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Abstract

It has been well-known that the Nonpoint Source (NPS) pollutions are the primary contributors to water
quality degradation in the receiving water bodies as well as the Point Source (PS) pollutions. To develop
an effective management practice for water quality improvement, pollutant loads must be first estimated.
In many studies, the Numeric Integration (NI) method has been used because of its ease of application,
irrespective of the total number of samples collected for each storm event. Thus, there have been needs for
more accurate pollutant load estimation with a limited number of water quality samples. [n this study, NI
method and regression method using the USGS ESTIMATOR model were comparatively used to calculate
the pollutant loads for the Wolgokri watershed, Gangwon Province. The NOs-N, T-N, and T-P loads using
NI method and ESTIMATOR model were 13.85 kg/ha, 45.92 kg/ha, and 1.887 kg/ha, and 11.93 kg/ha, 43.20
kg/ha, and 1.650 kg/ha, respectively. The estimated loads using ESTIMATOR model were lower than those
using NI method by 86%, 94%, and 87%. These discrepancies in the estimated loads using a different load
estimation method could be explained in that the total number of samples were not sufficient enough for
NI method. Thus, ESTIMATOR model is recommended for the frequently stream discharge and less
frequently measured water quality data.
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I. Introduction quality degradation in the receiving water bodies.
The upstream areas of the Han River watershed
Various pollutants generated from the indu— play an important role in supplying the drinking
strialization process have been causing water water resources to the Seoul metropolitan area.
However, the water quality of the main river and
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the Point Source (PS) and the NonPoint Source
(NPS) pollution discharges into the stream (Choi
et al., 1999; Choi, 2003). To improve the water
quality of the river, many efforts have been made
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by the government to reduce pollutant loads from
the PS pollution because it is relatively easy to
be controled compared with the spatially diffused
NPS pollution. As a result, the water quality in
the Han River was improved to some degree,
which was due to the fact that the contribution
of the NPS pollution in water quality degradation
was not negligible. Thus, the water quality of the
Han River could not be improved by controlling
only the PS pollution. The NPS pollution is a
spatially and temporarily diffused and runoff—
driven pollution (Choi, 1997, Magette et al.,
1989). Therefore, the management technique for
controlling the NPS pollution has been needed to
improve the water quality of the stream (Choi,
1997). To develop efficient management tech—
niques, it is imperative to estimate the time,
place, and amount of pollutant loads are gene—
rated, which can be done by multiplying the
representative  pollutant  concentration by
discharge measured at a higher frequency. Flow
can be measured at a much higher frequency
because it is relatively easy and cheap compared
with the water quality samplings and their
analysis. Thus, a practical method is needed to
estimate pollutant loads with frequently dis—
charge and less frequently measured water
quality data. The "Numeric Integration" (NI)
method has been widely used for pollutant load
estimation in many studies because of its ease
of application (Cohn et al., 1989, 1992), NI
method is efficient in evaluating pollutant loads,
if the frequency of a water sampling is high
enough and water quality samples are properly
collected during the rainfall events (Haggard, et
al., 2003). Roman—Mas et al. (1994) suggested
that a sampling frequency sufficient to obtain 20

samples during one single storm period is
necessary to obtain load estimates using NI
method with an error less than a 5% of diffe—
rence. Yaksich and Verhoff (1983) suggested 12
samples over the hydrograph. However, it was
nearly impossible to collect 12~20 water
samples for each rainfall event because of the
cost for water sampling and analysis. Therefore,
a better method than NI method for pollutant load
estimation is needed. A regression analysis
method such as the USGS regression model can
be suggested for pollutant load calculation to
estimate the "missing" concentration of the
corresponding discharge observed at times when
no water quality samples were taken (Haggard
et al., 2003). Although the regression analysis
method has advantages over NI method, very
little efforts were made using the regression
method for more accurate pollutant load esti—
mation in Korea.

The objectives of this study are to: (1) analyze
pollutant characteristics of the stream and (2)
evaluate applicability of the USGS seven para—
meter regression model called ESTIMATOR for
more accurate pollutant load estimation.

II. Methodology

1. Study Watershed

In this study, the Wolgokri watershed located
in the upstream areas of the Han River, Chun—
cheon, Gangwon Province, was selected with
3.41 km® in size and 12.56 km in length for the
entire reach segments. The population density of
the area was only 50 people/km” with 65 house—
hold, a nursery, and a jade mine, and no big
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Fig. 1 Location of the Wolgokri watershed

pollutant - discharging industry facilities were
established (Fig. 1).

