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presents a unique opportunity to observe, compare, and analyze multiple events for a
comprehensive analysis. Each event is different and there exists a lot of variation in
observed events between and within monitoring sites. Characterizing, classifying, and
analyzing peak events are extremely important because of their ability to create wide
fluctuations in pollutant concentration and also carry significant pollutant load in a brief
period of time.

Discharge Events: Since Cedar River is the largest among the three rivers studied,
it had the highest discharge values compared to the other rivers. From Table 4-12 and
Figure 4-13 of discharge event box-plot profiles, it is evident that CR site-year
combinations had most of the maximum discharge peaks, followed by NR and MR site-
year combinations. The highest discharge peak occurred during event 9 for CR09 at
33,900 cfs and the lowest discharge peak occurred on event 2 of MR11 at 426 cfs. The
difference between the sizes of discharge peaks is an indication of the size of the river. In
general, higher the average discharge in a river, higher will be the peak discharge during
events.

Concentration Events: Unlike discharge peaks, concentration peaks were the
highest for NR site-year combinations which is of medium size among the three rivers
studied in this research (Table 4-13). Event 8§ at NR09 experienced the highest
concentration for events peak at 16.8 mg/l (much higher than the MCL standard for
nitrate at 10mg/l) and the lowest concentration peak of 4mg/l was found at event 9 of
CRO9 (Table 4-13). Table 4-13 and the box plot profiles of concentration events shown in
Figure 4-16 clearly indicate that NR had many of the largest concentration peaks

compared to the other two rivers. It had 12 of the top 17 highest concentration peak
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values ranging above 10.6 mg/l. Such anomalies can be explained by site-specific
information that was presented earlier. Much of the NR river drains the watershed area
situated in the physiographic region of the Des Moines Lobe (Figure 3-3) and the
presence of extensive network of tile drains and ditch network in the drainage basin were
also noted in Figure 3-5 and summarized in Table 3-1.

Load Events: Due to its high correlation to discharge, load events shown in Table
4-14 and the box plot in Figure 4-15, followed the pattern of discharge peaks. CR site-
year combinations had most of the high load peak values (highest was for Event 1 of
CR11 at 6700 kgs/15-minutes) compared to the other sites. Load peak values were lowest
for the MR site-years (lowest was for Event 8 of MR11 at 169 kgs/15-minutes). Thus
similar to discharge event values, load event values reveal a pattern as well. Smaller river

tend to have smaller peaks and bigger rivers generally have higher peaks.

Figure 4-12 Six peak concentration (mg/l) events with 301 data points each for CR11
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In general discharge, nitrate concentration and nitrate load peaks are higher during

the spring and the summer months. However a higher peaks can also be observed during
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later summer or early spring months, suggesting that there is a lot of variation in the form
of events and their peaks. For discharge and load events, there is a clear relationship
between peak events and the size of rivers. In general, higher peak values in discharge
and load are associated with rivers with higher discharge and vice-versa. The North
Raccoon river is in the middle of the range in terms of size or average discharge, but
recorded a predominant number (12/17) of high concentration peak values signaling the
possibility of the presence of other land use, management, or soil conditions. Such
scenarios are further corroborated with field evidence presented in Chapter 3 that NR
watershed is predominantly situated in the poorly drained physiographic region of the
Des Moines Lobe and the current farming practices include the use of extensive tile

drains and ditch networks.

Coefficient of Variation (CV in %) of Peak Events

CV for discharge are the lowest for Cedar River, ranging from 3-26%, with one
outlier at 52% for event 9 during CR09 (Table 4-13). CV for North Raccoon varied
from 5 to 27%, while the Middle Raccoon displayed the highest CV ranging from 17 to
101%. Higher CV for discharge in a river is an indication of higher propensity for it to
experience “flash floods.” Thus, small rivers like the Middle Raccoon are much more
prone to “flash floods” due to sudden sharp increases in discharge, compared to bigger
rivers like the North Raccoon and the Cedar River. The same observation could be
extended further along stream orders going from Iowa River to Cedar River to the

Mississippi, with an implication that [owa River and Cedar Rivers would be far more
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prone to flash floods compared to the Mississippi. Recent impact of floods of 2003 and

2008 on Iowa City and Cedar Rapids do tend to support such a hypothesis.

Figure 4-13 Box-plot profiles of peak discharge (cfs) events by 8-river year combinations
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Figure 4-14 Box-plot profiles of peak nitrate concentration (mg/1) events by 8-river year
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Figure 4-15 Box-plot profiles of peak nitrate load (kgs/15-mins) events by 8-river year
combinations

Table 4-11 Occurrence of peak events by month for the 8 site-year combinations

8000

NI

CD09 CDI10 CDI1 NR09 NR10 NR11 MR10 MR11

Discharge Peaks
Feb Mar Apr May Jun Jul Aug Sep Oct Nov Total
CR09 2 1 1 2 1 2 1 10
CRI10 1 1 3 2 1 1 9
CR11 1 1 2 1 5
NRO09 1 2 1 1 1 6
NR10 1 2 1 2 1 7
NRI11 1 1 1 3
MR10 1 5 6 2 14
MRI11 1 3 1 4 2 11
Nitrate+Nitrite Concentration Peaks
CR09 3 3 1 2 2 1 12
CRI10 1 2 2 2 1 1 1 10
CR11 1 2 3 6
NRO09 1 2 1 3 1 1 2 11
NR10 2 2 1 3 1 3 12
NRI11 1 2 1 4
MR10 2 3 3 3 11
MRI11 1 2 1 4
Nitrate+Nitrite Load Peaks
CR09 2 3 1 2 1 1 10
CRI10 1 1 3 1 1 1 8
CR11 1 2 3 1 7
NRO09 2 1 1 1 2 7
NR10 1 1 2 2 1 7
NRI11 1 1 2 4
MR10 1 5 3 2 11
MRI11 1 1 4 2 8
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Table 4-12 Peak values (cfs) for discharge events for the 8 site-year combinations

1 2 3 4 5 6 7 8 9 10 11 12 13 14
CRO9 2270 1140 2300 1370 1740 1370 1290 7890 3390 2370

0 0 0 0 0 0 0 0 0
CRI0 2820 1640 2360 2690 2970 2550 2290 1640 1840

0 0 0 0 0 0 0 0 0
CRIT 2210 3170 2060 1720 1550

0 0 0 0 0
NRO9 2020 1220 1900 1110 4170 3660
NRIO 3110 1050 1150 1300 8270 1430 3450

0 0 0 0

NRIT 5100 6040 7600
MRI 1390 3380 4870 2850 1980 6920 2160 1940 1360 6720 126 221 244 302
0 0 0 0 0
MRI 2620 426 582 798 1240 2120 2500 1960 1680 934 677

Table 4-13 Peak values (mg/1) for concentration events for the 8 site-year combinations

1 2 3 4 5 6 7 8 9 10 11 12
CRO09 8.8 88 8.5 99 104 101 89 49 4 6.1 6.6 8.3
CR10 98 84 9.1 8.5 7.4 65 57 36 66 89
CRI11 9 101 123 10.6 12 11.97
NRO9 97 93 113 105 147 157 154 168 41 52 119
NRI1O 9.64 993 11.15 1094 11.02 942 935 8.01 7.03 7.16 832 1025
NRI11 94 106 112 132
MR10 10.1 9.95 10.12 10.34 10.36 995 9.28 8.27 8.86 8.83 9
MRI11 85 82 106 10.8

Table 4-14 Peak values for load (kgs/15-mins) events by for the 8 site-year combinations

1 2 3 4 5 6 7 8 9 10 11
CR0O9 3701 3060 4195 2648 3353 2733 791 1170 2531 4695
CR10 5828 4948 5880 3975 3066 1971 2724 1386
CR11 6700 5302 5392 3214 3817 4713 1953
NRO9 440 472 476 1514 1377 742 901
NR10 843 2804 2685 2301 1593 2099 875
NR11 1370 1870 1513 2085
MRI10 349 610 986 713 508 1712 435 440 1246 529 646
MRI11 418 232 519 568 448 363 228 169
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From Tables 4-15, 4-16, and 4-17, it can be seen that CV for nitrate
concentration events are much smaller compared to discharge events and load events.
Most % CVs for nitrate concentration (Table 4-16) were in single digits, except for event
9 of NR09 (35%), event 7 of NR10 (12%), and event 3 of MR11 (12%). Unlike CVs for
discharge events, there is no clear and distinct relationship between CV and the size of
rivers. This point was also highlighted in the earlier discussions of CVs for the 8 river-
year combinations with the comprehensive and common datasets.

From Table 4-17, it can be seen that CVs for load events varied between 3 and
95%, with the 3% occurring in event 5 of CR09 and the 95% at event 9 of MR10. For
load events, CR recorded CVs in the range of 3 and 14%, with an exception of 46% for
the event 8 in 2009; NR recorded CVs in the range of 9 and 39%; and finally MR had
values for CVs in the range of 23 and 95%. Similar to discharge events, CVs for load
also show a clear inverse relationship to river size and the watershed area they drain.
Though there are significant variations in CV for discharge and load events within and
between rivers, there is a clear and quantitatively demonstrable evidence of an inverse
relationship.

To further explore the relationship between event CVs and discharge, nitrate
concentration, and load, several log-log linear models are developed and reported below.
The two charts in Figure 4-16 demonstrate the relationship between log event mean
discharge and log CV (chart on the left) and between log event maximum discharge and
log CV (chart on the right) based on 65 discharge events from 8 site-year combinations.
A log-log linear regression model (Figure 4-16) clearly shows a strong inverse

relationship between CV and average and maximum event discharge. The relationship is
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confirmed with an R? of 0.49 and 0.33 for mean and maximum at a stringent level of
significance of less than 1%. This further confirms the earlier findings based on all data
(comprehensive dataset) from 8 river-year combinations, of an inverse relationship
between CV and river size.

Similar to Figure 4-16, the two charts in Figure 4-17 display the relationship
between log event mean nitrate concentration and log CV (chart on the left) and between
log event maximum nitrate concentration and log CV (chart on the right) based on 70
concentration events from 8 site-year combinations. A log-log linear regression model
(Figure 4-17) of an inverse relationship between CV and average and maximum event
concentration are not validated. The presence of such a relationship is rejected with an R?
0f 0.09 and 0.03 for mean and maximum at a level of significance of 52 and 82%. This
further confirms the earlier findings based on all data (comprehensive dataset) from 8
river-year combinations, of a clear lack of an inverse relationship between CV and river
size.

