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Effects of sampling frequency on estimation accuracies of

annual loadings for water quality parameters in different

sized watersheds

Lin Gao, Junyu Qi, Sheng Li, Glenn Benoy, Zisheng Xing and Fan-Rui Meng
ABSTRACT
Potential errors or uncertainties of annual loading estimations for water quality parameters such as

suspended solids (SS), nitrate-nitrogen (NO3-N), ortho-phosphorus (Ortho-P), potassium (K), calcium

(Ca), and magnesium (Mg) can be greatly affected by sampling frequencies. In this study, annual

loading estimation errors were assessed in terms of the coefficient of variation, relative bias, and

probability of potential errors that were estimated with statistical samples taken at a series of

sampling frequencies for a watershed in northwestern New Brunswick, Canada, and one of its

sub-watersheds. Results indicate that annual loading estimation errors increased with decreasing

sampling frequency for all water quality parameters. At the same sampling frequencies, the

estimation errors were several times greater for the smaller watershed than those for the larger

watershed, possibly due to the flushing nature of streamflows in the smaller watershed. We also

found that low sampling frequency tended to underestimate the annual loadings of water quality

parameters dominated by stormflow events (SS and K) and overestimate water quality parameters

dominated by baseflow (Mg and Ca). These results can be used by hydrologists and water quality

managers to determine sampling frequencies that minimize costs while providing acceptable

estimation errors. This study also demonstrates a novel approach to assess potential errors when

analyzing existing water quality data.
doi: 10.2166/wqrj.2020.012

://iwa.silverchair.com/wqrj/article-pdf/55/3/261/730045/wqrjc0550261.pdf
Lin Gao
Junyu Qi
Sheng Li (corresponding author)
Glenn Benoy
Zisheng Xing
Fan-Rui Meng
Faculty of Forestry and Environmental
Management,

University of New Brunswick,
P.O. Box 44555, 28 Dineen Drive, Fredericton, NB
E3B 5A3,

Canada
E-mail: sheng.li@canada.ca

Junyu Qi
Earth System Science Interdisciplinary Center,
University of Maryland at College Park, University
of Maryland,

College Park, MD 20742,
USA

Sheng Li
Fredericton Research and Development Centre,
Agriculture and Agri-Food Canada,
P.O. Box 20280, 850 Lincoln Road, Fredericton, NB
E3B 4Z7,

Canada

Glenn Benoy
Canadian Rivers Institute,
University of New Brunswick,
P.O. Box 4400, 10 Bailey Drive, Fredericton, NB E3B
5A3,

Canada

Zisheng Xing
Brandon Research and Development Centre,
Portage la Prairie, MB R1N 3V6,
Canada
Key words | annual loading, estimation accuracy, sampling errors, sampling frequency, water

quality, water quality parameters
INTRODUCTION
Nonpoint source pollution and water quality degradation

associated with intensive agricultural and other land-use

activities are global concerns (Cartwright et al. ; Chen

et al. ; Schroder et al. ; Chow et al. ). Excessive

nutrients and sediments carried by water can be transported

into surface and groundwater systems, causing eutrophica-

tion (Maticic ) and degradation of drinking water

quality (Carstea et al. ). The chemical, physical, and bio-

logical characteristics of streams and other water bodies are
often used as water quality indicators to evaluate the con-

ditions of aquatic ecosystems and to track changes in

water quality over time. Annual loading (AL), defined as

the total mass of a pollutant passing through a cross-section

of a river per year, is regarded as an effective water quality

indicator (Richards ). As it is time-integrated, AL reflects

the long-term attributes of watersheds and land uses and can

be used to estimate total nutrient and soil losses from upland

areas as well as total pollutant input into connecting aquatic

mailto:sheng.li@canada.ca
https://crossmark.crossref.org/dialog/?doi=10.2166/wqrj.2020.012&domain=pdf&date_stamp=2020-04-02


262 L. Gao et al. | Sampling frequency affects water quality estimation Water Quality Research Journal | 55.3 | 2020

Downloaded fr
by guest
on 20 April 202
ecosystems (Cartwright et al. ; Chen et al. ;

Schroder et al. ). For example, AL of suspended solids

(SS) is normally used to estimate the severity of soil erosion

from agricultural fields and assess the habitat suitability of

aquatic ecosystems (Chow et al. ).

Pollutant production and transport within watersheds

are affected by land-use activities such as tillage, fertilization,

and biophysical factors such as soil type, vegetation, topogra-

phy, and geology (Bahar & Yamamuro ). As a result,

concentrations of water pollutants vary greatly with time

(Bahar & Yamamuro ). For example, concentrations of

SS and potassium (K) of stream water are typically higher

during the high-flow snow-melting seasons than other sea-

sons (Li et al. ). On the other hand, concentrations of

calcium (Ca) and magnesium (Mg) are typically lower

during high-flow events than between-events baseflow

periods (Li et al. ). Halliday et al. () found strong sea-

sonal and diurnal patterns of nitrate concentration in upland

rivers. Wade et al. () also reported that in stream water,

phosphorus concentration displayed a highly complex tem-

poral pattern under storm conditions at sub-daily time

steps. Traditionally, AL is estimated from the product of aver-

age pollutant concentration and corresponding stream

discharge rate for a given sampling interval. However,

dynamics in both temporal variations of flow rates and pollu-

tant concentrations make it difficult to obtain reliable and

accurate estimates of AL. Given these dynamics, it is a logical

assumption that increasing sampling frequency would

increase AL estimation accuracy (Quimpo & Yang ). In

particular, new instruments such as multi-parameter sondes

are available for measuring certain water quality parameters

such as pH, conductivity, and turbidity at high frequencies

with reasonable accuracy (Blaen et al. ; Carstea et al.

