unit Weight of Soils Using a Vibratory 

Table”, respectively. The soil samples were prepared and tested according to ASTM 

Standard D5856, “Standard Test Method for Measurement of Hydraulic Conductivity of 

Porous Material Using a Rigid-Wall, Compaction-Mold Permeameter”. Prepared samples 

were left overnight with low pressure head to allow full saturation to occur. After a 

sample was saturated, a falling head test was repeated three to five times until three 

consecutive tests did not vary by +/-10% from the average value of those three, where the 

average was then taken as the result for hydraulic conductivity. After a set of falling head 

tests was completed on a sample, it was dried and prepared for another round of testing. 

Each of the four reconstituted samples were tested two to four times, where the average 

resulting hydraulic conductivity for each sample was applied to the represented depth 

range (i.e., km and bm in Equation [2], respectively). The vertical hydraulic conductivity 

for the overburden unit was calculated by using the harmonic mean, which is applicable 

for flow perpendicular to a horizontally layered system (Fetter, 2001): 

𝒌𝒌𝒛𝒛 =  𝒃𝒃

∑  𝒃𝒃𝒎𝒎𝒌𝒌𝒎𝒎
𝟒𝟒
𝒎𝒎=𝟏𝟏

     [2] 

where: 

kz = harmonic mean (i.e. vertical) hydraulic conductivity of the overburden [cm/day]; 

km = hydraulic conductivity of layer m [cm/day]; 

bm = thickness of layer m [m]; 

b = total thickness of overburden [m]. 
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Using the continuous (i.e., hourly) data set of hydraulic heads from the streambed 

piezometers and deep monitoring wells, vertical hydraulic gradients for the MW1, MW2, 

and MW3 locations were calculated. Using the resulting set of gradients, estimates of 

vertical groundwater flux (i.e., specific discharge) were determined using Darcy’s Law 

(Fetter 2001): 

𝒒𝒒𝒛𝒛 = 𝒌𝒌𝒛𝒛𝒊𝒊      [3] 
where: 

qz = vertical groundwater flux [cm/day]; 

i = Δh/Δz = vertical hydraulic gradient [-]; 

Δh = vertical difference in water level elevations between two monitoring instruments; 

Δz = vertical difference in midpoint of screened intervals between two monitoring 

instruments. 

 

The calculations were performed for time periods preceding the dates that vertical 

temperature profile data (discussed below) were collected. Average vertical hydraulic 

gradients for time periods of two weeks, one month, and two months prior to temperature 

profile logging were investigated.   

 

Uncertainties for the Darcy-based flux estimates include those associated with the 

determination of hydraulic conductivity and those in the calculation of hydraulic gradient. 

The estimated uncertainty associated with determining hydraulic conductivity in this 

study is based on the propagation of precision errors, while systematic bias errors were 
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not included due to the difficulty associated with estimating their magnitude (Chappell 

and Ternan, 1997). Based on the method of testing for hydraulic conductivity in a 

permeameter, the uncertainty was estimated to be 8%. 

 

Errors associated with the calculation of hydraulic heads (i.e., δΔh) included precision of 

vertical positioning of each monitoring well and piezometer (1 mm), precision of depth to 

water measurements from an electronic dip meter (8.4 mm) and the precision of 

automated water level loggers (2.5 mm) (Rau et al., 2019). The presence of these errors 

in both monitoring well and piezometer water level measurements results in a doubling of 

the error propagation, as shown in equation [4]: 

𝛿𝛿𝛿𝛿ℎ = √2 ∗ 12 + 2 ∗ 8.42 + 2 ∗ 2.52 = 12.5 𝑚𝑚𝑚𝑚 = 0.0125 𝑚𝑚  [4] 

 

Errors in measurements associated with Δz come from non-vertical wells and 

piezometers, which are assumed to have a 5° inclination error in verticality applied to the 

total length of each installation. Precision of vertical positioning for each well and 

piezometer (1 mm) also contributes to the total error in Δz, as shown in equation [5]: 

𝛿𝛿𝛿𝛿𝛿𝛿 = �1 𝑚𝑚𝑚𝑚2 + [𝐿𝐿𝑃𝑃 − (𝐿𝐿𝑃𝑃) cos(5°)]2 + 1 𝑚𝑚𝑚𝑚2 + [𝐿𝐿𝑀𝑀𝑀𝑀 − (𝐿𝐿𝑀𝑀𝑀𝑀) cos(5°)]2 [5] 

where: 

LP = total length of piezometer [mm]; 

LMW = total length of monitoring well [mm]. 
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The resulting error in each hydraulic gradient measurement (δi) would be: 

𝛿𝛿𝛿𝛿 = ��𝛿𝛿𝛿𝛿ℎ
𝛥𝛥ℎ
�
2

+ �𝛿𝛿𝛿𝛿𝛿𝛿
𝛥𝛥𝛥𝛥
�
2
    [6] 

 

The total error for each Darcy-based flux calculation is represented by (Rau et al., 2019): 

𝛿𝛿𝑞𝑞𝑧𝑧 = ��𝛿𝛿𝛿𝛿
𝑖𝑖
�
2

+ �𝛿𝛿𝑘𝑘𝑧𝑧
𝑘𝑘𝑧𝑧
�
2
    [7] 

 

 

3.3. Vertical Temperature Profiles 

Vertical temperature profiles of the water columns within each monitoring well were 

measured on five dates (see Figure 5) between June 2018 and August 2019. The 

temperature profiles were obtained by lowering a pressure-temperature data logger 

(Model M5 Gold Levelogger, Solinst) through the water column. The logger used has a 

temperature resolution of 0.003 °C and an accuracy of +/- 0.05 °C. After determining the 

depth to water in a monitoring well, the logger was lowered to the shallowest multiple of 

0.5 mbgs (metres below ground surface) possible, where the temperature sensor could 

approach equilibrium with the surrounding water column. After the equilibrium time had 

been reached at each depth, the logger was then lowered at 0.5 m intervals. The logger 

was lowered slowly between measurement locations to avoid mixing of the water 

column. 
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The equilibration time was variable depending on where in the water column the logger 

was. For example, the logger would require longer equilibration times (10 to 20 minutes) 

near the top of the monitoring well due to the large differences between surface 

temperature and water column temperature in the first 1-2 mbgs. Conversely, the logger 

required less time (~ 5 minutes) to adjust between measurements at deeper intervals due 

to smaller initial temperature differences.  