Again, similar to Figure 4-16, the two charts in Figure 4-18 display the
relationship between log event mean nitrate load and log CV (chart on the left) and
between log event maximum nitrate load and log CV (chart on the right) based on 62 load
events from 8 site-year combinations. A log-log linear regression model (Figure 4-18) of
an inverse relationship between CV and average and maximum event load are validated.
The presence of such a relationship is confirmed with an R? of 0.70 and 0.53 for mean
and maximum at a stringent level of significance less than 0.01%. This further confirms
the earlier findings based on all data (comprehensive dataset) from 8 river-year

combinations, of a clear existence of an inverse relationship between CV and river size.
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Classifyving and Rating Peak Events and their Limbs

As shown earlier in Figure 4-10, each peak of an event has a rising limb before
and a receding limb after it. A few rating results are derived and presented here by
observing and analyzing the two limbs. Rising and receding limbs of events from
discharge, nitrate concentration and nitrate load can vary significantly. Even within a
single site-year combination there can be significant variation between the limbs in terms
of their steepness (gradient or slope). Each limb is represented by 150 data points or
equivalent to a day and a half worth of 15-minute measurements. In this study the
steepness (gradient or slope) of limbs are divided into 3 mutually exclusive categories,
steep (over 67% slope), moderately steep (between 33 and 66 % slope), and flat (less than
33% slope). A conditional equation shown below is used to calculate the rating and
classify each limb into one of the 3 categories. For simplicity, the three steepness or slope
percentages are numbered 3(steep), 2 (moderately steep), and 1 (flat). Based on the above
procedure, the preceding and subsequent limb combinations for all events will have to
fall in one of the following 9 ratings: 11, 12, 13, 21, 22, 23, 31, 32, and 33. An event
with a rating of 21 will imply a moderately rising limb followed by a flat receding limb,
and similarly, an event with a rating of 32 will imply a steep rising limb followed by a
moderately steep receding limb. Since there are 300 data points around each peak (150
before and 150 after it), the 151 measurement in the middle is always considered to be
the peak, the limb numbers or ratings are calculated as follows:

Rating Calculations for the Rising Limb:
If 0 <[(Xis51 — X1)/Xi151] < 0.33, then the Rising Limb = 1 (flat)
If 0.34 <[(Xis51 — X1)/Xi151] < 0.66, then the Rising Limb = 2 (moderately steep)

If 0.67 <[(Xis51 — X1)/Xi151] < 1.00, then the Rising Limb = 3 (steep)
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Rating Calculations for the Receding Limb:

If 0 < [(Xi151 — X301)/X151] < 0.33, then the Rising Limb = 1 (flat)

I£ 0.34 < [(X151 — X301/X151] < 0.66, then the Rising Limb = 2 (moderately steep)

I£0.67 < [(Xi51 — X301)/X151] < 1.00, then the Rising Limb = 3 (steep)

Table 4-18 shows the ratings for all 9 rising and receding limb combinations and Figure
4-19 is a theoretical (diagrammatic) illustration of all the 9 rating combinations. The 65
discharge events for the 8 river-year combinations are classified, rated, tabulated, and
presented in Table 4-19. Similar rating tables for nitrate concentration events and nitrate
load concentration events are presented in Tables 4-20 and 4-21.

From Table 4-19, it can be seen that ratings for 70 discharge events for CR and NR
site-year combinations mostly had limb ratings of 1 and 2 and rarely 3, reflecting flat or
moderately steep rising or receding limbs, whereas, the MR site-year combinations had
limb ratings of 2 and 3 and seldom 1, reflecting predominantly steep or moderately steep
rising and receding limbs. In conclusion, we can say that smaller rivers in comparison to
larger ones have relatively steeper rising and receding limbs for discharge events.

From Table 4-20, it can be seen that the ratings for 65 nitrate events were
dominated by 11 ratings, with just two exceptions. Unlike discharge events, almost all
rising and receding limbs were flat with a rating of 1, with two exceptions of 31 (event 9
of NR09) and 12 (event 7 of NR10). In conclusion, it can be said that the concentration
events have flatter limbs, irrespective of river-year considerations.

From Table 4-21, it can be seen that the ratings for 62 load events for CR and NR
river-year combinations mostly had limb ratings of 1 and 2 and rarely 3, reflecting flat or

moderately steep rising or receding limbs, whereas, the MR site-year combinations had
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limb ratings of 2 and 3 and seldom 1, reflecting predominantly steep or moderately steep
rising and receding limbs. In conclusion, we can again say that smaller rivers in
comparison to larger ones have relatively steeper rising and receding limbs for nitrate
load events. Again, these observations follow the earlier findings of strong connections
between discharge and load.

Relationship between discharge and concentration vary by river and time and also
within an event. Sometimes the relationship is positive and other times it is negative. It is
difficult to predict one based on the other under varying conditions. Figure 4-19 shows a
series of time series graphs of discharge and concentration for four selected discharge
events (CR09-1, CR09-2, NR10-1, and MR11-1). Each graph shows a different
relationship between discharge and concentration, though the dilution effect is evident
during some events, but not so for other discharge events. Thus the relationship between

discharge and concentration is not uniform and difficult to predict.

Table 4-15 Coefficient of variation (in %) of 65 discharge events from 8 river-year
combinations

1 2 3 4 5 6 7 8 9 10 11 12 13 14

CRO9 6 8 6 3 9 3 26 24 52 4
CR10 4 10 6 14 6 9 15 6 12

CRI11 22 6 4 4 3

NRO9 27 14 11 7 11 10

NR10 11 9
NR11 20 14 8
MR1 50 101 26 26 28 68 32 27 31 101 28 51 46 50

(V)]
(V)]
—_—
[\S]
(@)}

17

MR1 49 34 19 28 17 49 54 24 33 26 24
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Table 4-16 Coefficient of variation (in %) of 70 nitrate concentration events from 8 river-
year combinations

CRO9 3 8 1 1 2 2 1 5 1 7 1
CR10 2 6 3 5 4 2 3 5 3

CR11 2 1 4 2 2 2

NRO09 1 1 6 3 4 6 2 6 35 3 3

NR10 2 1 1 6 3 1 12 1 4 1
NRI11 3 8 1 2

MRI10 1 1 3 5 1 5 2 4 3 2 8
MRI11 5 2 12 1

Table 4-17 Coefficient of variation (in %) of 62 nitrate load events from 8 river-year
combinations

1 2 3 4 5 6 7 8 9 10 11

CRO9 7 8 8 9 3 6 10 46 7 6

CR10 8 4 7 9 9 12 14 11

CRI11 7 5 7 11 7 5 11

NRO09 39 29 12 13 10 17 8

NR10 10 10 7 10 11 7 18

NRI11 20 14 11 9

MR10 51 92 23 31 30 71 32 27 95 45 48

MRI11 50 15 49 53 25 33 27 24
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Figure 4-16 Log-log linear regression equations and plots of log mean discharge vs. log
CV and log maximum discharge vs. log CV for 65 discharge events
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Figure 4-17 Log-log linear regression equations and plots of log mean nitrate
concentration vs. log CV and log maximum nitrate concentration vs. log CV for 70
concentration events
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Figure 4-18 Log-log linear regression equations and plots of log mean nitrate load vs. log
CV and log maximum nitrate load vs. log CV for 62 load events
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Table 4-18 Ratings of limb categories (rising and receding) of events for a total of 9
combinations

Limb Category Rising Limb Categories  Receding Limb Categories

Combinations

11 Flat Rising Limb Flat Receding Limb

12 Flat Rising Limb Moderate Receding Limb
13 Flat Rising Limb Steep Receding Limb

21 Moderate Rising Limb Flat Receding Limb

22 Moderate Rising Limb Moderate Receding Limb
23 Moderate Rising Limp Steep Receding Limb

31 Steep Rising Limb Flat Receding Limb

32 Steep Rising Limb Moderate Receding Limb

33 Steep Rising Limb Steep Receding Limb
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Table 4-19 Ratings of limb categories for 65 discharge events for 8river-year
combinations

1

2

3

4

5

6

7

8

9

10

11 12 13 14

CRO9

11

11

11

11

11

11

11

21

21

33

11

CR10

11

21

11

21

11

11

21

11

12

CR11

21

11

11

11

11

NRO09

21

21

11

11

11

NRI10

11

11

11

11

12

11

21

NRI11

21

21

11

MR10

33

33

21

22

22

32

22

22

22

33 22 32 33 32

MR11

33

32

21

22

22

32

33

22

22

22 22

Table 4-20 Ratings of limb categories for 70 nitrate concentration events for 8river-year
combinations

4

5

6

7

8

9

10

11 12 13 14

CRO0O9

11

11

11

11

11

11

11

11

11

11

11 11

CR10

11

11

11

11

11

11

11

11

11

11

CR11

11

11

11

11

11

11

NRO09

11

11

11

11

11

11

11

11

31

11

11

NRI10

11

11

11

11

11

11

12

11

11

11

NRI11

11

11

11

11

MR10

11

11

11

11

11

11

11

11

11

11

11

MRO09

11

11

11

11
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Table 4-21 Ratings of limb categories for 62 nitrate load events for 8river-year
combinations

1 2 3 4 5 6 7 8 9 10 11 12
CRO9 11 11 11 11 11 11 11 33 11 11
CR10 11 11 11 11 12 12 21 21
CR11 11 11 11 11 12 12 21
NR09 32 21 21 21 11 21 11
NRI1O 11 11 11 21 11 11 21
NRI1 21 21 21 11
MR10 33 33 21 22 22 33 22 22 33 33 32
MRI11 33 22 32 33 22 22 22 22

Figure 4-19 Hypothetical (in some cases real) illustrations of rising and receding limbs of
events
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21 22 23
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Figure 4-20 Time series plots of discharge (cfs) and nitrate concentration (mg/l) from 4
selected peak discharge events (Discharge (cfs) and nitrate concentration (mg/l) over

time)
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Events and Selected Performance Measures for Discharge,
Concentration and Load

This section of summarizes the contribution of events to selected performance
measures of discharge, concentration and load. In particular, insight provided on the
estimates of discharge volumes, concentration exceedances, and total load estimates by
the various event-types are of much interest. Summary results are presented in six Tables

4-22 to 4-27, two for each type of 3 events: discharge, concentration, and load.
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Background: It is known that each event includes 301 15-minute measurements.
We also know the number of available 15-minute observations for all the river-year
combinations, which were referred to as comprehensive or truth datasets. From these
comprehensive datasets, it is possible to obtain highly reliable global estimates of
measures such as the total annual volume of river discharge, the total number of nitrate
concentration exceedences, and the total mass load of nitrate transported by the river. In
this section, we will attempt to evaluate the performance of 3 types of events (discharge,
concentration, and load) at 8 river-year combinations in the context of global
performance measures described above.