; Reynolds et al. ). However, the laboratory analysis

is often required for many other water quality parameters in

order to obtain acceptable measurement accuracy and

reliability. High-frequency water sampling and intensive lab-

oratory analysis pose challenges as they are labour-intensive

and expensive.

A common need for many hydrologists, water quality

specialists, andwater resourcemanagers is tofind theminimum

sampling frequency to obtain a reasonable accuracy at accepta-

ble costs. Previous studies have compared estimation errors or

uncertainties of AL with different sampling frequencies for a
om http://iwa.silverchair.com/wqrj/article-pdf/55/3/261/730045/wqrjc0550261.pdf

4

number of water quality parameters (Johnes ; Jones et al.

; Cassidy & Jordan ; Elwan et al. ). Rozemeijer

et al. () noted potential large estimation errors of AL of

nitrate-nitrogen (NO3-N) and P in streams related to low

sampling frequencies.

Since concentrations of many pollutants are strongly

affected by flow events (i.e., rainfall and snowmelt), the mini-

mum sampling frequency needs to be able to capture these

events. However, watershed biogeochemical responses to

rainfall events can vary greatly with precipitation character-

istics, antecedent soil moisture, and seasonal variations in

biophysical and geochemical conditions. The chemical com-

position of rainwater as well as rainfall–runoff processes also

have great impacts on nutrients entering into streams

(Kirchner et al. ; Malve et al. ) and indirectly affect

loading (Rode et al. ). During rainfall events, chemicals

can be transported by different pathways, either through sur-

face runoff or together with the baseflow. Low sample

frequency has a risk of missing major events and can lead

to systematic bias for AL estimation. There is a need to quan-

tify the effect of sampling frequencies on the uncertainties of

AL as well as the potential systematic biases of AL estimation

related to low sampling frequencies.

The objective of this study was to analyze and quantify

the effects of sampling frequencies on the uncertainties of

AL and the potential biases of AL estimation with low-fre-

quency sampling for SS and agricultural nutrients (NO3-N,

ortho-phosphorus (Ortho-P), K, Ca, and Mg) in streams.
METHODS AND MATERIALS

Study sites

Catchment size and land use have significant impacts on

nutrient and sediment transport, thus providing estimates

for AL are challenging (Malve et al. ). We used a rela-

tively large watershed in northwestern New Brunswick,

Canada, Little River Watershed (LRW) and one of its

sub-basins, Black Brook Watershed (BBW) as study sites

(Figure 1). The area of the LRW is approximately

389 km2 with approximately 16.2% agricultural land, 77%

forests, and 6.8% residential area (Xing et al. ).

Elevation in the LRW ranges from 122 to 477 m above



Figure 1 | Description of study sites: LRW and BBW.
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sea level (Chow et al. ). The area of the BBW is

14.5 km2 with approximately 65% agricultural land, 21%

forests, and the remainder residential areas (Chow et al.

). Elevation in the BBW ranges from 180 to 260 m

above sea level. The average annual precipitation (based

on 30 years data) in this area is 1,134 mm, and about

one-third of the precipitation is in the form of snow (Qi

et al. b). The maximum streamflow and groundwater

recharge occur during the snowmelt season from March

to May (Chow & Rees ). In 1989, the BBW was estab-

lished as an Agriculture and Agri-Food Canada (AAFC)

experimental watershed and used as a national benchmark

for monitoring agricultural effects on stream water quality

(Yang et al. ; Qi et al. a). The watershed was inten-

sively instrumented to study soil erosion in croplands,

primarily potato fields, and the impacts of beneficial man-

agement practices on water quality. The contrasting sizes

and land uses of these two watersheds and the existence
://iwa.silverchair.com/wqrj/article-pdf/55/3/261/730045/wqrjc0550261.pdf
of long-term historical water quality data make them the

ideal sites for addressing questions about the estimation

accuracy of ALs.

Raw data collection and sample analyses

High-frequency sampling data records from 2003 to 2008

were obtained from two long-term gauging stations at the out-

lets of LRW and BBW (Figure 2). At each station, the water

level stage was monitored in a stilling well connected to the

stream. Stage heights were converted to flow rates based on

locally calibrated rating curves (fitted polynomial functions,

Chow et al. ). In order to capture variation during

storm events, stage heights were recorded using a datalogger

at a fixed interval of 1 h without significant changes of the

water level (<2 cm); additional records were made if

the stage height changed more than 2 cm in 5 min. Thus,

the water level data can be considered 5-min interval



Figure 2 | Stream discharge, concentrations of SS, and NO3-N from the year 2003 to 2008 in BBW, NB, Canada.
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continuous data with a resolution of 2 cm. The sampling pro-

tocol was designed based on previous observations of the

dynamics of pollutant concentrations in the system (Chow

et al. ).Water samples were collected using an ISCO (Tel-

edyne ISCO, Lincoln, NB, USA) automatic sampler

controlled by the same datalogger (Chow et al. ).

Sampling frequency was set at one sample every 72 h when

there was no runoff event (water level changes <5 cm).

During runoff events, sampling frequency increased with

one sample for every 5 cm change in the water level. Water

samples were packed with ice, stored in a cooler, and trans-

ported to the Soil Hydrology Lab at the AAFC Fredericton

Research and Development Centre (FRDC). Before the

chemical analysis, water samples were filtered through a

0.45 μm semi-permeable membrane (Millipore Crop., Biller-

ica, MA, USA) to remove solid particles. The filtered water

samples were then stored in the refrigerator and used for

determining water quality parameters, including nitrate-
om http://iwa.silverchair.com/wqrj/article-pdf/55/3/261/730045/wqrjc0550261.pdf
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nitrogen (NO3-N), ortho-phosphorus (Ortho-P), K, Ca, and

Mg, aswell as pHand electrical conductivity (Chow et al. ).