 

Despite allowing the logger to approach equilibrium, true equilibrium would have taken 

much longer to reach for each measurement, so data post-processing was performed to 

obtain the final temperature value for each depth. The temperature measurements were 

typically logged at 5 second intervals for 5+ minutes at each depth, which allowed for 

plotting the trend toward equilibrium. The data for each depth interval were subsequently 

fit with a logarithmic function using Microsoft Excel, and the resulting equation was used 

to estimate an equilibrium temperature for each depth. This equation fitting exercise was 

implemented to reduce field monitoring time. The differences between the final measured 

temperature and the estimated equilibrium value for shallow intervals (1-2 mbgs) tended 

to be between 1 and 3 °C, whereas adjustments for deeper intervals (3+ mbgs) tended to 

be around 0.1 °C. An example of this adjustment process can be seen in Figure C-1 of 

Appendix C. 

 

The vertical temperature profiles were simulated using a solution to the one-dimensional 

heat transfer equation (Stallman, 1965), shown in equation [8]: 
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𝜆𝜆 𝜕𝜕
2𝑇𝑇
𝜕𝜕𝜕𝜕2

− 𝑞𝑞𝑧𝑧𝑐𝑐𝑤𝑤
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝑐𝑐 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

    [8] 

where: 

λ = thermal conductivity of the rock-fluid matrix [Cal/(day*cm*°C)];  

T = temperature at any point z at any time t [°C]; 

qz = steady-state vertical component of the fluid flux [cm/day]; 

c = volumetric heat capacity of the rock-fluid matrix [Cal/(cm3*°C)]; 

cw = volumetric heat capacity of water [Cal/(cm3*°C)]. 

 

Equation [8] was solved using an explicit finite-difference approximation. The resulting 

numerical equation used to simulate the vertical temperature profiles in Microsoft Excel 

is shown in equation [9]: 

𝑻𝑻𝒊𝒊𝒏𝒏+𝟏𝟏 = 𝜆𝜆∆𝒕𝒕
𝒄𝒄∆𝒛𝒛𝟐𝟐

�𝟏𝟏 + 𝒄𝒄𝒘𝒘𝒒𝒒𝒛𝒛∆𝒛𝒛
𝟐𝟐𝜆𝜆

�𝑻𝑻𝒊𝒊−𝟏𝟏𝒏𝒏 + 𝜆𝜆∆𝒕𝒕
𝒄𝒄∆𝒛𝒛𝟐𝟐

�𝟏𝟏 − 𝒄𝒄𝒘𝒘𝒒𝒒𝒛𝒛∆𝒛𝒛
𝟐𝟐𝝀𝝀

� 𝑻𝑻𝒊𝒊+𝟏𝟏𝒏𝒏 + �𝟏𝟏 − 𝟐𝟐𝜆𝜆∆𝒕𝒕
𝒄𝒄∆𝒛𝒛𝟐𝟐

� 𝑻𝑻𝒊𝒊𝒏𝒏        [9] 

where: 

Ti
n+1 = temperature at node i at time step n+1 [°C]; 

Ti-1
n = temperature at node i-1 at time step n [°C]; 

Ti+1
n = temperature at node i+l at time step n [°C]; 

∆t = time step size [days]; 

∆z = spacing between nodes [cm]. 
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The surface boundary temperature condition for equation [9] was specified based on a 

best-fit sine equation developed from daily average air temperature data for Summerside, 

PEI (Station ID: 8300596; Environment and Climate Change Canada 2011). The surface 

temperatures produced from the sine curve varied between -7°C in winter to 19°C in 

summer. Due to snow-pack insulation, and based on the data presented by Qi et al. 

(2016), it was assumed that the ground surface temperature would not be less 

than -0.5°C. Therefore, the temperature boundary condition followed the defined sine 

curve when the temperature was greater than -0.5°C, but it was held constant during the 

months where the air temperature was predicted to be less than -0.5oC. Equation [10] 

represents the ground surface temperature boundary condition used for all simulations: 

𝑊𝑊ℎ𝑒𝑒𝑒𝑒 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 > −0.5℃      𝑇𝑇0 = 13.25 𝑆𝑆𝑆𝑆𝑆𝑆 �2.028 𝑡𝑡 𝜋𝜋
365

− 8.333�+ 6.139  [10] 

𝑊𝑊ℎ𝑒𝑒𝑒𝑒 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 < −0.5℃      𝑇𝑇0 =  −0.5℃ 

 

where: 

Tair = surface air temperature [oC]; 

T0 = ground surface temperature [oC]; 

t = day of the year, where t=1 is January 1st. 

 

The lower boundary for the simulations was set to 35 m for all three monitoring well 

temperature profiles, and the temperature boundary condition at this depth was set at a 

constant value between 6 and 7.5°C based on using Microsoft Excel Solver to find the 

best fit of the model to the measured data. The initial conditions for each simulation were 
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reached by allowing the model to equilibrate to the upper boundary condition and the 

estimated vertical flux during the first annual cycle, with comparison to field measured 

values occurring within the second annual cycle of the model.  

 

The volumetric heat capacity of the rock-fluid matrix (c) and the thermal conductivity of 

the rock-fluid matrix (λ) were obtained from Lapham (1989; Figure 2). The resulting 

values for c and λ were 0.645 Cal/(cm3 °C) and 298.08 Cal/(day cm °C), respectively. 

These values for c and λ were based on a dry-bulk density of overburden materials of 1.5 

g/cm3, which was determined during sample characterization. Dry-bulk density of the 

reconstituted samples ranged from 1.45 g/cm3 to 1.55 g/cm3, which would vary the values 

of c and λ by approximately ±1% and ±4%, respectively. The volumetric heat capacity of 

water used was 0.9984 Cal/(cm3 °C) and the density of water was assumed to be constant 

at 1.0 g/cm3. 

 

The spacing of nodes (∆z) in the model was 50 cm, which corresponds to the 50 cm 

changes in depth during temperature profile measurement. The time step (∆t) was 2.5 

days, which was the largest that could be used while maintaining model stability.  

 

With boundary conditions set, and all other model variables defined, the only undefined 

variable in Equation [9] was the vertical groundwater flux, qz. To estimate qz, simulation 

results for specific depths were compared to the measured temperatures for those same 

depths using the sum of squared differences. Microsoft Excel Solver was used to 
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minimize the sum, which minimized the errors between the two sets of results, by 

changing the vertical flux term (qz). The sum of the residual errors between simulated and 

measured temperatures was minimized for each individual temperature profile collected 

for each well, thus producing a vertical flux estimate for each date that field temperature 

profiles were obtained.  