Discharge Events: As shown in row 1 of Table 4-22, there are 10 discharge events
comprising 301 15-minute measurements per event for CR09. In sum, a total of 3010
measurements from the 10 events are available for comparative evaluation and
assessment. The comprehensive or truth dataset for CR09 included 21,505 15-minute
measurements. It is our objective to compare and evaluate the performance of the 10
discharge events with the highly reliable global estimates obtained from the
comprehensive dataset. Tables 4-22 and 4-23 provide the necessary data for the
evaluation and assessment of 65 discharge events over the 8 river-years. From the first
row of Table 4-22, it is evident that the 3010 15-minute measurements of the 10
discharge events of CR09 comprised 14% of the 21,505 available (3010/21,505=14%)
measurements from the comprehensive dataset for CR09. The estimated discharge
volume from the 14% data points was 40.67 Billion cfs compared to the total annual
discharge volume of 148.53 Billion cfs obtained from the 100% comprehensive dataset.

These discharge volume figures translate to a capture rate of 27% (148.53/40.67) of the
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global volume by 14% of CR09 event data. In conclusion, 14% of the data from C09

peak events contributed to 27% of the annual discharge volume, leading to a yield ratio of
1.93 (27/14). Similar yield ratios were computed for all § river-years and presented in
Table 4-22. The yield ratios ranged from 1.93 to 2.69, with the highest ratio being
observed at MR11 with 11 events. This suggests that though the peak discharge events
account for only a small portion of the overall data points (7-19 %), they contribute to
1.93 to 3.77 times the annual discharge volume (Table 4-22, last column). Hence,
including them in research studies will enable the provision of reliable peak discharge
volume estimates.

Table 4-23 shows the contribution of discharge events to the % capture of annual
discharge values exceeding 75", 85" and 95" percentiles, to the % capture of nitrate
concentration exceeding 6, 8, and 10mg/1, and to the % capture of the estimated annual
nitrate load. It is obvious that peak discharge events were meant to capture high discharge
values and they do so as seen in Table 4-23. For the 8 river-year combinations, they
capture between 52 and 81 % of the annual discharge values exceeding 95™ percentiles.
In other words, 7 to 19% of the measurements were able to capture 52 to 81 % of the high
discharge values exceeding the 95 percentiles (Table 4-23). In the context of capturing
high nitrate values exceeding 10 mg/l observed over the year, the discharge events
performed only marginally by capturing 4 to 35%, with the exception of MR10, whereby,
78 % the high values were captured. With 7-19% of the data, discharge events
successfully captured 19-44% of the total annual load (Table 4-23). This again translates
to a yield ratio for discharge events in the range of 1.50 to 4.0 for the capture of annual

nitrate load. Since load is correlated with discharge, such high yield ratios were to be
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expected. Hence, including the study of peak discharge events in routine data collection
programs will enable the provision of reliable peak nitrate load estimates.

Nitrate concentration events: Similar to the data presented on discharge events,
Tables 4-24 and 4-25 present performance measures for the 70 peak nitrate concentration
events from the 8 river-year combinations. In CR09, the 21,505 data points of the
comprehensive dataset included 450 measurements that exceeded 10 mg/l, the SDWA
health standard (MCL) for nitrates. The 12 nitrate events of CR09 with 3,612 data points
(12 x 301 data points per event) captured 392 of the 450 of the nitrate exceedences,
giving a yield ratio of 5.11. In short, 17% of the data captured 87% of the exceedences
(Table 4-24, row 1). Such evaluations for CR10 are not relevant, because there were no
values exceeding 10 mg/1 for nitrate (Table 4-24, 2" row). For the remaining 7 river-
year combinations, the yield ratios for high value capture exceeding 10 mg/l were in the
range of 1.22 to 15.66. It is remarkable to note that 3% of the data from 4 nitrate events
on MR11 was able to capture 47% of high nitrate values exceeding 10 mg/l, leading to a
yield ratio of 15.66 (Table 4-24, last row). It is obvious that peak nitrate events will
capture high nitrate values. Further evidence to this effect is also presented in rows 4-6 of
Table 4-25. Hence, including the study of peak nitrate concentration events in routine
data collection programs will enable the provision of reliable SDWA protection
measures. However, reviewing results in rows 1-3 of Table 4-25, it is clear that
concentration events performed marginally in capturing discharge over 75", 85" and 95™
percentile values (Table 4-25, rows 1-3). For CR09, NR10, NR11, and MR11,
concentration events did not capture even a single discharge data above the 95%

percentile (Table 4-25, row 3). Such results are due to a weak correlation between nitrate
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concentration and discharge and also that many discharge and concentration peak events
do not have significant overlaps. Finally, as shown in Table 4-25, concentration events
are able to capture 6-30% of total annual load. This again translates to a yield ratio for
concentration events in the range of 0.78 to 2.10 for the capture of annual nitrate load.
Load Events: Tables 4-26 and 4-27 provide the necessary data for the evaluation
and assessment of 62 load events over the 8 river-years. From the first row of Table 4-26,
it is evident that 14% of nitrate load event data points was able to capture 28% of the total
annual nitrate load obtained from the 100% comprehensive dataset. This leads to a yield
ratio of 2.00 (28/14). Similar yield ratios were computed for all 8 river-years and
presented in Table 4-26. The yield ratios ranged from 1.92 to 5.00, with the highest ratio
being observed at MR 11 with 8 events. Table 4-27 shows the contribution of load events
to % capture of annual discharge values exceeding 75%, 85™ and 95 percentiles, to the %
capture of nitrate concentration exceeding 6, 8, and 10mg/l, and to the % capture of the
estimated annual nitrate load. For the 8 river-year combinations, the load events capture
between 60 and 93 % of the annual discharge values exceeding 95" percentiles. In other
words, 7 to 15% of the peak load event measurements were able to capture 60 to 93 % of
the high discharge values exceeding the 95™ percentiles (Table 4-26 and 4-27). In the
context of capturing high nitrate values exceeding 10 mg/l observed over all river-years,
the load events performed quite well capturing 15 to 81%. Since CR10 did not have any
nitrate values exceeding 10 mg/l, the question of capturing them doesn’t arise. With 7-
15% of the data, the nitrate events successfully captured 24-45% of the total annual load

(Table 4-27).
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Site/Year # of #of Event  # of Total Event Total Total Percent Yield
Events Observation Observations Obs/Total Discharge Event of Event  Ratio

Obs (in Discharge Discharge

Billion (in of Total
cfs) Billion Discharge
cfs)

CRO9 10 3010 21505 14% 148.53 40.67 27% 193
CR10 9 2709 20353 13% 161.02 56.24 35%  2.69
CR11 5 1505 14881 10% 135.49 26.66 20%  2.00
NRO09 6 1806 22655 8% 19.87 3.23 16%  2.00
NR10 7 2107 23232 9% 63.28 16.02 25%  2.77
NR11 3 903 12768 7% 25.63 4.28 17% 242
MR10 14 4214 21889 19% 12.02 5.79 48%  2.53
MRI11 11 3311 35041 9% 6.79 2.30 34%  3.77

Table 4-23 Performance measures of 65 peak discharge events to annual high discharge
volume percentiles, high nitrate concentration exceedences, and total annual nitrate load
for 8 river-year combinations

% Captured by CR0O9 CR10 CRI11 NR0O9 NRI0O NRIl MR10 MRI1
Discharge Events

Discharge >75™" P 36% 39% 34% 20% 26% 26% 49% 37%
Discharge >85™ P 45% 47% 49% 23% 42% 41% 57% 53%
Discharge >95™ P 67% 78% 60% 52% 72% 70% 69% 81%
Above 6mg/1 14% 14% 10% 12% 7% 7% 17% 13%
Above 8mg/l 13% 15% 17% 14% 8% 8% 44% 29%
Above 10mg/1 4% 0% 30% 11% 18% 12% 78% 35%
Total Load 21% 25% 19% 20% 24% 18% 44% 36%
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Table 4-24 Performance measures of 70 peak nitrate concentration events to annual
nitrate concentration violations (exceedences over 10 mg/l) for 8 river-year combinations

Site/Yea # of #of Event  # of Total # of # of # of Percentage
r Event Observation Observatio Event Total Event of event Yield
S n Obs/# Observ Observati observation  Ratio
of ation on exceeding
Total  Exceed Exceedin 10mg/l
Obs ing g 10mg/1
10mg/1
CRO09 12 3612 21505 17% 450 392 87%  5.11
CR10 10 3010 20353 15% 0 0 0%  0.00
CR11 6 1806 14881 12% 2566 1089 60%  5.00
NRO09 11 3311 22655 14% 6508 1976 30%  2.14
NR10 12 3612 23232 16% 3320 1025 31% 194
NR11 4 1204 12768 9% 7291 820 11% 1.22
MRI10 11 3311 21889 15% 321 273 85%  5.66
MRI11 4 1204 35041 3% 107 50 47% 15.66

Table 4-25 Performance measures of 70 peak nitrate concentration events to annual high
discharge volume percentiles, high nitrate concentration exceedences, and total annual
nitrate load for 8 river-year combinations

CR09 CRI10 CRI11 NR09 NR10 NRII MR10 MRI11
Discharge >75" P 28% 30%  36%  20% 12% 4% 39% 7%
Discharge >85™" P 22% 31%  51% 19% 10% 0% 35% 7%
Discharge >95™ P 0% 34%  42%  23% 0% 0% 32% 0%
Above 6mg/1 26%  28% 14%  18% 17% 9% 17% 7%
Above 8mg/l 37% 56%  23% 21% 18% 10% 49% 12%
Above 10mg/1 87% 0% 43% 30% 31% 11% 8%  47%
Total Load 24%  26%  21%  21% 14% 7% 30% 6%
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Table 4-26 Performance measures of 62 peak nitrate load events to annual total nitrate
load for 8 river-year combinations

Site/Yea # of # of # of Percent of = Total Load Total Percent of
r Event Event Total Total inKg Event Event Yiel
s Observati Observ  Observation Loadin  Discharge d
on ations s Kg of Total Rati

Discharge o

CED09 10 3010 21505 14% 28267759 7777662 28%  2.00
CED10 8 2408 20353 12% 29153510 8109526 28% 2.33
CED11 7 2107 14881 14% 32168694 8577273 27% 192
NRO09 7 2107 22655 9% 5700060 1503813 26%  2.88
NR10 7 2107 23232 9% 14205551 3558511 25% 277
NRI11 5 1505 12678 11% 7601316 1799615 24% 2.18
MR10 11 3311 21889 15% 2625950 1175846 45% 3.00
MR11 8 2408 35041 7% 1355572 469169 35% 5.00

Table 4-27 Performance measures of 62 peak nitrate load events to annual high discharge
volume percentiles, high nitrate concentration exceedences, and total annual nitrate load
for 8 river-year combinations

CR09 CRI10 CR11 NR09 NR10 NRI1 MR10 MRII
Discharge >75" P 44%  38% 37% 33%  26% 35% 50% 28%
Discharge >85" P 55%  48% 50% 45%  43% 57% 59% 42%
Discharge >95"P  62%  71% 60% 84% 67% 93% 71% 79%

Above 6mg/1 20%  18% 17% 14% 8% 9% 17% 13%
Above 8mg/1 23%  37% 26% 14% 8% 11% 45% 29%
Above 10mg/1 30% 0% 49% 19%  18% 15% 81% 35%
Total Load 28%  28% 27% 26%  25% 24% 45% 35%

Summary of Findings
The three 5" order streams, Middle Raccoon, North Raccoon, and Cedar draining
an area of 440, 1619, and 6510 sq. miles were studied and analyzed in detail for this

research. High frequency (15-minutes apart) sensor-driven data on discharge and nitrate
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for the three years 2009-11 was available for Cedar and North Raccoon rivers and for the
two years 2010-11 for the Middle Raccoon. Some of the major findings of this chapter
are summarized below:

At times of peak river discharge or storms, smaller rivers bear a disproportionate
burden of impact compared to larger rivers. There is no such clear discernible
relationship between variations in nitrate and the size of the river. Since nitrate load is a
computed measurement and is highly correlated with discharge, its measure of variation
is also inversely related to the size of the river.