2. Analysis of Precipitation

Precipitation information from April 2004 to
March 2005 for the Wolgokri watershed was
obtained from the Korea Meteorological Admi—
nistration to analyze the relationship between
precipitation and amounts of stream discharge
and to evaluate watershed hydrologic responses
to the precipitation.

3. Stream Discharge Measurement and
Water Quality Analysis

The flow measurement equipment, Orphimedes,
was installed to measure the height of water table
for discharge estimation at the outlet of the
Wolgokri watershed (S in Fig. 1) from April 2004
to March 2005. The water table were measured
for every 5 minutes during the rainfall events and
every 30 minutes during the dry days.

A total of 8 water quality samples were
collected at the same point where the water table
were measured during the same period. 3~4
water samples for each rainfall event and one

sample at least every two weeks during the dry
days were collected, and were analyzed for
NOs—N, T-N, and T-P based on the method
specified in the "Standard Method for Water
Quality Analysis" by the Ministry of Environment.
The Flow Weighted Mean Concentrations (FWMC)
were calculated to analyze the pollutant charac—
teristics in the stream.

4. Pollutant Load Estimation

1) NI Method

NI method is only satisfactory if the sampling
frequency is relatively high as the order of 100
samples or more per year, and sufficiently fre—
quent that all major runoff events are well—
sampled (Haggard, et al, 2003). NI method
estimates the pollutant load by dividing the entire
period by the number of samples and multiplying
the discharge by representative water quality
sample concentration for each flow section. Eq.
1 shows NI method for load estimation.

Load = Zlclﬂiti ....................................... (1)

Where C; is the concentration in the ith sample,
q; Is the corresponding discharge, and t; is the
time interval represented by the ith sample given
by 1/2 (tisi—ti-1).

Fig. 2 shows the discharge in time steps and
characteristics of the concentrations for the
Wolgokri watershed in June 2004. The con—
centration of NO3—N, T-N, and T-P is repre—
sentative value for each time interval, specified
as I, 11, and 111, and the loads were estimated as
the sum of discharge for each interval which was
multiplied by representative concentration. But if
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Fig. 2 Stream flow and representative water quality
data for June 2004

water samples were not taken sufficiently, the
pollutant loads could be differently estimated
from the true value, because the true concen~
tration collected before and after precipitation
occurrence would differ from the representative
concentrations in the intervals collected in the
rainy event (Shin et al., 2005). However, the
pollutant loads by NI method were simply esti—
mated using the measured concentrations and
daily flow because it could not infer the "missing"
daily concentrations in Fig. 2.

Thus, the pollutant loads using NI method could
be either overestimated or underestimated com—
pared with the true values. If the water quality
samples were not taken frequently enough, a
better method is needed for more accurate load
estimation rather than using NI method with less
frequently measured. water quality data.

2) The USGS Seven Parameter Model, ESTIMATOR

Because of the defects in NI method in many
cases, Cohn et al. (1992) has developed a
regression based model called ESTIMATOR to
evaluate the pollutant loads using the relationship
between discharge and measured water samples.
Concentration in the stream has temporal inertia,
which, at a given spot.in the day is related to the
concentration of the day before in the same place,

more weakly related to the concentration two
days ago, and more strongly related to the flux
of an hour before (Cohn et al., 1992). ESTIMATOR
model also called USGS Seven Parameter Model
infers the missing daily concentrations. Eq 2
shows ESTIMATOR model.

m[C] =8, + Blm(%) + len(%)z

+ Asn[T— T1+ B,In[T— T]?

+ B5sin[27TT + Bgcos[22T] + €

Where In[ ] means the natural logarithm of the
parameter, C is pollutant concentration, @ is
discharge, and T is time measured in years. The
errors denoted by € are assumed to be inde—
pendent and normally distributed with a mean
value of 0 and variance o?. fp through fs are the

seven parameters which must be estimated by
regression, and @and T are "centering variables",
which simplify the mathematics, but have no
effect on the load estimate. ESTIMATOR model
analyzes the relationship among In(C], In[Q],
In[Q7, time, time® and the seasonal effect to
make the regression equation and total loads at
daily time steps with discharge and less
frequently sampled water quality data, as an input
to the model. It calculates the model seven
parameter coefficients, daily and monthly pollu—
tant loads using the input data. ESTIMATOR
model has advantages over NI method in that it
infers the "missing" daily concentrations from the
relationship between measured daily flow and
measured water quality data.
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3) Poliutant Load Estimation using NI Method
and ESTIMATOR
As described above, ESTIMATOR model has
advantages over NI method in estimating the
pollutant loads. Both NI method and ESTIMATOR
model were utilized in this study to evaluate load
estimation. The pollutant loads using ESTIMATOR
model were compared with those calculated
using NI method, applicability was then evaluated.