Resampling method and sampling frequency

A 5-min interval dataset of discharge, SS, and nutrient

concentrations was generated by interpolating the raw

measurement data for each of the two watersheds from

2003 to 2008 using Model Maker (Cherwell Scientific

Ltd). This high-frequency dataset was then resampled to

create 17 sub-datasets of a series of sampling intervals: 5,

10, 15, 30, 60, and 120 min; 0.5, 1, 2, 3, 5, 7, and 14 days;

and 1, 3, 6, and 12 months. For sampling intervals

�120 min, resampling selection is limited and, therefore,

all possible resampling samples are used. For sampling inter-

vals �0.5 day, 50 random samples were generated using

randomly selected starting points determined using Monte

Carlo random seed generators.
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Annual loading calculation

Following Ferguson (), AL of a parameter was calcu-

lated by the following equation:

AL ¼
Xn
i¼1

Ci �Qi � ΔTi (1)

where AL is the annual loading (ton year�1 or kg year�1);

n is the total number of sampling points in a year; Ci is the

parameter concentration of the ith sampling point (ppm or

ppb); Qi is the flow rate at the time of the ith sampling

point (m3 s�1); ΔT is the time interval (s).

In the present study, concentrations of SS, NO3-N, Ca,

Mg, and K were in ppm, and that of Ortho-P was in ppb;

ALs of NO3-N, Ortho-P, Ca, Mg, and K were in kg year�1,

and that of SS was in ton year�1. The annual flow discharge

was in m3 year�1.

Accuracy assessment

Many statistical indicators can be used to measure AL esti-

mation errors or accuracy (Walther & Moore ). In this

study, we used three indicators to measure AL estimation

errors: coefficient of variation (CV), relative bias (RB), and

probability of potential errors (PPE). The CV reflects the

relative dispersion of samples at different sampling frequen-

cies (Rus et al. ), while RB measures systematic errors at

different sampling frequencies. The PPE measures the prob-

ability of errors to exceed selected thresholds (1%, 5%, and

10% in this study) for corresponding sampling frequencies.

Following Sokal & Rohlf () and Kozak et al. (),

the CV of AL (CV_AL) was calculated from the standard

deviation σ by the following equations:

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 (xi � μ)2

N

s
(2)

CV AL ¼ σ

μ
� 100 (3)

where N is the total number of samples for a given

sampling frequency; xi is the AL of the ith sample for a

given sampling frequency; μ is the average AL for the

given sampling frequency.

CV_AL was modelled as a function of the sampling

frequencies as shown in the following equation:

CV AL ¼ a � F�b (4)
://iwa.silverchair.com/wqrj/article-pdf/55/3/261/730045/wqrjc0550261.pdf
where F is the sampling frequency (# of samples year�1);

parameters a and b define the extent and shape of the

curve fitting CV_AL with sampling frequency F.

We hypothesized that the variations of different water

quality parameters should also be related to the variations

of stream discharge. Therefore, the CV_AL of water quality

parameters can be expressed as a function of the CV_AL of

discharge as shown in the following equation:

CV ALion ¼ k1 � CV ALk2
dis (5)

where CV_ALion is the CV_AL of the water quality par-

ameters; CV_ALdis is the CV_AL of stream discharge.

Parameters k1 and k2 define the shape of the curve for differ-

ent water quality parameters.

The RB of AL (RB_AL) represents systematic errors.

From the statistical point of view, the bias could cause

more concern to scientists. In this study, RB_AL was calcu-

lated by the following equation:

RB AL ¼
XN
k¼1

EAk � TA
TA

� 100% (6)

where TA is the AL for the baseline sampling frequency, in

this case, the highest sampling frequency; EAk is the AL for

the kth statistical sample for a given sampling frequency; N

is the total number of statistical samples for a given sampling

frequency.

The PPE of AL (PPE_AL) was defined as the occurring

frequency of the RB value greater than selected thresholds.

In this study, thresholds were set at ±1%, ±5%, and

±10%, and PPE_AL was calculated as follows:

PPE AL (1) ¼ n(RB � �1% or RB � þ1%)=N � 100% (7)

PPE AL (5) ¼ n(RB � �5% or RB � þ5%)=N � 100% (8)

PPE AL (10) ¼ n(RB � �10% or RB � þ10%)=N � 100%
(9)

where n is the number of statistical samples with RB greater

than the thresholds indicated in the brackets; N is the total

number of statistical samples for a given sampling
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frequency. The units of CV_AL, RB_AL, and PPE_AL were

converted to percentages.
RESULTS AND DISCUSSION

Coefficients of variation of AL

There was a consistent trend of decreasing CV_AL values

with increasing sampling frequency (Figure 3 and Table 1).

The highest CV_AL values typically occurred at the low

sampling frequencies (large sampling interval, such as sea-

sonally to yearly), whereas the lowest CV_AL values

typically occurred at the high sampling frequencies (small

sampling interval, such as hourly). Above certain sampling

frequencies, the decrease of CV_AL became less obvious.

This trend agrees with general expectations as with higher

sampling frequencies, there was less chance to miss signifi-

cant flow events.