During times of peak loading, smaller rivers contribute significantly more load
per unit area than larger rivers.

The correlation between discharge and concentration is the least, followed by
concentration and load, and finally is the highest between discharge and load.

Log-log linear regression models based on 65 discharge events clearly showed a
strong inverse relationship between the coefficient of variation of discharge and the mean
or maximum value. Similar relationships were preserved for nitrate load but not for
nitrate concentration.

Classifying and rating the 197 peak events (65 discharge, 70 nitrate concentration,
and 62 nitrate load) revealed several significant findings about the nature and behavior of
peak events and their relationship to the size of the river. For peak discharge and nitrate
load events, the smaller rivers in comparison to larger ones have relatively steeper rising

and receding limbs. For concentration events, limbs are flatter, irrespective of river size.
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A study of 197 peak events (65 discharge, 70 nitrate concentration, and 62 nitrate
load) revealed the value of measuring such events with high frequency data for reliable
and precise load estimation and capture of high contamination values.

This chapter emphasizes the heterogeneity of discharge, nitrate concentration and
nitrate load values across site year combinations. It clearly indicates the dissimilarity
between events and the dissimilarity in the relationship between the discharge and

concentration parameters across space and time.
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CHAPTER 5

ASSESSMENT OF NITRATE IN RIVERS: IMPLICATION FOR THE SDWA

Sources of Nitrate and Potential Health Concerns

Nitrate fertilizers increase crop yield. Thus supplementing soil nitrate with
artificial nitrate based fertilizer, dramatically increases plant growth and productivity.
Nitrate fertilizers are extensively used in most agricultural regions of the world,
particularly in the western economies.

Inside plants, nitrate converts to amino acids and enables cell division and
strengthens plant structure. Nitrate is biologically available to plants either in the form of
ammonia or nitrate. Nitrate is highly mobile and gets leached easily from agricultural
soils during rains, snowmelt or irrigation drainage. As a result, many agricultural areas
with a history of high fertilizer use have experienced high levels of nitrate in their
streams and rivers. The Corn Belt of the US Midwest is one such region that has
experienced increase in intensive industrial agriculture from the middle of the nineteenth
century, and a concurrent increase in total nitrate use. Several authors have shown that
the increase in industrial agriculture of the Midwest, especially in the Upper Mississippi
Basin, is directly correlated with the increase in nitrate export from agricultural soils to
water (Zhang and Schilling 2006). Some Midwestern watersheds, including those in lowa
have experienced a record level of nutrient concentration in their streams and rivers
(Goolsby et al., 2000; Schilling and Libra 2000; Hatfield et al. 2009).

This study analyzes a combination of two forms of nitrate available in ambient

waters, nitrate and nitrite. In water, nitrate (NO3) is relatively stable, while nitrite (NO>)



127

quickly undergoes oxidation and converts to nitrate. When present in excess amount,
nitrite is potentially harmful for children and fish (McCasland 1985; Durborow et al.,
1997; Knobeloch et al., 2000). Excess nitrite in children causes methemoglobinia or
infant cyanosis which reduces the oxygen carrying capacity of blood leading to
asphyxiation. Several studies have explored the presence of excessive nitrate in drinking
water and its association to certain types of cancer incidences (Cantor 1997; Weyer et al.,
2001; Ward et al., 2003; Ward et al., 2010). Due to public health concerns, both nitrate
and nitrite are regulated under the SDWA in the US. The MCL for nitrite is set at 1 mg/I,
exceeding which can impact the health of children and fish. The MCL for nitrate in
drinking water is set at 10mg/l, above which it can lead to adverse health effects,
particularly in adults with compromised health conditions, and pregnant women and
children (Franklin1981; Fewtrell 2004). Nitrate concentration thresholds established by
EPA in the form of MCLs and MCLGs are based on human health impacts of nitrate in
water. However, there is an ongoing debate about revising the MCL standards for nitrate
and some argue that 10 mg/l is too stringent, while others support lowering it to reduce its

impact on human health (Postma et al., 2011).

Evolution of the SDWA of 1974
Over the last 15-20 years, the US EPA has initiated several measures to prevent
and protect ambient water resources that feed the raw water to many community water
supplies and also increase the quality of communication between the PWSs and the
consumers depending on those supplies . Two events, the first of the source water

protection program as part of the SDWA Amendments of 1996 (USEPA 1996) and the
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second of the Consumer Confidence Report (CCR) Rule of 1998 (USEPA 1998) are
worthy of note here.

The SDWA Amendments of 1996 attempts to strengthen and protect America’s
drinking water. They brought significant change to national drinking water programs
emphasizing four themes related to prevention, better information for consumers, better
science such as risk assessment, and financial support for states and communities through
the Drinking Water Revolving Fund. The first theme transformed SDWA from an after-
the-fact law to one of prevention and sustainability by promoting source water protection.
As part of the source water protection theme of the SDWA Amendments of 1996,

“.....states must submit a program for delineating source water areas of public water
systems, and for assessing the susceptibility of such source waters to contamination. The
source water assessment results will also provide the information necessary for water

systems to seek help from states in protecting source water, or initiating local government
efforts.”

As described above the SDWA of 1974, which regulates MCL standards, was
amended in 1996, in order to better protect the source waters that supply the raw water to
PWSs. Source water can be either ground water or surface water. Identifying and
protecting source waters, enhances sustainability, enables reduction of treatment costs of
PWSs, and also assures consumers of safe drinking water. The source water protection
programs of many lowa agricultural watersheds, in particular those of the Des Moines
and the Cedar Rivers, are of much value to both local communities for the protection of
their drinking water from nitrate and pesticides and the nation from addressing the

problems of hypoxia in the Gulf of Mexico.
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The CCR Rule was promulgated in August 1998 by the EPA and published in the
Federal Register (CFR, 63 FR 44511, August 19, 1998, Vol. 63, No. 160). The purpose
of the rule was to:

“.....Improve public health protection by providing educational material to allow

consumers to make educated decisions regarding any potential health risks pertaining to
the quality, treatment, and management of their drinking water supply.”

The Rule further requires that:

...... all community water systems to prepare and distribute a brief annual water quality
report summarizing information regarding source water, detected contaminants,
compliance, and educational information.”

The CCR requires community water systems to declare the physical property and
the chemical constituents of water like the list of ingredients on packaged food or
beverage containers (Franklin 1981). Typically, the CCRs range from a few to several
pages and contain information on potential contaminants, water sources used by the
PWS, drinking water quality goals and a detailed report of the physical property and the
chemical constituents of water (Des Moines CCR 2011). In both Des Moines and Cedar
River watersheds, nitrate threshold exceedances are of major concern and their CCRs
mention the level of nitrates found in their water and describe the role of high levels of
nitrate on human health. The CCRs also alert to the vulnerability of the source water
getting polluted with high nitrates from fertilizers used in their respective catchment
basins (Des Moines CCR 2011, Cedar Rapids CCR 2013).

As lowa communities embark on activities related to source water protection and
enhanced communication with the public, studies of nitrate occurrence and distribution

and threshold exceedances in the rivers of lowa as those carried out in this effort would
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be of much value to the public, the PWSs and the local, state, federal governmental

agencies entrusted with environmental protection responsibilities.

Nitrate Measurement and Monitoring

Monitoring agencies often use grab samples to measure, analyze, and record
nitrate concentration levels in water. Advent of auto-samplers, capable of collecting
several grab samples during high flow events provides the ability to collect samples at
higher frequency compared to manual grab samples. However, even automatic grab
samplers have the limitation of collecting only a limited number of samples, and all
samples require adequate storage and laboratory preparation and analysis for detecting
and reporting nitrate measurements. Thus detecting nitrate concentration in streams and
rivers using photo-sensitive auto samplers have the advantage high frequency data,
without the need for storage and laboratory analysis. Samples collected at the frequency
of 15 minutes each, in the case of this study, enables to observe concentration levels and
its variation at a high temporal resolution, in an unprecedented way. Such high frequency
data can also provide in-depth knowledge about the occurrence and distribution of
chemical constituents in water, and the frequency and the temporal extent of drinking
water standard exceedances of those constituents.

Nitrate in water is typically measured and reported in two forms, one of nitrate
concentration, measured directly and expressed in unit of weight per unit water volume of
water (for ex. mg/l); and the other of nitrate load, computed and expressed in units of
weight such as pounds, kilograms, or metric tons. The second measure assumes the

availability of volume in the form of discharge or flow measurements, so that the
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concentration and volume of water taken together would enable the computation of load.
Nitrate concentration measurements are mostly used for detecting and remediating water
quality standards in the context of human and ecological health (ex., SDWA
applications). Nitrate load estimates are often used for assessing and mitigating nonpoint
source pollution impact at the watershed scale (ex., CWA applications).

As measured in Chapter 3 and 4, the Nitratax nitrogen photosensitive probe
enables us to measure nitrogen as (Nitrate + Nitrite)-N. Throughout this research, the
Nitratax probe measurements are used as a proxy for nitrogen measured as Nitrate-N. In
this chapter, a detailed analysis of nitrate exceedances at or near MCL threshold such as
6, 8, and 10 mg/1 are provided for the 8 river-year combinations. Several other aspects
related to nitrate exceedances in the context of river hydrology, (wet and dry periods),

seasons, months, and sampling strategies are also explored, analyzed, and discussed.

The Chapter Objectives Include
1. Exploration, discussion, and analysis of patterns in occurrence and distribution of
nitrogen, especially the relatively high values, as a function of river, year, season, and
month.
2. Exploration, discussion, and analysis of patterns in the relationship between nitrate
concentration and load as a function of hydrological seasons of the year (wet to dry).
3. The effectiveness of sampling frequency as measured by the precision achieved in
estimating the distribution percentiles (50-100) of nitrate concentration.
4. The effectiveness of sampling frequency as measured by its capacity to detect (%

capture) high value occurrences of nitrate concentration.
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5. Summarize the chapter findings.