Il. Result and Discussion

1. Stream Flow Characteristics of the Wolgo-
kri Watershed

From April 2004 to March 2005, a precipitation
of 1,365.9 mm occurred, which was higher than
the average precipitation in Korea. The yearly
stream discharge for the Wolgokri watershed is
3,322,192 ms, and the stream discharge from
June 2004 to September 2004 was 2,500,000 m’,
which was 75% of the total stream discharge of
the year. The stream discharge ratio obtained by
dividing the total stream discharge by the mon—
thly stream discharge for July was approximately
44.4%. This was because of the torrential rainfall
event of 532.3 mm. Table 1 shows the monthly
rainfall, stream flow, and stream flow ratio for the
watershed under investigation, representing the
hydrologic characteristics of the Wolgokri
watershed is primarily affected by the dry days.

2. Pollutant Characteristics of the Wolgo-
kri Watershed

The maximum, minimum, and FWMC values for
NOs=N, T—N, and T-P for the Wolgokri water—

Tahle 1 Monthly rainfall, stream flow, and stream
flow ratio of the Wolgokri watershed

Month Preézrirrl)i;a)tion d?gffgge dissg}?:ge
{m”) ratio (%)

Apr, 2004 59.7 45,639 14
May 2004 135.0 73,044 22
June 2004 1057 267,663 8.2
July 2004 532.3 1,457272 444
Aug. 2004 215.6 503,953 154
Sep. 2004 1936 326,817 100
Oct. 2004 18 307,170 94
Nov. 2004 430 66,342 20
Dec. 2004 272 58.983 18
Jan. 2005 37 45,533 14
Feb. 2005 308 65,318 18
Mar. 2005 175 104,458 2.0
Total 1,365.9 3.322,192 100

Table 2 Selected statistics of NO3-N, T-N, and T-P
concentrations in the Wolgokri watershed
(unit: mg/L)

Pollutants R _ .
Statistics NOsN | TN TP

Maximum concentration 497 1656 { 1.280
Minimum concentration 0.15 135 | 0.002
FWMC 141 470 | 0187

shed were calculated and shown in Table 2. As
the nature of the NPS pollution is runoff—driven,
the FWMC values for NO3—N, T-N, and T-P
were highly affected by the rainfall intensity
rather than the total amount of rainfall occurred
in a day. The maximum daily precipitation of
142.5 mm occurred on July 12, 2004, However,
the maximum values for NO3—N and T—-N were
contributed by a rainfall event of 60.5 mm
occurred on August 17, 2004. This was because
of a much higher rainfall of 41.5 mm/h on August
17, 2004. The maximum concentration value for
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T=P occurred on July 12, 2004. Fig. 3 shows
characteristics of NO3—N, T—N and T-P con—
centration values with respect to precipitation
and time.

The FWMC for NO3—N, T-N, and T-P were
1.41 mg/L, 470 mg/L, and 0.187 mg/L,
respectively, where the FWMC for T-N was
more than three times greater than that for
NO3;—N, indicating that the organic N content of
T-N was very high. This was because the
organic matters from the paddy and farm fields
were washed into the stream with direct runoff
during the rainy days. Another possibility for a
greater amount of the organic N content in the
stream during the dry season is a direct incharge
of algae inhabiting in the stream bed.

3. Pollutant Load Estimation using NI Me-
thod and ESTIMATOR

The annual pollutant loads of NOs—N, T—N, and
T—-P estimated using NI method for the Wolgokri
watershed were 13.85 kg/ha, 45.92 kg/ha, and
1.887 kg/ha, respectively. NO3=N, T-N, and
T—P loads contributed by the rainfall occurred
from May to September were 84%, 82%, and
86% of total loads. This indicates that the
pollutant load characteristics for the Wolgokri
watershed were largely affected by the torrential
rainfall.

ESTIMATOR model was used to estimate the
pollutant loads for the Wolgokri watershed, and
to determine the relationship between concen—
tration and daily flow based on the days when
the samples were taken and analyzed. The seven
parameter coefficients (fy~fs centering varia—
bles), @, and 7 in Eq. 2 for log—transformed
NOs=N, T-N, and T-P were estimated in Table 3.