There were substantial differences between the two

watersheds. The CV_AL values for the large watershed
Figure 3 | The coefficients of variations of AL (CV_AL) of Stream Discharge, SS, Ortho-P, K, NO3

with different sampling frequencies.
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(LRW) were consistently many times lower than that of

the smaller sub-watershed (BBW) for all parameters and

all sampling frequencies (Table 1 and Figure 3). For

example, with daily sampling, the CV_AL values for the

larger (LRW) were all less than 1% except SS (5.33%). In

contrast, the CV_AL values were greater than 4% in all

cases for the smaller sub-watershed (BBW, Table 1). In par-

ticular, the CV_AL for total stream discharge was 5.58% for

BBW, more than 10 times of the 0.55% for LRW. For SS, the

CV_AL was 22.21% for BBW, four times the 5.33% for

LRW. The CV_AL of Ca was 4.08% for BBW, about seven

times higher than the 0.52% for LRW. The lower mean

CV_AL values for the larger sized LRW than those for the

smaller sized BBW can be attributed to the lower buffering

capability of a small watershed to short-duration rainfall

events, resulting higher and more peaks in the hydrograph

for a smaller watershed, which caused significant variations

in loadings of SS and other water quality parameters.

Whereas for the larger watershed, the hydrograph was flat-

tened and flow events lasted longer, resulting in less

variation in loadings of SS and other water quality
-N, Mg, and Ca in BBW (upper panels) and LRW (lower panels) from the year 2003 to 2008



Table 1 | The mean of the CV_AL of stream discharge (Disch), SS, NO3-N, Ortho-P, K, Mg, and Ca with different sampling frequencies in BBW and in LRW from 2003 to 2008

Frequency

Disch (%) SS (%) NO3-N (%) Ortho-P (%) K (%) Mg (%) Ca (%)

BBW LRW BBW LRW BBW LRW BBW LRW BBW LRW BBW LRW BBW LRW

1 (Yearly) 61.64 24.7 249.68 155.68 63.73 61.53 98.44 99.47 127.96 63.98 44.64 49.21 47.88 34.64

2 59.16 35.49 185.73 152.55 59.03 52.21 71.14 72.62 92.97 53.74 57.82 37.14 54.47 29.33

4 (Seasonally) 68.43 34.28 184.36 93.2 63.51 35.9 80.64 57.17 92.86 45.08 60.55 31.25 63.17 29.27

12 (Monthly) 41.7 13.74 115.31 51.01 40.66 15.52 54.67 26.51 47.04 17.59 34.45 12.4 36.99 11.09

26 (Biweekly) 19.32 7.56 87.91 36.93 17.57 9.29 29.1 12.85 24.01 11.46 15.81 8.22 16.31 7.33

52 (Weekly) 13.76 4.27 57.42 16.26 13.68 4.95 14.66 9.89 15.03 6.57 12.13 4.15 12.05 4.03

73 10.59 3.63 40.68 18.49 10.88 3.63 13.31 7.06 12.34 4.98 9.2 3.59 9.38 3.36

122 8.49 1.27 28.69 12.48 8.47 1.38 9.96 3.96 9.91 2.24 6.8 1.44 7.31 1.23

183 6.74 1.17 19.7 12.06 5.96 1.35 9.2 1.86 7.96 1.56 4.91 1.35 5.51 1.02

365 (Daily) 5.58 0.55 22.21 5.33 4.42 0.61 6.85 1.29 6.53 0.82 3.82 0.77 4.08 0.52

730 2.08 0.26 6.83 2.42 1.69 0.33 2.35 0.81 2.48 0.38 1.49 0.33 1.58 0.25

4,380 0.48 0.11 2.58 1.15 0.49 0.17 0.62 0.29 0.69 0.19 0.42 0.11 0.43 0.11

8,760 (Hourly) 0.09 0.03 0.6 0.23 0.11 0.03 0.13 0.06 0.15 0.04 0.1 0.03 0.1 0.03

17,520 0.05 0.02 0.27 0.12 0.05 0.02 0.07 0.01 0.08 0.02 0.05 0.01 0.05 0.01

35,040 0.08 0.03 0.71 0.19 0.08 0.03 0.11 0.04 0.14 0.04 0.08 0.03 0.08 0.03

52,560 0 0 0.08 0.02 0 0 0.01 0 0.01 0.01 0 0 0 0
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parameters. These results are in agreement with previous

studies (Cassidy & Jordan ; Jones et al. ; Miller

et al. ).

The CV_AL values also varied with different water qual-

ity parameters. With only a few exceptions, the CV_AL

values followed a consistent order of SS>Ortho-P≈K>

NO3-N≈Discharge>Mg≈Ca for all frequencies in the

smaller sub-watershed. Although, at high frequencies (i.e.,

more than daily), the differences between different par-

ameters decrease, such order still maintained. This pattern

between different water quality parameters can be explained

as follows. SS is mainly generated by soil erosion, which

only occurs in intensive precipitation events. The durations

of such events are usually short so that the calculated AL

value was strongly affected by whether or not these intensive

events were captured in the sampling. When the random

time point selected for calculating the AL captured these

events, the AL value will be overestimated, whereas when

these events were missed, the AL will be underestimated.

In contrast, Mg and Ca are mainly associated with baseflow

and their concentration usually does not change signifi-

cantly during intensive flow events and, therefore, are
://iwa.silverchair.com/wqrj/article-pdf/55/3/261/730045/wqrjc0550261.pdf
more stable. As a result, AL values calculated from different

random selected time points did not markedly differ from

each other. Phosphorus is well known for transporting

with sediments. K is highly soluble but can also be absorbed

by sediments. Therefore, K and Ortho-P were similar to SS.

NO3-N is abundant in the surface flow but can also leach

into shallow subsurface flow and baseflow, so its trend was

in between the two extremes and similar to the overall

discharge.

For the larger watershed LRW, the CV_AL values fol-

lowed a consistent order of SS>Ortho-PþK≈NO3-N>

Discharge≈Mg≈Ca for all frequencies. Although similar

to that for BBW, there were some minor differences

observed, which could have been due to differences in

watershed size and land use. As watershed size increases,

the share of surface flow versus that of shallow subsurface

flow and baseflow decreases. Also, in BBW, agricultural

fields dominated the landscape and soil erosion rates were

much higher than that in LRW, where the forest was the pre-

dominant land use. A greater forested surface cover in LRW

enhanced infiltration, hence reducing the share of surface

flow relative to shallow subsurface flow and baseflow. As a
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result, discharge in LRW was more strongly affected by

subsurface flow and baseflow, thus similar to Mg and Ca.