Seasonal Patterns in High Value Nitrate Concentration

The box plots of Figure 5-1, show the distribution nitrate at all 8§ site-year
combinations. It is evident from the figure that the nitrate concentration varied between
and within sites and years. High variations in MR11, NR09, and CR09 should be noted. It
is also evident that, in general, NR site-year combinations had higher average nitrate
concentrations. NR09 had the highest nitrate concentration among all site-year
combinations, 16.75 mg/l, and NR11 had the highest mean and median concentrations of
9.86 and 10.16 mg/l, respectively. A detailed discussion of the occurrence and
distribution of nitrate in the 8 river-year combinations was provided in Chapter 4. In this

chapter, we will discuss patterns in nitrate exceedance of threshold values of 10 (MCL),

8, and 6 mg/l.
Figure 5-1 Statistical distribution nitrate concentration
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Nitrate concentration exceedances over 10, 8, and 6 mg/l by months for the 8
river-year combinations are shown in Tables 5-1, 5-2, and 5-3. These tables were derived
from the use of about 7 2 months of continuous data from 8 river year combinations (a
total of 172, 324 15-minute nitrate measurements). The first row of each of the three
tables gives us the total number of available 15-minute measurements on nitrate for the 8
river-year combinations. The second row gives us the number exceeding the threshold
value (10 mg/l in Table 5-1, 8 mg/l in Table 5-2, and 6 mg/l in Table 5-3). For example,
for CR0O9 in Table 5-1, we have N=21,505 (21,505/96 = 224 days of measurements) in
the first row and the number exceeding 10 mg/1 is given as 405 in the second row. In
other words, 405 of the 21,505 available measurements (1.9%) exceeded the threshold of
10 mg/1. Two extreme scenarios are: all the 405 exceedances happened at a single
continuous stretch of a little over 4 days (405/96 = 4.2 days), and the other extreme is that
the 405 exceedances were spread thinly so that 1-2 exceedances occurred during the
entire span of 224 days for which data was available. The reality is actually somewhere
in-between. Further down in Table 5-1, it shows that all (100%) of the 405 exceedances
occurred during the month of June. From detailed review of the data, it was indeed
ascertained that the exceedances occurred during 3 high concentration events in June,
separated by a few days in-between. Viewing across Table 5-1, it can be seen that CR10
was the only river-year combination that did not have any exceedances over the threshold
of 10 mg/l. All others had exceedances ranging from 0.31% in MR11 to 57% in NR11. In
terms of the total number of violations, NR11 had the maximum of 7290, spread out over
the 4 months of April-July. Similar figures for all other river-year combinations are

shown in Table 5-1.
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Comprehensive Data

Violations as a % of measurements taken: In Cedar River over the three years
2009-11, 56,739 nitrate measurements were taken, and among those 2,971 exceeded the
nitrate threshold of 10 mg/1 giving an exceedance ratio of 5.25% (2,971/56,739) and
North Raccoon had 29.18% (17,118/58,655), while a similar figure based on two years of
data for Middle Raccoon showed a much smaller violation rate of less than 1%
(428/56,930). The high exceedance rate observed in the North Raccoon watershed could
be explained by the physiographic region of the Des Moines Lobe and the extensive tile-
drain and ditch network practices of the North Raccoon agricultural watershed. .

Contributors to Violations: A total of 20,517 violations or a rate of 11.9%
(20,517/172324) was noted in Table 5-1 from the comprehensive data of all river-year
combinations. Of this total, 17,118 or 83.4% (17118/20517 ) came the North Raccoon
River, followed by Cedar River with 14.5% (2971/20517), and finally a small
contribution of 2.1%(428/20517) coming from the Middle Raccoon River. These findings
are further substantiated by the preponderance of evidence available at the 8 and 6 mg/I
exceedance thresholds (Tables 5-2 and 5-3).

Exceedance by months & seasons: Over 92% of exceedances over 10 mg/I
occurred during the months of April-July and the remaining 7-8% occurred during
September-November. In the period April-July, June dominated with 47.4% of the
occurrences, followed by May (18.8), July (15.1), and April (11.2).

Exceedance at lower thresholds of 8 and 6 mg/l: As expected, at lower thresholds
the number of exceedances are higher. For 8 mg/l, 42% or 72,415 of 172,324

measurements exceeded the threshold, and for 6 mg/l, 64.48% or 111,131 of 172,324
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measurements exceeded. Again, such exceedances are not uniform across the rivers. For
8 mg/1 threshold, CR contributed to 29%, NR 54% and the remaining 17% were from
MR; and for 6 mg/I threshold, CR contributed to 23%, NR 44% and the remaining 33%
were from MR. Among the exceedances at 8 mg/l, 79% were from the months of April-
July, 14% from August-December, and the remaining 6% were from January-March,
whereas for the 6 mg/I threshold, 62% were from the months of April-July, 24% from

August-December, and the remaining 14% were from January-March.

Table 5- 1 Number and percentage of exceedance (more than and equal to 10mg/1)

CD09 CDI0 CDI NRO NRI NRI MRI MRI
1 9 0 1 0 1

TOT SAMPLES 21505 20353 1488 2265 2323 1276 2188 3504

1 5 2 8 9 1

# of SAMPLES => 10mg/L 450 No 2566 6508 3320 7290 321 107

(%) (2) Exceedance a7 29 (14 7)) (2 (031

)

Exceedance by Months (in percentage)

Mar

Apr 8 24

May 20 6 38 22 9 38
Jun 100 74 40 52 37 91 48
Jul 5 27 16 14
Aug

Sep 11

Oct 14

Nov 4
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Table 5- 2 Number and percentage of exceedance (more than and equal to 8mg/1)

CD09 CD10 CD11 NRO09 NR10 NR11 MR10 MRI11
21505 20353 14881 22655 23232 12768 21889 35041
5690 8625 6871 12899 14785 11410 5782 6353
(26) (45) (46) (57) (64) (90) (206) (18)
Exceedance by Months (in Percentage)
Jan 10
Feb
Mar 7 9 7 12 1
Apr 22 19 19 22
Ma 18 25 20 23 20 26 23 5
.}I]un 50 32 40 22 17 25 38 45
July 19 22 10 16 9 16 25 38
Aug 7 14
Sep 11
Oct 11
Nov 12 6 2 5
Dec
Table 5- 3 Number and percentage of exceedance (more than and equal to 6mg/1)
CD09 CD10 CD11 NRO09 NR10 NR11 MR10 MR11
21505 20353 14881 22655 23232 12768 21889 35041
10819 2335 12264 15255 21003 12600 19159 17696
(50) (12) (82) (67) (90) (99) (88) (51)
Exceedance by Months (in Percentage)
Jan 17
Feb 12
Mar 15 16 5 15 16
Apr 1 23 19 14 23 1
May 27 36 24 20 14 23 7 17
June 27 34 23 19 14 22 14 16
July 21 11 14 16 12 16 15 17
Aug 6 16 4
Sep 14 15
Oct 4 14 16
Nov 20 19 2 8 3
Dec 15
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Common Data

Of course, these findings could be skewed because of the larger observations
available during the summer months and the sensor-based sample collection process was
not uniform across all river-year combinations. To verify such a possibility, the
exceedance distributions were also constructed with the common dataset of 6,720
measurements taken during the same summer months (May 18 to July 26) for a period of
70 days for all the 8 river-year combinations. For this effort, we had available, a total of
53,760 (8 x 6,720) nitrate measurements, of which 15,290 exceeded the threshold of 10
mg/l, giving a rate of 28.4%, much higher than the 11.8% found with the comprehensive
dataset earlier. Again, this 28.4% exceedance rate was not distributed uniformly across
rivers or years.

Violations as a % of measurements taken: For ex., the Cedar River had 2817
exceedances of 10 mg/l from the 20,160 measurements taken over three years, giving it
an exceedance rate of 14% (2817/20160), while such a rate for North Raccoon was
59.75% and for the Middle Raccoon, it was 3.18%.

Contributors to the Violations: A total of 15,290 violations or a rate of 28.4%
(15,290/53,760) was noted in the common dataset of all river-year combinations. Of this
total, 12,045 or 78.8% (12,045/15,290) came the North Raccon River, followed by Cedar
River with 18.4% (2971/15,290), and finally a small contribution of 2.8%(428/15,290)
coming from the Middle Raccoon River.

Exceedance by months & seasons: In the common dataset collected over a period
of 70 days during May 18 to July 26, 63% of exceedances over 10 mg/l occurred during

the month of June and the remaining 37% were distributed among May (17%) and July
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(20%). Adjusting for the number of days from each month included in the dataset month,
it was found that between 2 and 2.5 times more exceedances occurred per day in June
compared to April and July.

Exceedance at lower thresholds of 8 and 6 mg/l: As expected, at lower thresholds
the number of exceedances are significantly higher during the summer months. For 8
mg/l, 70.3% or 37795 of 53,760 measurements exceeded the threshold, and for 6 mg/1,
93.8% or 50,407 of 53,760 measurements exceeded. Again, such exceedances are not
uniform across the rivers. For 8 mg/1 threshold, CR contributed to 27%, NR 46% and the
remaining 27% were from MR; and for 6 mg/1 threshold, CR contributed to 36%, NR
38% and the remaining 26% were from MR. Among the exceedances at 8 mg/l, 52%
were from June, 29% from July, and the remaining 19% from May, whereas, for the 6
mg/I threshold, 45% were from June, 34% from July, and the remaining 21% were from

May.

Performance of Sampling Strategies in High Value Estimations

Sampling strategies can have significant effect on precision and accuracy of
nitrate concentration estimation. Samples collected infrequently can introduce error in
concentration estimation. Longer sampling durations are associated with larger errors. In
this section, we analyze, assess, and evaluate a variety of sampling strategies and their
performance in the context of estimating various distribution percentiles of nitrate
concentration. One of the often used measures of precision is the standard error or the

Root Mean Square Error (RMSE) expressed as:

n —)2
RMSE = /W where,
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Vi = variable of interest in the i subsample or replicate
A% = the population parameter or a best estimate (Truth values)
n = number of subsample or replicates in the sampling strategy

Mean nitrate concentration, median (50™), 90, 95 percentiles, and maximum nitrate
concentration are considered as targets for the evaluation of sampling strategies in this

research.

Simulation Experiments for the Evaluation of Sampling Strategies

The 15-minute temporal resolution data for the 8§ river-year combinations will be
considered the truth data (or the population parameter) with reference to all the
“statistics” considered for estimation in this research.

All the numbers in the Table 5-4 above are generated with the assumption of a one-year
dataset of nitrate concentration as the population under consideration. Estimating the
various “statistics” of this population through sampling strategies and the evaluation of
the performance of such strategies is at the heart of this section.