 

Each temperature profile had between 15 and 25 temperature readings, and the squared 

errors between each of these readings and the simulated results were summed to obtain a 

single value (∑e2) for each profile. Flux estimates for model fits with ∑e2 less than 1 oC2 

were considered to represent a good fit, whereas ∑e2 values between 1 and 10 oC2 were 

of moderate quality. However, these larger errors were mostly caused by just a few of the 

data points within the shallow portion of the profile, which were excluded from model 

calibrations in some cases. Model fits with ∑e2 values greater than 10 oC2 were generally 

poor, with the simulated and measured profiles being shifted away from each other or 

having different curvature.  

 

Potential uncertainties in determining qz could result from temperature data logger 

accuracy (+/- 0.05 °C) and resolution (0.003 °C), from the equilibrium adjustments to 

each temperature measurement, from depth measurements used to determine the location 

of each temperature value, and fitting the numerical model to the measured temperatures. 

The goodness of fit for each of the modelled temperature profiles was also likely affected 

by natural variation in hydraulic gradient throughout the year, whereas the model 
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assumes a constant flux, qz. Kurylyk et al. (2019) also suggest that the use of temperature 

profiles to estimate vertical flux requires a groundwater flux at least 1 m/year (i.e., 0.27 

cm/day). 

 

To estimate the overall uncertainty in determining the flux using this method, each 

measured temperature profile was perturbed and subsequently re-fit with the numerical 

model to obtain another qz value. These perturbed temperature profiles were calculated by 

dampening or exaggerating the difference between successive measurements in the 

original temperature profiles to create a temperature profile envelope that surrounded the 

original profile. The dampened and exaggerated temperature values were determined by 

adding or subtracting 50% of each of the absolute differences between both the preceding 

and proceeding temperature intervals such that the perturbed temperature profiles would 

surround the original profile and produce vertical hydraulic flux results greater than and 

less than the original estimate. The resulting three flux estimates (i.e., lower estimate, 

estimate from measured values, and upper estimate) for each date and location provide a 

flux range that is taken as the uncertainty in qz. These uncertainties were used to compare 

results within and between the three methods for estimating flux. 

 

3.4. Vertical Flux Comparisons  

The results from each of the three methods used to estimate vertical groundwater flux 

were assessed for statistical correlation with the other two methods. The magnitudes and 



 

35 
 

direction of the flux estimates for each method were compared for each sub-reach or 

monitoring well location.  

 

A Pearson correlation analysis was performed on results from pairs of groundwater flux 

estimation methods, where the results for each method were compared for similar 

measurement dates. The Pearson correlation coefficient, r, measures the strength of the 

linear relation between two data sets, and is therefore sensitive to outliers and curvature. 

The Pearson analysis assumes that variability in the y variable does not increase or 

decrease with increase of the x variable. r is the covariance (i.e., the joint variability of 

two variables) divided by the product of the standard deviations of each variable (Helsel 

et al., 2020): 

𝑟𝑟 = 1
𝑛𝑛−1

∑ �𝑥𝑥𝑖𝑖−𝑥̅𝑥
𝑠𝑠𝑥𝑥
�𝑛𝑛

𝑖𝑖=1 �𝑦𝑦𝑖𝑖−𝑦𝑦�
𝑠𝑠𝑦𝑦
�    [11] 

where:  

 n is the number of observations in the data set;  

 xi and yi are the observations of each variable; 

 𝑥̅𝑥 and 𝑦𝑦� are the means of x and y, respectively; 

 sx and sy are the standard deviations of x and y, respectively; 

 r is the dimensionless correlation coefficient. 
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r ranges from -1 to 1, where 1 indicates a perfectly linear positive relationship between x 

and y, where the plotted data fall on a straight line with a constant slope. 

 

In addition to Pearson’s correlation coefficient, Spearman’s ρ was also computed for the 

flux estimates. Spearman’s ρ is a rank-based correlation coefficient, where the resulting 

correlation is based on the rank-order of the data and not the numerical values of an 

observation. This method of determining correlation is therefore more resistant to 

outliers, and is suitable for non-linear relationships. Spearman’s ρ is computed using 

(Helsel et al., 2020): 

 

𝜌𝜌 =
∑ �𝑅𝑅𝑥𝑥𝑖𝑖𝑅𝑅𝑦𝑦𝑖𝑖�
𝑛𝑛
𝑖𝑖=1 −𝑛𝑛�𝑛𝑛+12 �

2

𝑛𝑛(𝑛𝑛2−1)/12
    [12] 

where:  

 n is the number of observations in the data set;  

 Rxi and Ryi are the ranks of the observations of each variable; 

 ρ is the dimensionless correlation coefficient. 

 

Calculated Spearman correlation coefficients are dependent on the dataset size; therefore, 

an assessment of the correlation strength is defined by the assigned p-value for statistical 

significance. For this assessment, a strong correlation was denoted by a p-value of less 

than 0.050. This p-value represents a statistical significance greater than 95% (p <0.050) 

to rejecting the null hypothesis (i.e., no correlation). 
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4. Results 

The dates for which results were obtained for each of the three methods employed to 

estimate vertical groundwater flux are presented in Figure 8. Results for the differential 

stream discharge and subsurface temperature profile methods are available on the dates 

corresponding to site visits, while Darcy-based flux estimates are available at 1-hour 

resolution (averaged over the previous 2-week period; Section 3.2) from March 29, 2018 

to August 7, 2019.  

 

Figure 8 – Data availability for each method used to estimate vertical groundwater flux. 
Single points represent discrete measurements during field visits, while the line (Darcy-
based flux) represents hourly hydraulic head data collection. 

 

 

4.1. Differential Stream Discharge  

Vertical groundwater flux was estimated eight times for sub-reaches F1 to F2, and F2 to 

F3, between August 8, 2017 and May 29, 2019, and five times for sub-reach F3 to F4 

Differential Stream Discharge Darcy-Based Flux Subsurface Temperature Profiles
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between December 7, 2017 and May 29, 2019. The discharges measured using RBC 

flumes for each station are summarized in Table B - 2 in Appendix B. Stream discharges 

measured in this study range from 1.42 L/s (i.e., F4, August 17, 2018) to 10.30 L/s (i.e., 

F4, May 29, 2019).  Resulting groundwater flux estimates are summarized in Table 1 for 

a contributory width term of w = 8 m used in Equation 1. A positive value indicates an 

upward flux, while a negative value indicates a downward flux. Figure 9 shows flux 

estimates for the differential stream discharge method with uncertainty ranges resulting 

from varying the contributory steam width (i.e., w = 1 m, w = 8 m, w = 16 m; Section 

3.1); the values plotted on Figure 9 are presented in Table B - 4 in Appendix B. 