The main source of soluble nutrients K and NO3-N was

the soil surface, so their transportation was determined

by the surface flow and less affected by sediments or base-

flow, and thus they were close to Ortho-P.
Coefficients of regression models of CV_AL with

sampling frequency

The CV_AL values were significantly correlated with

sampling frequency with R2> 0.85, and all the regression

coefficients of b are close to 1 (Table 2). This implies that

CV_AL values linearly increase with increasing sampling

intervals (decreasing sampling frequencies).

It is also noted that the coefficient a for SS, Ortho-P, K,

NO3-N, Ca, and Mg in BBW were 9.73, 4.21, 4.74, 3.19,

2.90, 2.96, and 3.31, respectively, which were 1.64–3.26

times higher than the values for LRW (4.29, 2.56, 1.67,

1.56, 0.89, 1.09, and 0.91, respectively), indicating that the

smaller watershed BBW had 1.64–3.26 times larger esti-

mation errors in AL compared with that of the larger

watershed LRW (Table 2). This is consistent with the con-

clusion drawn in the previous section based on the raw

CV_AL data. The values of coefficient a for different par-

ameters also follow the same orders of CV_AL values as
Table 2 | The mean of scaling factor (a) of Equation (8) and the ratio of scaling factor (a) of SS

#samples per year)

Equation a for SS Ortho-P K

CV_AL¼ aF�b BBW 9.73 4.21 4.74

F¼ Frequency LRW 4.29 2.56 1.67

Ratio of a BBW/LRW 2.27 1.64 2.84

Table 3 | The relationship between CV_AL of SS, NO3-N, Ortho-P, K, Mg, and Ca with CV_AL

frequencies

Equation k1 for SS Ortho-P

CV_ALion¼ k1X
k2 BBW 3.07 1.23

X¼CV_AL(dis) LRW 4.01 2.34

Ratio of k1 BBW/LRW 0.77 0.53
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summarized in the previous section. Overall, the regression

analysis suggested that increasing sampling frequency could

be more efficient in reducing uncertainties of AL estimation

under the following conditions: (1) in a smaller watershed

than in a large watershed and (2) for a sediment or surface

flow-dominated water quality parameters than for a base-

flow-dominated parameter.
Relationship between CV_AL of water quality

parameters with the CV_AL of discharge

The CV_AL values of water quality parameters were signifi-

cantly correlated with the CV_AL of discharge (Table 3)

with R2> 0.91 and the regression coefficient k2 close to

1. The regression coefficient k1 for SS, Ortho-P, K, NO3-N,

Ca, and Mg in the BBW were consistently but only slightly

lower than the values for LRW. This result indicated that

the differences in CV_AL for the two watersheds were

mainly related to variation in stream discharge. Lower k1
values in the large watershed under the same sampling fre-

quency versus with the small watershed can be attributed

to less variation in stream discharge in the large watershed

as well as the stronger impact of baseflow on water quality

parameters in the large watershed. Among the water quality

parameters, the accuracy of estimated CV_AL for SS and

Ortho-P was more sensitive to the accuracy of stream
, NO3-N, Ortho-P, K, Mg, and Ca with parameter (a) of discharge (F¼ sampling frequency

NO3-N Ca Mg Discharge b R2

3.19 2.9 2.96 3.31 ≈1 >0.85

1.56 0.89 1.09 0.91 ≈1 >0.89

2.04 3.26 2.72 3.64

of discharge in the BBW and LRW from the year 2003 to 2008 with different sampling

K NO3-N Ca Mg k2 R2

1.37 0.94 0.87 0.87 ≈1 >0.93

1.67 1.55 0.89 1.08 ≈1 >0.91

0.82 0.61 0.98 0.81
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discharge compared to the other water quality parameters

(i.e., K, NO3-N, Ca, and Mg) as indicated by much greater

k1 values for SS and Ortho-P.

Relative bias of annual loading

As expected, RB_AL values were higher at low sampling fre-

quency (seasonally to yearly) and decreased with increasing

sampling frequency in both watersheds (Figure 4 and

Table 4). When the sampling interval was shorter than

hourly, the RB ranged from �0.04% to þ0.04%. At this

high sampling frequency, the magnitude of bias was very

low, and the differences between watersheds as well as

between water quality parameters were negligible. With

daily sampling, the magnitude of RB_AL was less than 1%

for all water quality parameters except for SS which had

the RB_AL of 7.69% in BBW and 1.14% in the LRW.

These results suggest that the systematic biases for AL calcu-

lation were marginally lower once the sampling interval was

shorter than 1 day (i.e., daily sampling). This could explain
Figure 4 | RBs of estimated AL (RB_AL) for Discharge, Mg, Ca, SS, K, NO3-N and Ortho-P from

LRW (right panel).

://iwa.silverchair.com/wqrj/article-pdf/55/3/261/730045/wqrjc0550261.pdf
why the RB of AL estimate received less attention in pre-

vious studies. However, the results also suggest that even

with daily sampling, there could be substantial biases in

the estimation of ALs for SS, especially for small watersheds

such as BBW. When the sampling interval was longer than a

week, RBs for the AL estimate could be substantial. For

example, the RB_AL for SS was �11.68% and �9.87% in

BBW and LRW, respectively. The RB_AL for NO3-N,

Ortho-P, K, Mg, and Ca in BBW was 1.62%, 4.47%,

�3.88%, 3.05%, and 3.81%, respectively, and much higher

than the corresponding values in LRW (0.17%, �0.99%,

�2.7%, 0.91%, and 1.83%).