The first row in the above Table 5-4 is our population and we have 24 datasets of
such population values (for discharge, nitrate, and load) for an average of 7 %2 months of
15-minute data. These population datasets are also referred to as truth datasets. Using
these truth datasets, we will construct thousands of simulations to test and evaluate the
proposed sampling strategies. The sample “statistics” to be tested in the simulation

Estimates of “statistics” of nitrate concentration for 8§ river-years.
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Table 5-4 The relationship between sampling interval, sampling frequency, and the total
of number of possible uniform stratified samples that could be collected from a year’s
worth of 15-minute population data

Sampling Sampling # of Measurements
Interval Frequency
15-minutes 1 35,040
(Population)
30-minutes 2 17,520
1-hour 4 8,760
4-hours 16 2,190
12-hours 48 730
24-hours (1 96 365
day)
3-days 288 122
1-week 672 52
2-weeks 1344 26
4-weeks 2688 13

Selected Simulation Experiment Details (Examples)

In this research, we are interested in estimating the high values of the distribution
parameters, such as the 90 and 95™ percentiles and the maximum values. If Nitrate-N
health standards are violated, we wish to know the performance of sampling strategies in
the context of their estimation capability and violation captures. In order to do that, we
will set up the 8 sampling strategies described above (1-hour to 28-days), conduct 5,156
simulations, collect needed statistics from each simulation, and compute the necessary
performance measures (RMSE), so as to enable the comparison and evaluation of the 8
strategies. These simulation experiments are then repeated for the other 7 river-year
combinations. In all, this section will report on a total of a maximum of 41,248 (8 x

5,156) simulations of nitrate concentration in rivers.
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Table 5-5 The number of simulations under 8 sampling strategies based on the
assumption of availability of a year’s worth of 15-minute data

Interval Subsamples # of Hypothetical
Frequency Frequency Measurements Simulations
15-minutes 1 35,040 None
(Population)
1-hour 4 8,760 4
4-hours 16 2,190 16
12-hours 48 730 48
24-hours (1 day) 96 365 96
3-days 288 122 288
1-week 672 52 672
2-weeks 1344 26 1344
4-weeks 2688 13 2688
Total: 5156

The RMSE values for the five “statistics” of interest, mean, median, 90" and 95®
percentiles, and the maximum, under the 8 sampling strategies shown in Table 5-5 for the
8 river-year combinations are presented in Table 5-6.

Table 5-6 captures and summarizes the results of the entire simulation effort in a
concise and comprehensive fashion. There are eight boxes within which the results of the
8 river-year combinations are presented. Each column represents a sampling strategy
(samples taken 1-hour apart to those taken 28-days apart) and each row indicates the
performance measure of a “statistic” such as the mean, median, and the maximum
(RMSE-Mean, RMSE-Median, ....., RMSE-Maximum). In these simulation experiments

results for only five statistic are presented.



Table 5-6 with RMSE-Mean as the first row for all the river-years

lhour 4hour 12hour 1lday 3day 7day l4day 28day
CD09
RMSE-Mean 0.00 0.00 0.01 0.02 0.03 0.13 0.29 0.74
RMSE-50 0.00 0.01 0.03 0.05 0.10 025 0.37 1.06
RMSE-90 0.01 0.01 0.03 0.08 0.12 0.32 0.71 1.30
RMSE-95 0.00 0.00 0.02 0.04 0.06 0.29 0.56 1.11
RMSE-Max 0.01 0.02 0.03 0.08 0.18 0.52 0.81 1.34
CD10
RMSE-50 0.00 0.00 0.03 0.07 0.12 0.26 0.27 0.40
RMSE-90 0.01 0.01 0.05 0.08 0.16 0.50 0.52 0.74
RMSE-95 0.00 0.01 0.02 0.04 0.13 027 0.49 0.93
RMSE-Max 0.01 0.01 0.02 0.05 026 0.70 1.04 1.69
RMSE-Mean 0.00 0.00 0.01 0.01 0.02 0.12 0.21 0.31
CDl11
RMSE-Mean 0.00 0.00 0.01 0.01 0.04 0.16 0.22 0.71
RMSE-50 0.00 0.00 0.01 0.02 0.07 0.12 0.23 0.61
RMSE-90 0.01 0.02 0.03 0.05 0.17 044 1.19 1.57
RMSE-95 0.01 0.03 0.04 0.10 0.22 0.65 1.16 2.16
RMSE-Max 0.02 0.06 0.08 0.11 049 1.06 1.62 3.11
NRO09
RMSE-Mean 0.01 0.01 0.01 0.02 0.03 0.05 0.12 0.25
RMSE-50 0.00 0.01 0.01 0.03 0.05 0.08 0.15 0.24
RMSE-90 0.00 0.01 0.02 0.03 0.12 023 0.21 0.32
RMSE-95 0.00 0.01 0.02 0.04 0.07 0.15 0.22 0.31
RMSE-Max 0.02 0.03 0.04 0.08 0.12 023 0.42 0.47
NR10
RMSE-Mean 0.00 0.00 0.01 0.02 0.05 0.09 0.29 0.52
RMSE-50 0.00 0.01 004 0.11 022 033 0.41 0.53
RMSE-90 0.03 0.04 0.06 0.09 032 0.51 1.26 3.03
RMSE-95 0.01 0.02 0.04 0.09 025 044 1.19 3.06
RMSE-Max 0.10 0.15 0.19 029 096 149 1.70 4.37
NR11
RMSE-Mean 0.00 0.00 0.01 0.02 0.07 0.09 0.09 0.29
RMSE-50 0.01 0.01 0.02 0.03 0.08 0.16 0.64 0.83
RMSE-90 0.00 0.01 0.01 0.03 0.06 0.16 0.46 0.75
RMSE-95 0.00 0.01 0.02 0.04 0.06 0.17 0.39 0.78
RMSE-Max 0.02 0.05 0.07 0.11 039 0.75 0.96 1.63
MR10
RMSE-Mean 0.00 0.00 0.00 0.00 043 0.07 0.13 0.22
RMSE-50 0.01 0.01 0.02 0.03 0.09 0.10 0.24 0.37
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Table 5-6
Continued

0.00 0.01 0.03 0.04 0.10 0.28 0.30 0.34
RMSE-90
RMSE-95 0.00 0.01 0.03 0.03 0.07 0.28 0.48 0.69
RMSE-Max 0.01 0.04 0.09 0.15 029 0.50 0.65 0.75
MRI11
RMSE-Mean 0.00 0.00 0.01 0.01 0.01 0.04 0.07 0.12
RMSE-50 0.01 0.01 0.04 0.06 0.06 0.12 0.22 0.29
RMSE-90 0.00 0.01 0.03 0.04 0.10 0.14 0.24 0.48
RMSE-95 0.00 0.01 0.03 0.08 0.07 0.11 0.20 0.66
RMSE-Max 0.15 0.24 0.76 0.77 0.78 0.84 1.04 1.63
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A Note on Uniform Stratified Samples: For simplicity in constructing simulations
and also mimicking administrative realities, it was decided to consider only a uniform
sampling schemes within each stratification. For example, in a sampling strategy where
measurements are taken once every three days (3-day strategy), only 288 simulations are
considered. Since we have 96 15-minute measurements in a day, there will be 288 15-
minute measurements (3 x 96) during each 3-day period. In a year there will be 122 3-day
periods (for simplicity in division, we assume a 366-day year in this example). Let’s
consider the 122 3-day periods as “Bins” and each Bin will have 288 ordered 15-minute
measurements available for selection and inclusion in samples. The 3-day strategy will
consist of picking one item from each Bin and constituting a sample of 122
measurements. If we select the item from each bin randomly, we have the possibility of
constructing a very large number of samples (nearly infinite for all practical purposes).
We limited this exercise by considering only 288 samples that specify a uniform structure
for selection within Bins. i.e., if we select item 1 from Bin 1, then the first 3-day sample
will only include item 1 from all the 122 Bins. The second sample will include the 2™
item from all the Bins, and finally the last or the 288™ sample will include all the 288"
items from the Bins. Thus for a 3-day sampling strategy, we will end up with a finite
number of 288 subsamples or replicates with 122 items in each. This structure is referred
to as Uniform Stratified Sampling Strategies. Such a strategy has many advantages in the
world of administrative implementation and it also reduces the variance (and the RMSE)
compared to a random strategy.

Discussion of Results: Results in Table 5-6 are organized in such a way so as to

visualize patterns easily. From statistical theory, it is well known that as sample size
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increases the estimates will get precise and the RMSE will decrease and vice-versa for
decreasing sample sizes. The rows in Table 5-6 are organized with increasing sample
duration or decreasing sample size. We also know that higher percentiles are extremely
hard to estimate and capture compared to lower percentiles, the same principle applies in
hitting the jackpot in a Casino game with a very low probability.

The columns within boxes of Table 5-6 are ordered with increasing percentiles,
except for the first two (mean and median) items which often compete for a tie depending
on the nature of the distribution and its skewness properties. The higher the percentile,
higher will be the imprecision or the RMSE. The unit of measurement RMSE is the same
as that of the measurements, which is mg/l. Visual representation of the performance of
sampling strategies for two river-year combinations of CR09 (Box 1 in Table 5-6) and
NR 10 (Box 5 in Table 5-6) are presented in Figure 5-2 and 5-3, respectively. From
Table 5-6 and the two sample Figures 5-2 and 5-3, it is evident that lower sampling
frequencies (higher duration between samples) result in higher RMSE (imprecision);
estimating higher percentiles are harder and hence higher RMSE (imprecision), and there
are no readily discernible patterns of variation in the performance measures as a function
of river, size, drainage basin, or the year under consideration.

Figure 5-2 for CR09 and Figure 5-3 for NR10 show similar trends in increasing
RMSE for increasing percentiles, with maximum or highest RMSE (highest imprecision)
seen for the estimates of maximum concentration. RMSE is an indicator of precision of
values (or impreciseness) and it is clear that precision levels till 1-day sampling strategy
are quite good, and thereafter increases slightly till the strategy of 3-day sampling and

steadily declines with increasing RMSE until the 28-day strategy.
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Sampling Strategies and Capturing Threshold Exceedances
In this section, we evaluate the performance of sampling strategies (the same 8 strategies
considered earlier) and their effectiveness in capturing threshold exceedances (for ex.,
MCL standard violations). Again, as before, it is assumed that the number of captures we
obtain from a 15-minute strategy will be the benchmark or the standard to which all other
strategies will be compared. Throughout these discussions, the 15-minute strategy is
considered to provide 100% capture of violations or exceedances and we compare the
other strategies to this standard. Figure 5-3 represents the performance measure
represented in the form of a box-plot of % capture based of violations or exceedances
over 10 mg/l in MR11. Again, it is evident that as sampling frequency decreases (or the
duration between samples increase from 15-minutes to 28 days) the % of exceedance
capture diminishes significantly. For illustration, in the case of MR11, there were 107
violations or standard exceedances. We have proof (from the 15-minute truth dataset) of
these violations and the nature of their distribution, timing, periodicity, seasonality, etc.
The results from the 2,688 simulations for the 28-day sampling strategy revealed that

none of these violations were captured in over 98% of the simulations.