 

It should be noted that the computed ΔQ values (Table B - 3), which are used to calculate 

vertical flux, have propagated uncertainty ranges that frequently span zero, indicating that 

there is no measurable difference in the two discharge values (Table B - 2). Based on the 

assumed 5% uncertainty associated with RBC flume measured discharges (Bos et al., 

1984), approximately 40% of the comparisons have discharge differences less than the 

propagated uncertainty in ΔQ (shown in Table B - 3 in Appendix B).  
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Table 1 – Calculated vertical groundwater flux estimates assuming w = 8 m (Equation 1). 
Positive values (+) represent upward flux, and negative (-) downward. 

Date of discharge data collection 
Calculated vertical groundwater flux (cm/day) 

F1 to F2 F2 to F3 F3 to F4 
08-Aug-2017 -6.13 1.08 - 
21-Sep-2017 -1.68 5.18 - 
03-Oct-2017 -3.29 1.38 - 
07-Dec-2017 -2.10 2.36 3.08 
23-May-2018 6.53 -0.40 7.58 
17-Aug-2018 3.74 -1.06 -2.69 
18-Sep-2018 1.17 -0.49 0.39 
29-May-2019 -1.52 7.08 -1.57 

 

 

Figure 9 - Differential stream discharge vertical flux estimates with calculated 
uncertainty ranges. 
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Uncertainty in differential stream discharge estimates have ranges of approximately 2.9 

cm/day to 57 cm/day, and are directly related to the magnitudes of ∆Q (Equation [1]). For 

all three stream segments there were both upward (+) and downward (-) flux estimates 

during the monitoring period. Similarly, on each date when stream discharge was 

measured, at least one of the three stream segments presented an upward and downward 

flux. 

 

The maximum upward flux estimate was calculated for the stream segment between F3 

and F4 (i.e., +7.58 cm/day), while the maximum downward flux was estimated for the 

stream segment between F1 to F2 (i.e., -6.13 cm/day). The minimum absolute value of 

flux was calculated to be for the stream segment from F3 to F4 (i.e., 0.39 cm/day). 

 

4.2. Darcy-based Flux 

The hydraulic conductivity results for each sample interval of MW3 are shown in 

Figure 10. The vertically averaged hydraulic conductivity (kz) for the overburden unit was 

estimated to be 4.48 cm/day, which is within the range of till hydraulic conductivities 

Francis (1989) found within the Winter River Basin (i.e., 0.54 cm/day to 112 cm/day). If 

the hydraulic conductivity value for the depth interval of 7.3 m to 9.1 m depth were 

neglected, as it may have been influenced by being close to or within the weathered 

sandstone bedrock rather than the till, the vertically averaged hydraulic conductivity for 

the overburden would instead be 3.64 cm/day. This change in hydraulic conductivity 
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would cause a proportional decrease in vertical flux estimates (i.e., 0.8 times reported 

values). 

 

Figure 10 – Measured hydraulic conductivity for sampled depth intervals in MW3. 

  

 

A time-series of the vertical hydraulic gradient for each monitoring well-streambed 

piezometer pair is presented in Figure 11, and the resulting vertical flux estimates and 

uncertainties are shown in Figure 12. The vertical flux estimates for the Darcy-based 

method at each monitoring location are strongly correlated temporally, and each 

subsequent monitoring location, from upstream to downstream, is separated by a flux 

difference of approximately 0.35 cm/day throughout the monitoring period (i.e., 1.5 

years). MW3-P4 always shows the highest vertical flux at the study site, with consistent 

upward (+) flux, while MW1-P2a shows the lowest flux, varying between upward and 

downward (-) flux. The MW2-P1a monitoring location has flux estimates that are always 
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between those of the other two locations. The uncertainty of the flux estimates (Figure 

12) is smallest for flux values near zero, and is larger for results with greater magnitudes.  
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Figure 11 – Hydraulic gradient time series for each monitoring well-piezometer pair through the monitoring period. Field visits 
are indicated by vertical dashed (yellow) lines.
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Figure 12 – Darcy-based vertical flux estimates for each pair of monitoring wells-piezometers. These Darcy-based results are 
calculated using average gradients for the 2-week period prior to the dates shown. Uncertainty in the flux estimates is shown as 

shaded zones above/below the line representing the flux result. Field visits are indicated by vertical dashed (yellow) lines. 
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4.3. Vertical Temperature Profiles 

Vertical flux estimates from modelled temperature profiles are shown in Table 2 and 

Figure 13, with the measured and modelled temperature profiles for each well provided in 

Figure 14. The uncertainty envelopes for each set of measured temperature profiles are 

shown by Figure B-1 in Appendix B, while the resulting modelled flux estimates based 

on the dampened and exaggerated temperature profiles are provided in Table B - 5. 

 

Table 2 – Flux results from modelling vertical temperature profiles at each monitoring 
well, with model fit errors (∑e2).  

Vertical Temperature Profile Flux Estimates - q  

Date 
MW1 
(cm/d) 

∑e2 
(°C2) 

MW2 
(cm/d) 

∑e2 
(°C2) 

MW3 
(cm/d) 

∑e2 
(°C2) 

2018-06-07 -0.28 0.13 0.44 7.3 1.1 5.0 
2018-10-04 -0.24 0.25 0.15 0.83 0.19 0.48 
2018-12-17 1.13 0.75 

    

2019-05-29 -0.55 3.4 0.31 26 0.96 7.9 
2019-08-07 0.43 0.22 1.14 0.85 2.26 0.80 

 

No temperature profiles were collected on December 17, 2018, in MW2 and MW3 due to 

flowing artesian conditions, which eliminated the static water column condition required 

to measure vertical temperature profiles. 
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Figure 13 – Flux estimates and uncertainty range for the temperature profile method. 
Uncertainty ranges are based on the values presented in Table B - 5. 
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Figure 14 – Measured temperature profiles (symbols), with modelled temperature profiles (solid lines) and uncertainty 
envelopes (dashed lines). Some uncertainty envelopes overlap closely with modelled results and are not clearly visible on the 
plots.  
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As shown in Figure 13 and Table 2, MW1 consistently has the lowest flux (ranging from 

-0.55 cm/day to 1.13 cm/day), as well as the smallest model errors. MW3 has the highest 

flux estimates for each date for the available dataset. The estimated uncertainties are 

small compared to the misfit between the modelled and measured profiles. The modelled 

errors were largest for June 2018 and May 2019, which may be related to the model 

attempting to fit simulated near-surface temperatures to rapidly changing surface 

boundary conditions.  