In addition, low sampling frequency (i.e., seasonally and

yearly) tended to underestimate ALs for SS and water qual-

ity parameters associated with the surface flow (e.g., K and

SS), and overestimate those associated with baseflow (e.g.,

Mg and Ca). To further examine this trend, RB_AL versus

sampling frequency for SS (a typical surface runoff-related

pollutant) and Ca (a typical baseflow-related pollutant) for

both LRW and BBW are plotted in Figure 5(a). As shown,
years 2003 to 2008 with different sampling frequencies in the BBW (left panel) and



Table 4 | The RB_AL of stream discharge (Disch), SS, NO3-N, Ortho-P, K, Mg, and Ca under different sampling frequencies in BBW and in LRW from the year 2003 to 2008

Frequency

Disch (%) SS (%) NO3-N (%) Ortho-P (%) K (%) Mg (%) Ca (%)

BBW LRW BBW LRW BBW LRW BBW LRW BBW LRW BBW LRW BBW LRW

1 (Yearly) 8.86 15.56 �44.4 �7.21 7.86 12.18 9.73 20.54 21.9 12.26 22.38 20.68 19 23.2

2 �3.94 9.3 �47.26 �17.06 �8.87 1.69 �10.06 12.54 �15.31 0.31 11.62 0.91 9.77 17.49

4 (Seasonally) �4.06 0.92 �38 �18.78 �8.91 �4.31 �0.62 2.96 �8.6 �0.52 5.59 �1.43 5.7 5.64

12 (Monthly) 3.04 0.04 �24.07 �13.84 1.13 �2.1 3.85 �3.22 �8.15 �4.59 9.34 1.07 10.52 3.73

26 (Biweekly) �1.45 0.91 �17.76 �6.45 �2.15 �0.35 3.05 �0.62 �8.25 �2.78 2.37 2.32 3.39 3.73

52 (Weekly) 0.91 0.12 �11.68 �9.87 1.62 0.17 4.47 �0.99 �3.88 �2.7 3.05 0.91 3.81 1.83

73 0.38 0.49 �10.65 �5.77 0.88 0.36 2.07 �1.18 �3.09 �1.77 2.1 0.6 2.5 1.48

122 �0.15 0.09 �13.19 �4.21 0.19 �0.35 �0.35 �2.33 �2.5 �1.5 0.83 �0.06 1.06 0.37

183 0.33 0.04 �5.49 0.69 �0.04 �0.4 0.43 �1.6 �0.77 �1.14 0.46 �0.22 0.7 �0.06

365 (Daily) 0.75 �0.13 7.69 1.14 �0.55 �0.32 0.84 �0.75 0.55 �0.32 �0.32 �0.49 �0.19 �0.36

730 �0.12 �0.03 �0.44 0.68 �0.63 �0.14 �0.48 �0.23 �0.13 �0.14 �0.47 �0.24 �0.44 �0.2

4,380 0.01 0 �0.56 0.25 �0.23 �0.06 �0.21 �0.05 �0.06 �0.03 �0.2 �0.11 �0.17 �0.1

8,760 (Hourly) 0 0 0.03 0.08 �0.09 �0.01 �0.08 0 �0.02 0 �0.08 �0.04 �0.07 �0.03

17,520 0 0 �0.01 0.04 �0.04 0 �0.03 0 0 0 �0.04 �0.02 �0.04 �0.01

35,040 0 0 0 0.02 �0.02 0 �0.02 0 0 0 �0.02 �0.01 �0.02 �0.01

52,560 0 0 0.02 0.01 �0.01 0 �0.01 0 0 0 �0.01 0 �0.01 0

1 (Yearly) 0 0 �0.02 0 0 0 0 0 0 0 0 0 0 0

270
L.

G
ao

et
al. |

Sam
pling

frequency
affects

w
ater

quality
estim

ation
W
ater

Q
uality

R
esearch

Journ
al |

55.3
|
2020

Downloaded from http://iwa.silverchair.com/wqrj/article-pdf/55/3/261/730045/wqrjc0550261.pdf
by guest
on 20 April 2024



271 L. Gao et al. | Sampling frequency affects water quality estimation Water Quality Research Journal | 55.3 | 2020

Downloaded from http
by guest
on 20 April 2024
RB_AL of SS for both watersheds was negative when

sampling frequency was low (<52 or weekly), and RB_AL

for Ca was all positive at the corresponding sampling fre-

quencies (Figure 5(a)). We also plotted the RB_AL of Ca

and SS with the RB_AL of stream discharge for both water-

sheds in Figure 5(b). The biases of SS and Ca had no

systematic relation with the bias of stream discharge,

which were different from those of CV_AL. RB_AL of Ca

showed a similar trend as Mg, and K showed a similar

trend as SS, while NO3-N and Ortho-P did not demonstrate

a clear directional bias pattern (Table 4).

Based on our observation, the high concentration of SS

only occurs in a very short time during major storm events

in small watersheds. As such, there is a great chance to

miss the periods of high SS concentrations when the
Figure 5 | RBs of estimated AL (RB_AL) for Ca, SS with different sampling frequencies (a) and

://iwa.silverchair.com/wqrj/article-pdf/55/3/261/730045/wqrjc0550261.pdf
sampling frequency is low. This could explain the observed

underestimation of AL for SS. Due to the easy adsorption

of K to soil particles (Chapman ), the underestimation

of SS could have led to the underestimation of K at lower

sampling frequency as well. In contrast, Mg and Ca are

more closely associated with baseflow and tend to have rela-

tively lower concentrations when there are high flows

(diluted with higher discharge). Under-sampling during a

higher flow period with lower Mg and Ca concentrations

and higher discharge rates could cause overestimation of

the concentrations of these ions (Lehmann & Schroth

). NO3-N and Othro-P did not show clear patterns,

which could be attributed to the interactions between

sampling frequency and the timing of fertilizer applications

in the watershed, particularly for the BBW.
RB_AL of stream discharge (b) in both BBW and LRW.
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Probability of potential error in annual loading

The PPE_AL decreased with increasing sampling frequency

following a reversed S curve: decreasing slowly when

sampling frequency was less than 12 samples per year

(monthly), decreasing rapidly until sampling frequency was

higher than 1,000–8,000 samples per year (hourly) and

then stabilized afterwards (Figure 6; Tables 5 and 6).