The exact number captured is a function of the nature of the exceedance distribution,
whether they occurred in a clump, or on an intermittent fashion (sporadic episodes) over
a few days and so on.

The performance of sampling strategies for detecting nitrate concentration
exceedances at three threshold levels of 10mg/l, 8mg/l and 6 mg/l were considered in this
study. In general, for all three thresholds, increase in sampling duration caused a decrease

in exceedance detection.
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Figure 5-2 RMSE CD09 for 50, 90, 99™ and maximum percentiles
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Figure 5-3 RMSE NR10 for 50", 90", 99" and maximum percentiles

N

RMSE
'S} w

Thour 4hour 12hour lday 3day 7day l4day 28day

--------- RMSE-50 == ==RMSE-90 = = =RMSE-95

RMSE-Max

Summary of Findings
High frequency data has the potential to provide in-depth knowledge about the
occurrence and distribution of chemical constituents in water, and the frequency and the

temporal extent of drinking water standard exceedances of those constituents.
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Nitrate concentration varied between and within sites and years in the study area.
High variations in MR11, NR09, and CR09 were noted. The North Raccoon River had
higher average, median, and maximum nitrate concentration (16.75 mg/l) among the
three rivers studied.

CR10 was the only river-year combination that did not have any exceedances over
the threshold of 10 mg/1. All others had exceedances ranging from 0.31% in MR11 to
54.61% in NR11. In terms of the total number of violations, NR11 had the maximum of
7290, spread over the 4 months of April-July. Among the three rivers, North Raccoon
had the highest exceedance rate of 29.18% (17,118/58,655) of the 10 mg/I threshold
value.

The high exceedance rate observed in the North Raccoon watershed could be
explained by the physiographic region of the Des Moines Lobe and the extensive tile-
drain and ditch network practices of the North Raccoon agricultural watershed. Many of
the above findings, to varying degrees, were further validated by the use of the common
dataset of 70-days applicable to all river-year combinations.

Exceedances in nitrate concentration for 10 mg/1 threshold prevalent in all site-
year combination except for CR10. Number of exceedances significantly increase when
the threshold is lowered to 8 and 6mg/l. Most of the exceedances occur during the
summer and spring months. From public health perspective, monitoring water quality
throughout the months of June, July, and May for all sites is essential, since most high
value threshold violations occur during late spring and summer.

The results from over 40,000 simulations of sampling effort revealed: As the

duration between samples increase, the chances of detecting high threshold values



149

decrease. Error rates are the highest for detecting maximum nitrate concentration and
they decrease as one goes down the percentile classes (from the maximum to the

median).
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CHAPTER 6
ESTIMATION OF NITRATE LOAD IN RIVERS: IMPLICATIONS FOR THE

CLEAN WATER ACT

The Clean Water Act of 1972 requires states, territories and tribes to regularly
report their water quality status to the US EPA. In order to comply with the CWA’s
requirements, states, territories and tribes, should monitor their ambient water quality on
a regular basis. Monitoring requirements under Section 303 (d) of the CWA vary from
state to state based on the designated water uses, existing water quality standards and
water quality impairment issues that are unique to each state. Most agricultural states in
the Mississippi River Basin struggle with the issue of nutrient enrichment of waters
leading to low dissolved oxygen, algal growth, public health and economic concerns, and
hypoxia in the Gulf of Mexico. To sustain high agricultural yield, copious amount of
fertilizers are used which eventually lead to increased nutrients in waters of the
Midwestern US. Increase in agricultural activity and the extensive use of chemical
fertilizers associated with such an increase have led to a concomitant increase in nutrient
concentration and load in the Mississippi River Basin over the last century. Reducing
nutrient levels in streams and rivers requires a multipronged approach and a combination
of best management practices, optimum timing and use of farm chemicals, improved
water quality monitoring strategies, organized stakeholder coordination, and effective
policy measures.

Current water quality monitoring strategies, mostly use grab samples with low

frequency (once or twice a month) as the default method of collecting samples. Grab
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sampling is an efficient method of collecting samples, when water constituents are stable
throughout the year or has minimal temporal variation. Water constituents that are
seasonal in nature or show significant variation within a short period of time in response
to hydrological, natural or human-engineered extreme events such as accidental spills, are
not well attended to by low frequency grab sampling methods. In order to improve
performance, various sampling methods have been attempted under pilot projects and
studies sponsored by individual states, federal programs, universities and other
sponsoring institutions. Through an effort put forth by the USGS in cooperation with the
State of lowa Water Monitoring Bureau in 2006, whereby, a water sampling plan was
brought to fruition by installing several high frequency monitors throughout the state of
Iowa. Five river sites were monitored for (Nitrate+Nitrite)-N concentration beginning in
2008, on a sporadic basis, data from three of which are analyzed in this study. The USGS
installed ultra-violet Nitratax photo sensors for collecting continuous Nitrate
concentration data in all these sites at a frequency of 15 minutes. Such high frequency
sampled data, not only enables the agency officials to inform public about excessive
pollution of water, but also provides a good understanding of temporal variation of nitrate
concentration and its impact on overall nitrate load estimation. Unavailability of high
frequency nitrate concentration data, often leads to the use of surrogate measures as
proxies in the estimation of data gaps in nutrient values. Associated with the use of any
such measures will a degree of error in estimation. Thus access to high frequency nitrate
concentration and discharge data provides unique opportunities to understand minute
temporal variations in load estimates, which may be useful in establishing improved

water quality standards and TMDLs. Robust estimation of nutrient loads is a key factor
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in developing TMDLs, developing appropriate BMPs, and evaluating the effectiveness of
land management practices for the reduction of load to the rivers from a watershed. Thus,
further research is warranted to evaluate the role of sampling strategies and their
influence on the generation of precise estimates of nutrient loads to Midwestern Rivers
and the Gulf of Mexico. It is not only important to assess and evaluate the role of
sampling in estimating annual or seasonal loads, but also in estimating loads during
elevated flow conditions.

Effective estimation of nitrate load transported by the rivers is at the heart of this
chapter. In particular, the following two objectives are pursued and described in detail:

a) Assessment and evaluation of various sampling strategies in estimating nutrient

loads for the eight site-year combinations, and

b) A theoretical assessment and evaluation of the relationship between high flows

and nitrate load under two different methods of high flow identification for the
eight site-year combinations, and

In chapters 3 and 4, it was shown that there are significant variations in discharge,
nitrate concentration, and nitrate load between and within river sites. In this chapter we
will review, analyze, evaluate, and assess in detail the nitrate load, its estimation, and its
relationship to high flows.

Table 6-1 presents the complete statistical distribution of nitrate load and Figure 6-1
graphically displays the variation in load in the form of box-plots for all site-year
combinations. From Table 6-1 and Figure 6-1, it is evident that Cedar River generates the
highest loads, followed by North Raccoon and then the Middle Raccoon. As seen in

Chapter 4, Nitrate load is positively correlated (Chapter 3) with discharge, and thus, in
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general, the higher the discharge, higher is the river’s carrying capacity for load. Also, the
coefficient of variation (CV) for site-year combinations shown in the last line of Table 6-
1, point out the fact that the load in smaller rivers vary more in comparison to larger
rivers. The range of CV for Middle Raccoon was the highest and between 140-152%, for
North Raccoon it was between 73 and 115%, and the Cedar River displayed the lowest
range between 64 and 91%. As described earlier, the CR drains a watershed area of 6,510

sq. miles, whereas, the NR and the MR drain 1,619 and 440 sq. miles, respectively.

Table 6-1 Summary statistics of nutrient load by site-year combination

CRO09 CR10 CRI11 NRO09 NR10 NRI11 MR10 MRI11

Count 21505 20353 14881 22655 23232 12768 21889 35041
Mean 1315 1511 2162 247 614 569 120 39
Mode 322 263 1562 1 261 617 26 1
Min 16 92 6 1 80 47 4 1
1 Percentile 109 187 143 1 94 70 1
5P 116 242 274 2 118 114 20 1
10 P 165 279 635 8 164 168 24 1
I5P 251 303 937 17 216 182 26 1
20 P 321 346 1061 23 239 199 27 1
25P 365 366 1216 29 255 232 29 1
50 P (Med) 1022 1101 1714 167 347 467 55 22
75 P 2115 1946 3019 305 736 734 137 44
80P 2291 2449 3316 408 867 874 165 53
85 P 2523 3155 3653 484 1185 973 219 71
90 P 2845 3691 4261 691 1584 1155 293 99
95 P 3398 4607 5016 852 2070 1434 423 150
99 P 4195 5683 6248 1301 2655 1984 701 295
Max 4695 5880 6700 1514 3022 2085 1712 568
Standard Dev. 1081 1368 1389 286 599 417 168 59

Ccv 82% 91% 64% 115% 98% 73% 140% 152%
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The common theme in all such observations is that the larger the availability of space
or volume, the lesser will be the shock to the system from extreme events. Thus, more
variability in discharge and nitrate load can be expected in smaller compared to larger
rivers. The variation in nitrate load within the same site, during different years, may also
vary due to natural and human-engineered causes that govern rainfall, snowmelt, rate of

fertilizer applications, point source dischargers, and accidental spills.

Figure 6-1 Load distribution by site-year combination
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Sampling and Estimation of Nitrate Load to Rivers
Increase in sampling frequency will lead to more precise and accurate load
estimations (Putney, 2010; Gwinup 2011, and Birgand et al., 2009). Putney (2010) has
reported the results of an extensive field study carried out within the relatively small
Clear Creek watershed of lowa and estimated the nitrate flux based on different sampling
strategies for three months of data collected during the summer of 2009. Another study

by Gwinnup (2011) building on the effort of the earlier one, casts a much broader net and
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reviews the impact of nutrient flux on the Mississippi basin as a whole and connects it to
the expanding problem of hypoxia in the Gulf. The Gwinnup (2011) study also evaluates
the impact of various sampling intervals on load estimation for rivers ranging from the
Raccoon in lowa to the Mississippi.

The research reported in this chapter builds on the work of earlier studies and
attempts to thoroughly investigate the relationship between sampling strategies and load
estimates by river size, drainage area, discharge levels, and time periods. To assess the
strength of such relationships, several performance measures are also constructed and
evaluated in this study.