 

As suggested by Kurylyk et al. (2019) for the temperature profile method, flux values 

with magnitudes below 0.27 cm/day may not be reliable. However, the flux results 

obtained here are generally above this minimum value, with the exception of those 

measured on October 4, 2018.  

 

4.4. Vertical Flux Comparisons  

Each sub-reach from the differential stream discharge method, or monitoring well and 

streambed piezometer combination, are related to the nearest monitoring well when 

comparing the results (e.g., differential stream discharge flux estimated from F1 to F2, 

Darcy-based Flux calculated between MW1 and P2a, and vertical temperature profile 

flux modelled at MW1 (see Figure 3) are compared).   
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Flux estimate results for each combination of methods are plotted versus one another in 

Figure 15, Figure 16 and Figure 17 . Visual assessment suggests that the agreement of the 

results from both the Darcy-based and vertical temperature profiles versus the results 

from the differential discharge method are weak, while the comparison of vertical 

temperature profiles and Darcy-based flux is stronger (Figure 16).  

 

Figure 15 – Comparison of differential discharge flux estimates versus Darcy-based flux 
estimates, with relative errors.
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Figure 16 - Comparison of vertical temperature profile flux estimates versus Darcy-based 
flux estimates, with relative errors. 

  

 

Figure 17 - Comparison of differential discharge flux estimates versus vertical 
temperature profile flux estimates, with relative errors.
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Results from the Pearson and Spearman correlation analyses performed for each pair of 

methods are shown in Table 3 and Table 4, respectively. 

 

Table 3 – Results of Pearson correlation analysis for each pairing of results per flux 
estimation method. 
Differential Stream Discharge vs Darcy-based MW1 MW2 MW3 ALL 
Data set size, n 4 4 4 12 
Pearson correlation coefficient, r  -0.36 0.84 0.51 0.00 
p-value 0.766 0.370 0.659 0.990 
Vertical Temperature Profiles vs Differential Stream Discharge 
Data set size, n 3 3 3  9 
Pearson correlation coefficient, r  0.07 0.30 0.51 0.19 
p-value 0.952 0.808 0.658 0.620 
Vertical Temperature Profiles vs Darcy-based     
Data set size, n 5 4 4 13 
Pearson correlation coefficient, r  0.72 0.63 0.62 0.72 
p-value 0.173 0.366 0.379 0.006 

 

Table 4 – Results of Spearman correlation analysis for each pairing of results per flux 
estimation method. 
Differential Stream Discharge vs Darcy-based MW1 MW2 MW3 ALL 
Data set size, n 4 4 4 12 
Spearman correlation coefficient, ρ  -0.40 1.00 0.40 -0.17 
p-value 0.600 01 0.600 0.587 
Vertical Temperature Profiles vs Differential Stream Discharge 
Data set size, n 3 3 3  9 
Spearman correlation coefficient, ρ  0.50 0.50 0.50 0.18 
p-value 0.667 0.667 0.667 0.637 
Vertical Temperature Profiles vs Darcy-based     
Data set size, n 5 4 4 13 
Spearman correlation coefficient, ρ  0.30 0.40 0.40 0.68 
p-value 0.624 0.600 0.600 0.010 

1. A p-value of 0 is shown for correlations with a “perfect fit” of ρ = 1; however, this is likely driven 
by the very low sample count for this comparison. 
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Statistically significant correlations (i.e., correlations with p-value < 0.05, or 95% 

confidence in a rejection of the null hypothesis of no correlation) are only present for 

vertical temperature profile flux estimates when compared to the Darcy-based flux 

estimates, and only when the entire dataset is considered. This statistically significant 

correlation is present for the Darcy-based and vertical temperature profile methods for 

both the Pearson and Spearman approaches. 

 

Varying the w term (Equation 1) from 8 metres, to either 1 metre or 16 metres, has no 

affect on the resulting correlations for any comparisons that include the differential 

discharge method because correlations are determined by relative changes or rank-order 

of data. 
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5. Discussion 

The differential stream discharge method for estimating vertical groundwater flux at 

Webster Spring Brook required little site preparation and offered the ability to estimate 

flux along stream segments of variable size. However, this method may be influenced by 

inflows to the stream other than direct groundwater discharge through the streambed, or 

by hyporheic flow (e.g., shallow horizonal flow of water between the sub-reaches). Any 

gains or losses to the stream that are not vertical groundwater flux, such as shallow bank 

seepage (Langhoff et al., 2006) or undetected inflows/outflows, may have affected stream 

flow measurement results. Although the study reach was examined for potential 

branching, or other sources/sinks of water connected to it, there is more uncertainty 

associated with this method when the stream segments increase in length. Implementing 

techniques to measure shallow subsurface flows such as those investigated in Langhoff et 

al. (2006) were beyond the scope of this study, and would have required much more site 

preparation and instrumentation.  

 

Cey et al. (1998) also used differential stream discharge measurements to estimate 

vertical streambed flux, although they used calibrated gauging stations and stage-

discharge relationships to estimate discharges at 10-minute intervals. Stream gauging by 

Cey et al. (1998) was completed at 30 metre intervals during baseflow conditions to 

estimate groundwater discharge in their study reach. Uncertainty was relatively low (i.e., 

approximately 15%) for their study methods; however, Cey et al. (1998) found that 
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differential stream discharge results were four to fives times larger than those obtained 

from the Darcy-based method, which used shallow streambed mini-piezometers. In the 

context of the current study, more frequent stream discharge measurements (i.e., a larger 

data set) may have reduced the error associated with differential stream discharge flux 

estimates and allowed for the computation of averages over time periods such as several 

weeks or months (i.e., similar to the Darcy-based method). Additionally, establishing a 

higher temporal resolution monitoring network of stream discharge, similar to Cey et al. 

(1998), may have decreased the susceptibility of the differential discharge results in this 

study to non-streambed contributions or obstacles within the channel. 