The estimated log—transformed concentra—
tions of the pollutants had to be accordingly
back—transformed, then multiplied by the mean
discharge (Cohn et al., 1992). However, when
these back—transformed values were used to
calculate the average daily loads or the total
annual loads, the results were biased to be low
(Ferguson, 1986; Koch and Smillie, 1986; Cohn
et al., 1989, 1992). In order to avoid such a bias,

Table 3 Coefficients of ESTIMATOR Model

B B B B B Bs B Q T
IniNOs-NI -0.2764 -0.0411 0.0359 -0.0190 -0.0060 0.6719 -0.0975 2315 0.889
IniT-NI 1.2216 -0.0114 0.020 -0.0152 -0.0161 0.0760 0.0579 2315 0.889
InfT-Pi -2.6510 -0.0346 -0.0318 0.0184 -0.0007 1.0025 0.1125 2315 0.889
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a value needed to be added to each estimated
log—concentration before it was back—trans—
formed, and ESTIMATOR model revised the bias
with a minimum variance unbiased estimator
(MVUE) proposed by Cohn et al. (1989).

Fig. 4 illustrates the values of the measured
T=N concentration and back—transformed T—N
concentration from April 2004 to March 2005.
Although there are biases in the back—trans—
formed T—N concentration in Fig. 4, the seasonal
patterns in the estimated T—N concentration can
be noticed. The bias corrected daily concen—
tration values were multiplied by the daily flow
to obtain the daily pollutant loads in ESTIMATOR
model. In July, 2004, 38 water quality sampies
were taken, and the variations in the measured
T—N concentration values were reflected in the
estimated daily T—N concentration in July 2004
using ESTIMATOR model.

When estimating the pollutant loads using NI
method, only the pollutant concentration values
from the water sampies were used for the entire
period. However, ESTIMATOR model first
estimated the daily pollutant concentration based
on the daily flow and less frequently measured
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Fig. 4 Values of the measured T-N concentration
and back-transformed concentration from
ESTIMATOR model

Tahle 4 Comparison of the pollutant loads estimated
by using NI and ESTIMATOR model
: (unit: kg/ha)

NI method ESTIMATOR model
NO»-N T-N T-P |[NO»-N T-N T-P

Month

Apr-04 016 050 0074, 018 093 0028
May-04 | 033 107 0050 095 426 0159
June-04 { 160 528 0201f 173 529 0.258
July-04 729 2307 0579| 581 1895 0.798
Aug-04 | 203 670 0762 102 404 0166
Sep-04 077 273 0097 056 316 0105
Oct-04 061 204 0066| 064 3.08 0073
Nov-04 | 026 08 0007 026 061 0014
Dec-04 024 079 0008| 022 054 0007
Jan-05 016 093 0004| 016 042 0005
Feb-05 029 128 0004{ 029 066 0010
Mar-05 | 011 067 0035| 011 126 0.027

Total | 1385 4592 1887 1193 4320 1.650

concentration values as the true values. Thus,
ESTIMATOR model was used to evaluate the
"missiﬁg" concentration in the dry season.

The estimated loads of NO3—N, T—-N, and T-P
using ESTIMATOR model were 11.93 kg/ha, and
43.20 kg/ha, 1.65 kg/ha, respectively. which
were lower than those estimated by using NI
method by 86%, 94%, and 87%, respectively
(Table 4), proving that NI method overestimated
the pollutant loads. The total number of water
samples collected were not sufficient enough for
NI method to be estimated, as suggested by
Roman—mas et al. (1994).

IV. Summary

In this study, the stream flow, pollutant con—
centration, and pollutant load characteristics
were analyzed for the Wolgokri watershed. The
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Numeric Integration (NI) method and the USGS
Seven Parameter (ESTIMATOR) model were
utilized comparatively to estimate the pollutant
loads using the measured flow and water quality
data. The results obtained from the study were
summarized as follows:

1. The yearly stream discharge from the
Wolgokri watershed from April 2004 to March
2005 was 3,322,192 m’ and that from June to
September was 2,500,000 m®, which is 75% of
the yearly stream discharge.

2. Concentration values of NO3~N, T—N, and
T-P were in the range of 0.15~4.97 mg/L, 1.3
5~16.56 mg/L, and 0.002~1.280 mg/L and the
Flow Weighted Mean Concentrations (FWMC)
values were 1.41 mg/L, 4.70 mg/L, and 0.187
mg/L, respectively. The FWMC value of T-N
was over three times greater than that of NO3—N,
indicating that a significant amount of organic N
were introduced from the watershed. Also, a
direct incharge of algae inhabiting in the stream
was also responsible for the discrepancy.