For different threshold values, the corresponding curves

systematically shifted downward to the left from Cr¼ 1% to

Cr¼ 10% (Figure 6). These values can be used to assess the

estimation accuracy ofAL. For example, formonthly sampling

of SS, the PPE_AL for BBWwas 99.3% for Cr¼ 1% and 94%

for Cr¼ 10% and for LRWwas 98.3% for Cr¼ 1% and 84.7%

for Cr¼ 10% (Table 6). This implies that with monthly

sampling, there will be a 99.3% and 94% chance for the esti-

mation error of annual SS loading to be greater than 1% and

10%, respectively, for BBW. For LRW, there will be a 98.3%

and 84.7% chance for annual SS loading estimation errors

to be greater than 1% and 10%, respectively. Even with daily

sampling, the probability of relative errors greater than 10%
Figure 6 | The PPE of estimated AL (PPE_AL) of Stream Discharge (panels B1& L1), SS (panels B

LRW (panels L1–L4) from the year 2003 to 2008 with different sampling frequencies

om http://iwa.silverchair.com/wqrj/article-pdf/55/3/261/730045/wqrjc0550261.pdf
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in the estimation of AL of SS was still as high as 13.3% for

LRW (Table 6) and 57.3% for BBW (Table 5).

These results clearly indicate that to achieve the same esti-

mation accuracy, smaller watersheds would require more

frequent sampling than larger watersheds and that the required

sampling frequencies are different for different water quality

parameters. For example, to achieve less than 10% error

(PPE_AL with Cr¼ 10%) for all assessed water quality par-

ameters except for SS, 730 samples per year would be

required for the BBW (Table 5) and 184 samples per year for

the LRW (Table 6). These sampling frequencies are equivalent

to a sampling interval of 12 and 48 h for BBW and LRW,

respectively. Similarly, to achieve less than 1% error

(PPE_AL with Cr¼ 1%) for all water quality parameters

except for SS, sampling frequencies requirement would be

1,460 and 4,380 samples per year for BBW and LRW, respect-

ively. With the same sampling frequencies, the SS could only

achieve less than 5% errors. In other words, for the estimation

of AL for SS in BBW, sampling frequency needs to be higher

than 4,380 samples per year (one sample every 2 h) in order

to achieve a relative error less than 5%. Following the same
2 & L2), NO3-N (panels B3 & L3) and Ortho-P (panels B4 & L4) in BBW (panels B1–B4) and in

.



Table 5 | The PPE_AL of stream discharge, SS, NO3-N, Ortho-P, K, and Ca for the BBW from the year 2003 to 2008 with different sampling frequencies (# of samples per year)

Frequency

PPE_AL of discharge (%) SS (%) NO3-N (%) Ortho-P (%) K (%) Mg (%) Ca (%)

Cr¼ 1% 5% 10% 1% 5% 10% 1% 5% 10% 1% 5% 10% 1% 5% 10% 1% 5% 10% 1% 5% 10%

1 (Yearly) 85.7 63 47 100 100 99 98.7 87.7 77.3 99.3 96.7 92.7 100 97 91.7 96.7 83 70 96.7 87 79

2 97.7 87.3 78.3 100 98.7 97 98 89.7 80 99 96.3 87.7 97.7 93.3 87.3 99 94 83 98.3 93.3 85.7

4 (Seasonally) 99 95.3 92.3 100 100 98.3 99 92.7 87.3 99.7 95 90 99 96.3 91.3 99.7 92.3 87 99 92.3 87.7

12 (Monthly) 97.7 91.3 78 99.3 98.7 94 98.3 84.3 75 98.3 91.3 82 99 93 86 95 83 68.3 98 86 68.7

26 (Biweekly) 96 79.3 53 99 96.7 89.7 96.3 80.3 58.3 97.3 87 73.3 96.3 85.3 73 92.7 70 45 93.7 68.3 42

52 (Weekly) 94.3 71 45.7 99.7 96.7 92.3 97 71.3 38.3 96 75.7 48.3 97.3 83.3 58.7 94.3 68.3 35.7 93 65 34.3

73 95 66 32.7 97 90 83 91.7 64.3 36.3 94 70.3 44 96 75.3 45 91.7 52.7 27 93.7 57.7 28

122 89 57.3 23 99.3 92.3 82 94.3 53 20.7 91.7 60.3 26 93.3 66.7 36.3 88.3 45.3 16 87.3 51 18

183 91.7 55.3 13.3 96.3 84 64 89.3 47.7 9 90 59.3 28.7 89.7 55 29.3 89 37.7 5.3 91.3 38 7.7

365 (Daily) 85.3 43 9 95 79.3 57.3 85.3 35.7 1.7 85.3 50.7 18.3 87.3 49.3 19.3 83 25 1 84.3 29.7 2.7