 

The differential stream discharge method produced the most variable results, with flux 

estimates ranging from -6.13 cm/day to 7.58 cm/day. This method also had the largest 

uncertainty ranges for each measurement, which were a minimum of 2.94 cm/day and a 

maximum of 56.9 cm/day between the upper and lower ranges of flux estimates. The 

larger uncertainty ranges were independent of measurement location or seasonality 

(Figure 9). Uncertainty is directly dependent on the magnitude of the flux estimate and 

the variation of the contributory stream width term, w (i.e., estimated as 8 m, but varied 

to 1 m and 16 m for uncertainty estimates). There was little consistency in the direction 

of flux estimates for any sub-reach, with flux estimates varying between positive and 

negative throughout the monitoring period in all stream segments. These findings may be 

related to the relatively small magnitude of differences in discharge measured between 
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locations (i.e. ΔQ), which were less than the propagated uncertainty in approximately 

40% of the comparisons (i.e., Table B - 3).  These small differences indicate relatively 

low groundwater fluxes to the stream between the measurement sites, and/or other 

surface water inflows/outflows that may have counteracted the groundwater 

contributions. 

 

Based on the relatively large uncertainty ranges associated with results for the differential 

stream discharge method, stemming from the unknown influence from non-streambed 

contributions and the small differences in ΔQ, confidence in this method is considered 

the lowest of the three methods included in this study. A similar conclusion regarding the 

low reliability of differential stream discharge in estimating vertical flux was reached by 

Middleton et al. (2016), where difficulties in measuring streamflow during low-flow 

conditions (e.g., less than 0.1 m3/sec), as well as obstacles including vegetation and 

shallow water depths, prevented measurements during a majority of site visits.  

 

The Darcy-based method had a continuous (1-hour interval) dataset that allowed for 

estimation of flux throughout 2018 and 2019, capturing seasonality of flux across the site 

(Figure 12). Vertical fluxes estimated from the Darcy-based method maintained a 

consistent spatial pattern throughout monitoring, where the MW3-P4 pair always had the 

largest upward flux estimate, and MW1-P2a always had the smallest or most negative 

flux (downward). The flux results in Figure 12 show that each location responds similarly 
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to recharge and depletion on the aquifer, with minor differences in magnitude and/or lag 

time of flux variations between the three measurement locations. This method generally 

had the smallest uncertainty range, which was largely dependent on the magnitude of the 

flux estimate. The consistency of the results support the use of this method as a 

benchmark for estimating vertical groundwater flux, as others have found (e.g., Cey et 

al., 1998; Cremeans et al., 2020; González-Pinzón et al., 2015; Kennedy et al., 2010; 

Middleton et al., 2016). 

 

Although the uncertainty associated with the Darcy-based method is suggested to be the 

smallest of the three methods, the uncertainty in determining the vertical hydraulic 

conductivity (kz) may be underestimated because systematic bias errors were not 

considered (Section 3.2).  Systematic bias error associated with the measurement and 

calculation of the hydraulic conductivity, which may be influenced by artificial 

compaction, disruption or fracturing of large particles, or gaps in soil matrix creating 

preferential pathways, could be responsible for multiple orders of magnitude difference in 

the resulting hydraulic conductivity value (e.g. Chappell and Ternan 1997). The approach 

for determining kz used in this study involved reconstituting soil samples collected over 

four depth intervals from one borehole, which is not necessarily representative of in situ 

site conditions. Collecting additional hydraulic conductivity measurements at each 

monitoring well and piezometer location, or other larger-scale hydraulic testing, could 
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provide insight into anisotropy and/or heterogeneity of hydraulic conductivity of the 

overburden unit. 

 

Considering the potential for uncertainty in the estimated kz due to systematic bias errors, 

and the multiple orders of magnitude range of hydraulic conductivities determined by 

Francis (1989) within the overburden material of the Winter River Basin (0.58 cm/day to 

112 cm/day), it is possible that the Darcy-based flux estimates determined in this study 

are biased. This uncertainty could also be different for each monitoring well and 

piezometer pairing due to lateral heterogeneity within the overburden, which was not 

considered in this study. The discrepancy of results between the temperature profile and 

Darcy-based methods (i.e., temperature profile results approximately 2.3 times larger 

than Darcy-based results; Figure 16) is therefore potentially related to the determination 

of kz. 

 

The vertical temperature profile method for estimating groundwater flux correlated 

closely with the Darcy-based method. Like the Darcy-based method, the temperature 

profile flux estimates maintained an order where the flux at MW3 was always the largest 

and most positive (upward), while MW1 always had the smallest or most negative 

(downward) flux estimates. Converse to the Darcy-based method, physical (i.e. thermal) 

parameters used in the temperature profile method vary little and are generally easily 

estimated (Kurylyk et al., 2019), though can be variable and lead to potential 
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uncertainties in results (Cremeans et al. 2020). In this study, thermal properties (i.e., 

volumetric heat capacity and thermal conductivity of the material) were estimated based 

on laboratory-measured dry bulk density (Lapham, 1989). Based on the range of dry bulk 

densities measured in the laboratory (approximately 1.45 to 1.55 g/cm3), thermal 

properties could vary by approximately 1% and 4% for volumetric heat capacity and 

thermal conductivity, respectively. It is noteworthy that this variability is significantly 

smaller than the potential orders of magnitude uncertainty associated with the 

determination of kz used in the Darcy-based method. 

 

In this study, temperature profiles were collected discretely during site visits, resulting in 

a single temperature profile in each monitoring well. Each temperature profile took at 

least one hour to measure, and required minor post processing to account for adjustments 

as the logger was lowered down the monitoring well. This method could be improved 

upon by installing a fixed array of temperature sensors in the monitoring wells, and 

having temperature data logged hourly to daily, similar to the Darcy-based method. This 

approach of data collection would allow for a more continuous data set and would 

minimize the requirement for post-processing of temperature data. The numerical model 

used to calculate flux estimates for this method adjusts a single vertical flux value for the 

full duration of each simulation. This feature of the model may bias the results as it does 

not consider variation of flux throughout the simulation period. If a higher resolution (or 

continuous) dataset of temperature profiles were to be collected, it would be more 
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appropriately analyzed using a transient-flux approach that could account for temporally 

variable flux within shallow groundwater systems (e.g., Lin et al. 2022). 

 

Since the temperature data were collected in deep monitoring wells offset from the 

stream, the potential for horizontal hyporheic flow to influence the temperature 

distributions, as reported in Cremeans et al. (2020), is not considered important. 

However, as discussed previously, if hyporheic flow did occur this could lead to 

underestimation or overestimation of discharge within the stream, thereby affecting flux 

estimations from the differential discharge method. 