3. The NO3~N, T=N, and T—P loads using NI
method and ESTIMATOR model were 13.85
kg/ha, 45.92 kg/ha, 1.887 kg/ha, and 11.93 kg/ha,
43.20 kg/ha, 1.650 kg/ha, respectively. The loads
estimated by ESTIMATOR model are smaller
than those by NI method. It was assessed that
the selected NPS pollutant loads by ESTIMATOR
are equally or better reliable considering that
ESTIMATOR reflects missing water quality
based on the relationship between flow rate and
concentration. However, it was also suggested
that more in—depth research is necessary to
validate the applicability of ESTIMATOR model
by comparing its predicted values with the
measured values through long—term monitoring

and analysis.

Acknowledgements

We are especially thankful for the support of
the research as a part of results practiced by Han
River Basin Environmental Office in 2004.

References

1. Choi, J. D., 1997, Effect of rural watershed
management on the discharge of NPS pollu—
tants to streams. Jowrnal of Rural Develop-
ment, 1, pp. 91-107.

2. Choi, J. D.,, Lee, C. M,, and Choi, Y. H,
1999. Effect of land use on the water
quality of small agricultural watersheds in
Kangwon—do. Korea Water Resources Associ-
ation, 32(4), pp. 501-510.

3. Choi, J. D, 2003. Pollutant load reduction
effect analysis by environmentally sound
agricultural managements. 40—91, Hanam,
Gyeonggi: Han River Basin Environmental
Office.

4, Cohn, T. A., Delong, L. L., Gilroy, E. J,
Hirsh, R. M., and Wells, D. K., 1989. Esti—
mating constituent loads. Water Resources
Research, 25(5), pp. 937-942.

5. Cohn, T. A., Caulder, D. L., Gilroy, E. 1.,
Zynjuk, L. D., and Summers, R, M., 1992,
The validity of a simple log—linear mode! for
estimating fluvial constituent loads: An em-—
pirical study involving nutrient loads entering
Chesapeake Bay. Water Resources Research,
28(9), pp. 2353—-2363.

6. Ferguson, R. 1., 1986. River loads undere—
stimated by rating curves. Water Resources
Research, 22, pp. 74-76.

7. Haggard, B. E., Socerens, T. S., Green, W.
R., and Richards, R. P., 2003. Using re—

74 . Journal of the Korean Society of Agricultural Engineers, 47 (7), 2005. 12



Shin, Yongchul - Heo, Sunggu - Lim, Kyoungjae - Choi, Joongdae

gression methods to estimate stream phos—
phorus loads at the Illinois river, Arkansas,
American  Society of Agricultural Engineers,
19(2), pp. 187-194.

. Koch, R. W., and Smillie, G. M., 1986. Bias
in hydrologic prediction using log—trans—
formed regression models.
Bulletin, 22, pp. 717-723.

. Magette, W. L., T. H, Wood, J. D., Wei-
smiller, R. A., and Lessiey, B. V., 1989.
Indian town best management pratices de-—
monstration farm: Summary of hydrologic
and water quality monitoring 1986—-1988.
Unpublished Report to the Maryland Depart—
ment of Agriculture, Agricultural Engimeering
Department, University of Maryland, Mary—
land.

Water Resources

10. Roman—Mas. A., Stogner, R. W., Doyle, U.

11.

12.

H., and Klaine, S. J., 1994. Assessment of
agricultural non—point source pollution and
best management practices for the Beaver
Creek watershed, West Tennessee. In G. L.
Pederson, ed. Proceedings, American Water
Resources Association National Symposium
on Water Quality, Nashville, TN, April
17-20, 1994. American Water Resources
Association, Bethesda, MD.

Shin, Y. C., Choi, J. D., Lim, K. J., Shim, H.
H., Lyou, C. W,, Yang, J. E,, and Yoo, K. Y,,
2005. Pollutant load characteristics from a
small mountainous agricultural watershed in
the North Han river basin. J. Korean Society
of Agricultural Eng. 47(6), pp. 83-92.
Yaksich, S. M., and Verhoff, F. H., 1983.
Sampling strategy for river pollutant transport.
J. Environ. Eng. 109, pp. 219-231.

Journal of the Korean Society of Agricultural Engineers, 47 (7), 2005. 12 . 75