730 68 2 0 87.7 58.3 30 75.7 0 0 69.3 3.3 0 79.7 3.3 0.3 58.7 1.3 0 57.7 1.3 0

1,460 8 0 0 77.3 25 0 13 0 0 22.7 0 0 16.7 0 0 8 0 0 11.7 0 0

4,380 0 0 0 39.6 0 0 0 0 0 0 0 0 1.4 0 0 0 0 0 0 0 0

8,760 (Hourly) 0 0 0 11.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

17,520 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

35,040 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

52,560 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 6 | The PPE_AL of stream discharge, SS, NO3-N, Ortho-P, K, and Ca for the LRW from the year 2003 to 2008 with different sampling frequencies (# of samples per year)

Frequency

PPE_AL of discharge (%) SS (%) NO3-N (%) Ortho-P (%) K (%) Mg (%) Ca (%)

Cr¼ 1% 5% 10% 1% 5% 10% 1% 5% 10% 1% 5% 10% 1% 5% 10% 1% 5% 10% 1% 5% 10%

1 (Yearly) 86.3 71.7 48.3 100 98 97.7 97.7 91.7 83.3 99.3 95.3 89.7 98.3 92.3 87 98 82.3 70 96.7 90.3 78

2 97 86.3 72.7 99.3 97.3 94 98.3 90 79 97.7 94 90.7 97.7 95.7 85.3 97.7 90.7 81 98.7 91.7 77.7

4 (Seasonally) 96.7 85.7 78 99 94 90.7 96 85.7 74.3 98.7 93.7 85.7 99 93.7 84.7 96.7 85.3 70.7 96.3 80 62.7

12 (Monthly) 93.3 70 43.7 98.3 91.3 84.7 94.7 72.7 52.3 96.7 87.3 75.3 98.3 87.3 58 94.7 71 42.3 89.7 65 34

26 (Biweekly) 84.3 40 9.3 97.7 87.3 74.3 84.3 51 23.7 91.3 63.7 38 94.7 71 34.7 87.7 48 14.3 84.7 37 14

52 (Weekly) 73.3 19 6 95.7 75.7 54.3 88.3 26.7 26.7 92 59.7 31.7 92.3 50.3 15.7 75.7 18 5.3 73 18.3 5.7

73 69.7 13 6.7 95.3 72.7 51 71 17.3 6 86.7 45.3 18.3 82 30.7 11 72.7 20.7 4.3 69.3 18.3 4.3

122 30.7 4 0 91 62.7 31.3 44.7 0.7 0 75 33.7 9 77.3 12.7 0.3 51 0.3 0 48.3 0.3 0

183 27 1 0 88 46.3 25.7 53.3 0.3 0 73.3 8.3 0.7 67 5.3 0 45.3 0 0 30.7 1 0

365 (Daily) 9.7 0 0 68.7 23.7 13.3 23.7 0 0 55.7 0.3 0 32 0 0 37.3 0 0 23.7 0 0

730 1.3 0 0 52 11.7 4.7 5 0 0 30.7 0 0 4.7 0 0 7.3 0 0 7.7 0 0

1,460 0 0 0 23.3 2.7 0 0 0 0 5 0 0 2.3 0 0 0 0 0 0 0 0

4,380 0 0 0 4.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

8,760 (Hourly) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

17,520 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

35,040 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

52,560 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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numerical methodology, sub-hourly samples would be needed

in order to achieve a relative error of less than 1% for the esti-

mation of AL for SS in BBW. For the estimation of AL of SS in

the larger watershed LRW, sub-daily samples are required to

achieve relative error less than 5%, and hourly samples

would be required to achieve a relative error of less than 1%.
CONCLUSION

In this study, we evaluated relationships between sampling fre-

quency and estimation errors of AL for water quality

parameters (SS, NO3-N, Ortho-P, K, Ca, andMg) in two water-

sheds in Northern New Brunswick, Canada, a large forest

dominated watershed and one of its sub-watersheds, a small

agricultural field dominated watershed. Estimation errors of

AL were measured by three statistical indicators: coefficient

of variance (CV_AL), RB (RB_AL), and PPE (PPE_AL).

Based on the results, we have drawn the following conclusions:

1. The magnitudes of the two measures for AL estimation

errors, CV_AL and RB_AL, decreased with sampling fre-

quency for both watersheds, LRW and BBW. At the same

sampling frequency, estimation errors were higher for

water quality parameters associated with surface runoff

(i.e., SS, K, NO3-N, and Ortho-P), compared with those

associated with baseflow (i.e., Mg and Ca).

2. At the same sampling frequency, the smaller watershed

(BBW) had estimation errors in AL several times larger

than the larger watershed LRW, suggesting that relatively

smaller watersheds are more strongly affected by the

event-based flow, leading to higher AL estimation errors

compared to larger watersheds.

3. Increasing sampling frequency in smaller watersheds is

more effective in reducing AL variations than in large

watersheds. The differences in CV_AL between the two

watersheds were mainly related to the variation of

stream discharge, as the larger watershed had a lower

CV_AL under the same sampling frequency because it

had lower variation in stream discharge.

4. Low sampling frequency tended to systematically under-

estimate the AL of water quality parameters that are

associated with the surface flow (e.g., SS and K) and over-

estimate those associated with baseflow (e.g., Mg and
://iwa.silverchair.com/wqrj/article-pdf/55/3/261/730045/wqrjc0550261.pdf
Ca). These systematic biases were not related to the esti-

mation error of stream discharge.

5. The PPE_AL is useful in determining the sampling fre-

quency requirements for given water quality parameters

and could potentially be used as a tool to determine the

trade-off between achieving expected accuracy and efforts

needed for sampling. We found that SS required higher

sampling frequency comparedwith other water quality par-

ameters to meet the same accuracy standards for both large

and small watersheds. For water quality parameters other

than SS, sub-hour sampling intervals would be required

in order to achieve a RB of less than 1%, and sub-daily

samples would be required to achieve a RB less than 5%.
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