 

Unlike the differential discharge method, the Darcy-based and vertical temperature 

profile methods estimate flux from data collected across the full thickness of the till 

(overburden) unit, and thus the scale and directionality of the measurements are similar. 

Table 5 presents the average flux results for these two methods for similar dates (i.e., 

those dates used in Section 4.4, Figure 16, Table 3 and Table 4). Overall, the results are 

consistent in that the vertical groundwater flux near MW1 is smallest (i.e., near zero, or 

slightly negative), the flux at MW3 is strongly positive (or upward), and the area near 

MW2 is intermediate in magnitude, but consistently positive. 
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Table 5 – Average vertical flux estimates (qz in cm/day) for the Darcy-based and vertical 
temperature profile methods for similar dates within the data collection period. 

 
MW1 MW2 MW3 

Darcy-based -0.03 0.20 0.45 
Vertical temperature profiles 0.10 0.51 1.1 
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6. Conclusions 

Three independent methods were applied to a field site to estimate the vertical 

groundwater flux through a silty sand overburden unit with a thickness of approximately 

5 to 9 m. Based on the data collected, it is concluded that the differential stream discharge 

method for estimating vertical flux is less reliable than the other two methods 

investigated. Given that carefully calibrated flumes were used to determine stream 

discharge, the field measurements of discharge (which ranged from 1.42 to 10.3 L/sec) 

are considered accurate. However, there was significant uncertainty introduced because 

of the poorly-constrained contributory width term (w), as well as relatively small 

computed differences in discharges that were frequently less than the propagated 

uncertainty. Additionally, potential unaccounted for sources or sinks of water between 

discharge measurement locations may have influenced the results. The results obtained 

with this method were found to be widely variable from date to date, and from sub-reach 

to sub-reach. The results from the differential stream discharge method also did not agree 

well, either in magnitude or direction, with the other two methods considered. 

 

The vertical temperature profile and Darcy-based methods for estimating vertical 

groundwater flux through the overburden generally agreed in terms of groundwater flux 

direction. For flux magnitude, however, some results match well between the two, 

whereas some results have larger discrepancies. Generally, the temperature profile flux 

estimates were 2.3 times greater than Darcy-based flux estimates. The Darcy-based 
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method is potentially influenced by systematic bias errors in the determination of kz, 

which could easily shift the computed flux results by a factor greater than 2.3.  On the 

other hand, the vertical temperature profile method is dependent on thermal properties 

that are significantly less variable and more easily determined than hydraulic 

conductivity. Both methods are appropriate for determining groundwater discharge areas; 

however, considering the uncertainty associated with the determination of kz in this study, 

the temperature profile method is suggested as providing more representative vertical 

groundwater flux results. 

 

Based on the results from the Darcy-based and temperature profile methods, it is 

concluded that the lower portion of the Webster Spring Brook study reach is 

predominantly a groundwater discharge area. Fluxes in this area were consistently 

upward during the 1.5-year study period. For the upper section of the study reach (i.e., 

MW1 and P2 area) flow through the overburden appeared to change direction between 

upward flow (i.e. discharge) for approximately 30% of the study period, and downward 

for the remainder.  
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Appendix A - Flume Calibration 

Each of the RBC flumes used in this study were calibrated in the hydraulics laboratory at 

UNB Fredericton. The calibration process involved installing a flume in a levelled 

horizontal orientation, applying a continuous flow from a constant head reservoir, then 

measuring discharge. The flume measurement was determined by measuring the water 

depth in the flume stilling well and then computing the discharge using the relationship 

from Bos et al. (1984). This discharge was then compared to physical mass-flow 

measurements (i.e., discharge was captured and weighed for a timed trial). If the flume-

determined discharge was inaccurate, the stilling well was adjusted before continuing 

with data collection. Figures A-1 through A-4 show the laboratory measured discharges 

versus the Bos et al. (1984) estimated discharge, where average error between measured 

discharges and theoretical discharges ranged from 1.26% (Flume #2) to 3.08% (Flume 

#3), which is within the 5% uncertainty stated by Bos et al. (1984). 

 

Figure A-5 shows each RBC flume and the theoretical measured stilling well reading 

(i.e., hydraulic head) versus the measured discharge, and their associated power 

relationships in equation form. The largest discrepancy between the various flumes (in 

relative percentage difference) is at low flows, while the relationships converge at higher 

flows. 
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Figure A - 1 – Relationship of laboratory measured discharge using RBC Flume #2 
versus the estimated Bos et al. (1984) discharge. The slope shown for the plotted linear 
trendline represents variance from 1:1. 

 
 

Figure A - 2 – Relationship of laboratory measured discharge using RBC Flume #3 
versus the estimated Bos et al. (1984) discharge. The slope shown for the plotted linear 
trendline represents variance from 1:1.
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Figure A - 3 – Relationship of laboratory measured discharge using RBC Flume #4 
versus the estimated Bos et al. (1984) discharge. The slope shown for the plotted linear 
trendline represents variance from 1:1. 

 
 

Figure A - 4 – Relationship of laboratory measured discharge using RBC Flume #5 
versus the estimated Bos et al. (1984) discharge. The slope shown for the plotted linear 
trendline represents variance from 1:1. 
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Figure A - 5 – Comparison of each RBC flume versus the theoretical relationship derived from Bos et al. (1984) discharges.   
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Appendix B – Supplementary Data 

Table B - 1 – Elevations measured for each installed monitoring instrument. 

Location Top of Casing Elevation 
prior to 2017-12-07 (m) 

Top of Casing Elevation 
after 2017-12-07 (m) 

P2a 28.363 29.063 
P2b 28.656 29.211 
P1a 27.351 28.061 
P3 26.833 27.618 
P4 26.348 27.0001 
MW1 - 30.18 
MW2 - 28.288 
MW3 - 27.816 

1. Elevations were determined by performing a survey loop starting at P4, where an 
arbitrary elevation was assumed for the top of casing elevation for P4 of 27.000 m. 
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Figure B - 1 – Elevation differences across the monitoring site with an approximate 10:1 
vertical to horizontal exaggeration. The brown line represents ground surface near the 
monitoring well locations, the blue line represents the stream water level, and the red line 
represents the top of bedrock. Groundwater levels are shown for July 30, 2018 

 

Table B - 2 – Measured stream discharges (L/s) using RBC flumes at each location 
throughout the monitoring program. The measurement locations are shown in Figure 3. 

Date Measured F1 (L/s) F2 (L/s) F3 (L/s) F4 (L/s) 

08-Aug-17 4.45 4.07 4.23 - 
21-Sep-17 2.86 2.76 3.53 - 
03-Oct-17 2.76 2.56 2.76 - 
07-Dec-17 1.77 1.64 1.99 2.56 
23-May-18 3.3 3.71 3.65 5.05 
17-Aug-18 1.85 2.08 1.92 1.42 
18-Sep-18 1.64 1.70 1.63 1.70 
29-May-19 9.345 9.251 10.3 10.01 
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Table B - 3 – Difference in measured discharge values between monitoring locations 
(ΔQ; calculated from values from Table B - 2), with corresponding propagated 
uncertainty (δQ; i.e., assuming 5% uncertainty for each measurement). Values where 
|ΔQ| are less than δQ are shaded grey. 

 F1 – F2 F2 – F3 F3 – F4 

Date Measured ΔQ (L/s) δQ (L/s) ΔQ (L/s) δQ (L/s) ΔQ (L/s) δQ (L/s) 

08-Aug-17 -0.38 0.30 0.16 0.29 - - 
21-Sep-17 -0.10 0.20 0.77 0.22 - - 
03-Oct-17 -0.20 0.19 0.20 0.19 - - 
07-Dec-17 -0.13 0.12 0.35 0.13 0.57 0.16 
23-May-18 0.41 0.25 -0.06 0.26 1.40 0.31 
17-Aug-18 0.23 0.14 -0.16 0.14 -0.50 0.12 
18-Sep-18 0.07 0.12 -0.07 0.12 0.07 0.12 
29-May-19 -0.09 0.66 1.05 0.69 -0.29 0.72 
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Table B - 4 – Calculated vertical flux estimates for each sub-reach with w values of 1 m, 8 m, and 16 m. 

  w = 1 m  w = 8 m  w = 16 m  
 Date 
Measured 

F1-F2 F2-F3 F3-F4 F1-F2 F2-F3 F3-F4 F1-F2 F2-F3 F3-F4 

2017-08-08 -49.00 8.64 - -6.13 1.08 - -3.06 0.54 - 
2017-09-21 -13.41 41.47 - -1.68 5.18 - -0.84 2.59 - 
2017-10-03 -26.31 11.02 - -3.29 1.38 - -1.64 0.69 - 
2017-12-07 -16.76 18.90 24.62 -2.10 2.36 3.08 -1.05 1.18 1.54 
2018-05-23 52.23 -3.19 60.65 6.53 -0.40 7.58 3.26 -0.20 3.79 
2018-08-17 29.92 -8.48 -21.56 3.74 -1.06 -2.69 1.87 -0.53 -1.35 
2018-09-18 9.35 -3.92 3.13 1.17 -0.49 0.39 0.58 -0.24 0.20 
2019-05-29 -12.12 56.65 -12.53 -1.52 7.08 -1.57 -0.76 3.54 -0.78 
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Figure B - 2 – Temperature profile envelopes with exaggerated and dampened changes with depth (i.e., solid lines).      
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Table B - 5 – Adjusted temperature profile modelled flux results. 

 Date MW1 
(cm/day) 

∑e^2 
(°C2) 

MW2 
(cm/day) 

∑e^2 
(°C2) 

MW3 
(cm/day) 

∑e^2 
(°C2) 

Original 
Vertical 
Temperature 
Profile Flux 
Estimates – q 

2018-06-07 -0.28 0.13 0.44 7.3 1.1 5.0 
2018-10-04 -0.24 0.25 0.15 0.83 0.19 0.48 
2018-12-17 1.1 0.75 - - - - 
2019-05-29 -0.55 3.4 0.31 26 0.96 7.9 
2019-08-07 0.43 0.22 1.1 0.85 2.3 0.80 

Exaggerated 
Vertical 
Temperature 
Profile Flux 
Estimates - q 

2018-06-07 -0.26 0.39 0.68 24 0.621 17 
2018-10-04 -0.063 0.23 0.32 0.63 0.38 0.97 
2018-12-17 1.1 0.84 - - - - 
2019-05-29 -0.45 4.6 0.49 27 1.2 8.8 
2019-08-07 0.80 0.17 1.5 0.86 2.7 0.82 

Dampened 
Vertical 
Temperature 
Profile Flux 
Estimates - q 

2018-06-07 -0.31 0.39 0.24 14 0.61 24 
2018-10-04 -0.41 0.27 -0.017 1.0 0.053 1.6 
2018-12-17 1.2 0.80 - - - - 
2019-05-29 -0.67 2.5 0.14 16 0.81 2.7 
2019-08-07 0.099 0.27 0.77 0.86 1.9 0.79 

1. The exaggerated temperature profile for MW3 on June 7, 2018, produced a lower flux 
estimate rather than an expected higher flux when compared with the original result. It is 
interpreted that the large model errors associated with this trial may have interfered with 
convergence within a reasonable range.  
 



 
 

79 
 

Appendix C – Example Adjustment of Temperature Profile Data 

Each measured temperature data point used in the temperature profile method was 

adjusted to reflect the equilibrium temperature of the water column at each depth. Since 

the Levelogger instrument took time to equilibrate at each depth interval, the field 

procedure involved waiting approximately 5 minutes at each depth before lowering the 

logger to the next interval. The continuously (5-second interval) measured data, as shown 

in Figure B-1, would rapidly change temperature once lowered to a new depth interval, 

then would gradually plateau toward the equilibrium temperature value at that depth. 

Post-processing was completed to extend the interpreted trend with a logarithmic 

relationship to determine what the most realistic temperature should be for a depth 

interval based on the data collected in the field. Figure C - 2 shows the measured 

temperature data for the first two depth intervals at MW1 on October 4, 2018, as well as 

the fitted logarithmic trends for each interval which were used to estimate the equilibrium 

temperatures (shown as green diamonds on Figure C - 2). Figure C - 3 shows the 

logarithmically modelled data superimposed over the field measured data (from 

Figure C - 1).  
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Figure C - 1 – Measured temperature with depth, where the logger was lowered in 0.5 m 
intervals (represented by each of the different colored line segments). Measured data on 
October 4, 2018. 

 
 

Figure C - 2 – Example of the first two logarithmically predicted curves superimposed on 
the measured temperature data within the upper 1 m of the temperature profile in MW1 
on October 4, 2018. Each fitted curve is predicted at approximately 15 minutes from the 
initial measurement for each depth interval.
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Figure C - 3 – Measured temperature with depth (plot from Figure C – 1) superimposed 
by the logarithmically predicted temperatures for each depth of MW1 on October 4, 
2018. 
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