The 15-minute nitrate load data constructed from the original directly measured
river discharge and nitrate concentration data is considered to form the “Truth dataset.”
As described earlier, appropriate conversion factors were used to convert cubic feet to
liters, seconds to minutes, and milligrams to kilograms. Using the conversion factors of:
1 cubic foot = 28.3168 liters, 15 minutes = 900 seconds, and
I kgm = 1,000,000 mgms
Applying these conversion factors for unit transformations, we get
Discharge (cf/s) x concentration (mg/l) = 0.025485 load (kgms/15 mins)

For simplicity, we will describe the process of estimating the load transported by one
river during one year based on the available 15-minute measurements. Let’s consider the
Cedar River for the year 2009 (CR09). From the “truth dataset,” it is known that there
was a total of 21,505 15-minute measurements available for the Cedar River during the

year 2009, or approximately 7 2-months (224 days) worth of 15-minute data.
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In the following pages, an illustration of the process of estimating the mean of the
CRO9 load distribution will be described. This generic process can be extrapolated to any
other statistical measure of the sampling distributions of river-year combinations.

The Sampling Experiment: As shown in Table 6-2, the eight stratified/uniform
sampling strategies used in this research include, 1 hour, 4 hours, 12 hours, 1 day, 3 days,
7 days, 14 days and 28 days. The smallest sampling interval of 15 minutes is considered
the “Truth Dataset” or the one closest to reality. This dataset is resampled at the 8
sampling intervals, to create a subset of samples for each strategy. Thereafter, load
estimates from thousands of such simulated samples are computed and compared to the
true population estimate (the truth dataset) to understand the performance of load
estimates from the various strategies. In this research, as described in Chapter 5, only a

process of stratified uniform sampling was considered.

Table 6-2 Illustration of selected measures of the 8 uniform stratified sampling strategies
for the Cedar River in year 2009 with 21,505 15-minute measurements (Population)

Sampling # of feasible # of
Interval Subsamples measurements per
Subsample

1-hour 4 5,376
4-hours 16 1,344
12-hours 48 448
24-hours (1 96 224
day)

3-days 288 75
I-week 672 32
2-weeks 1344 16
4-weeks 2688 8

Total: 5156
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A note on Uniform Stratified Samples (USS) versus Simple Random Samples
(SRS): In sampling theory, it is well known that the mean of a simple random sample

(SRS) of size n will have a standard error, given by

Where, o is the standard deviation of the parent population.

Also, from theory, it is know that a stratified random sampling scheme that forces
a certain allocation from different strata in each sample will have the benefit of reducing
variability (as seen in Table 6-3) and insuring necessary representation of various strata.
In the case of sampling strategies employed in this research, we go one step further and
further limit selection within each strata by following a uniform strategy (such as on the
hour, on the half hour, etc.). Again, this process further reduces the standard error of the
mean obtained from uniform stratified samples as shown in Table 6-3.

The last two columns of Table 6-3 represent the standard error of mean nitrate
load from a theoretical simple random sample (SRS) of various sizes and the same from
uniform stratified samples (USS) used in this research. The standard error of SRS is
derived from the formula given earlier and the standard error for the USS is from
exhaustive simulations of all possible samples enumerated for this research.

Once the organizing principles (USS) governing the formation of subsamples are
defined, then it is possible to simulate as many samples as necessary and collect
appropriate descriptive statistical measures of load (mean, median, percentiles, etc.) from
each such subsample, collate and tabulate the results from all such subsamples so as to
understand the nature of their distributions. In this effort, such a process was carried out

exhaustively, so that all 5,156 subsamples shown in Table 6-2 were enumerated and
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appropriate statistical descriptions collected, organized, tabulated and kept ready for

further analyses.

Table 6-3 Illustration of selected measures of the 8 sampling strategies for the Cedar
River in year 2009 with 21,505 15-minute measurements with a standard deviation of
1,081 kgms/15-minutes

Sampling # of # of observations SRS SE of
Interval Samples per sample mean USS
1-hour 4 5,376 14.74 0.11
4-hours 16 1,344  29.49 0.45
12-hours 48 448 51.07 1.78
24-hours (1 96 224 72.23 2.99
day)

3-days 288 75  124.82 11.2
I-week 672 32 191.1 41.78
2-weeks 1344 16 270.25 124.11
4-weeks 2688 8 382.19 202.11

From the “truth” dataset, it is known that the mean of nitrate load based on 21,505

15-minute measurements (or 224 days or 7 2 months of data) is 1,314.5 kgms/15-

minutes. It is our objective to evaluate the performance of sampling strategies in their

ability to estimate this load precisely. The first row of data in Table 6-3 is related to the

1-hour sampling strategy. Under this strategy, there are 4 samples, each consisting of

5,376 15-minute measurements. The mean nitrate load from these four uniform stratified

samples, arranged in increasing order, was found to be: 1,314.5, 1,314.5, 1,314.5, and
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1,314.8. Since there were only four samples (all large), the 100%, 99%, 98%, and 95%

range were all represented by the two extreme observations (as in Row 1, Table 6-4).

Table 6-4 The percentile values of mean nitrate load from all the subsamples generated
from the eight sampling strategies for Cedar River in 2009. The true value of the mean
load based on 21,505 15-minute measurements in CR during 2009 is 1,314.5 kgms/15-

minutes
100% of Sample 99% of Sample 98% of Sample 95% of Sample
Values Values Values Values
Lower Upper Lower Upper Lower Upper Lower Upper
End End End End End End End End

1Hr. 1314.5 1314.8 1314.5 1314.8 1314.5 1314.8 1314.5 1314.8
4Hr. 1313.7 1315.2 1313.7 1315.2 1313.7 1315.2 1313.7 1315.2
12Hr. 1310.3 1317.9 1310.3 1317.9 1310.3 1317.9 1310.4 1317.4
Iday  1308.7 1321.1 1308.7 1321.1 1308.8 1320.7 1309.6 1320.1

3day  1288.5 1334.2 1288.5 1334.2 1291.7 13333 1293 1332
7day 12254 1370.6 1229.3 1368.1 1230.9 1367.8 1237.8 1366
14day 1141.7 1514.8 1143.8 1511.6 1145 1509.2 1157.4 1506.9
28day 835.6 1639 852.3 1618.3 869.1 1614.6 921.2 1607.4

Extending similar reasoning, the last row of data is related to the 28-day sampling
strategy. Under this strategy, as shown in Table 6-3, there are 2,688 samples, each
consisting of 8 15-minute measurements. The mean nitrate load from each of these 2,688
uniform stratified samples, arranged in increasing order, was found to be between 835.6
and 1639.0 (smallest to the largest). The two '2-percent tails of the distribution of 2,688
15-minute load measurements will be found at 13" and 2,674™ ordered observations, the
two 1% tails will be found at 27" and 2,661% ordered observations, and finally the two 2
Y5 % tails would be found at 67" and 2,621% ordered observations. From these two-tailed

observations, the four intervals for 100%, 99%, 98%, and 95% for the 28-day sampling
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strategy are reported in the last row of Table 6-4. As could be clearly seen from Table 6-
4, the larger the sampling interval (less frequent sampling), wider is the interval of the
load estimate. It clearly indicates the impreciseness in our ability to estimate load with
infrequent sampling. One of the primary objectives of the sampling strategies is to
estimate the average load as close as possible to the true value.

Taking this analysis one step further, we could set up an acceptable percent error
in mean load and explore the performance of the various strategies. The true value of
nitrate load is known to be 1314.5 kgms/15-minutes. In row 1, we specify that this load
should be estimated with no more than (+/-) 1% error, i.e. the sampling strategy should
come up with an estimate in the range of 1,301.4 and 1,327.6 kgms/15-minutes. In the
next five rows (2 through 6), we present numbers similar to these for 2, 3, 5, 10, and 20%
errors. The performance of the 8 sampling strategies are reported on the right side of the
Table 6-5. For example, the 1-hour, 4- hour, 12-hour, and 1-day strategy will perform and
deliver a load estimate within all the specified ranges 100% of the time. The 3-day
sampling strategy can only deliver a load estimate that is within the interval of (+/-) 1%
of the true value in 69% of the cases, this we know from exhaustively enumerating and
ordering all the 288 subsamples resulting from the strategy. Similar results are noted and
presented in Table 6-5 for a total of 48 error and strategy combinations (based on a total
of 5,126 enumerations and orderings). Similar analysis could also be extended to the
other 7 river-year combinations and also to other measures such as the total load, median,

and the higher percentiles.
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Table 6-5 The performance of eight sampling strategies as a function of acceptable error
(%) in mean load of the Cedar River in the year 2009

Truth  Truth Performance of Sampling Strategies

15 Mins 13145 13145

Acceptable Lower Upper 1Hr. 4Hr. 12Hr. 1day 3days 7days 1l4days 28days
Error% End End

1301.4 1327.6 100% 100% 100% 100%  69% 6% 5% 2%

1288.2 1340.8 100% 100% 100% 100% 100%  27% 9% 4%

1275.1 13539 100% 100% 100% 100% 100%  58% 13% 8%

DN W N —

1248.8 1380.2 100% 100% 100% 100% 100%  92% 19% 18%

10 1183.1 1446 100% 100% 100% 100% 100% 100% 65% 31%

20 1051.6 1577.4 100% 100% 100% 100% 100% 100%  100% 83%
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Estimating Nitrate Load during High Flow Conditions

A question of considerable research interest is that of the relationship between
discharge and load, especially during high flow conditions. In this Chapter, the
Hydrograph Separation (HYSEP) method for separating high surface runoff flows from
base flows proposed by authors such as Pettyjohn and Henning (1979) and Posten (1984)
will be adapted and extended to the eight river year combinations. As described by Sloto
and Crouse (1996),
“HYSEP is a computer program that can be used to separate a streamflow hydrograph
into baseflow and surface-runoff components. The base-flow component has traditionally
been associated with ground-water discharge and the surface-runoff component with
precipitation that enters the stream as overland runoff. HYSEP includes three methods of

hydrograph separation that are referred to in the literature as the fixed-interval, sliding-
interval, and local minimum methods.”

The elevated or high discharge phases identified as part of the HY SEP method in
this chapter is different from the event peaks identified in Chapter 4. Table 6-6 describes
the primary differences between the event peaks identified in Chapter 4 and the high-flow
conditions selected for analysis in this chapter.

High flow conditions were identified using a combination of visual inspection of
the hydrograph and hydrograph separation technique. Local Minimum Method of
hydrograph separation, used by Hydrograph Separation (HY SEP) model of USGS
(USGS, 1996; Lim et al., 2005; Schilling and Walter, 2005; Schilling, 2005) was used to
construct the baseflow and stormflow charts. The duration of surface runoff is calculated
by the equation:

N = A°2
Where N = number of days of surface runoff, and A is the area of a watershed in square

miles. An interval of 2N is chosen for baseflow separation. The local minimum checks
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every day to see if that day represents the lowest flow within a window of a specified

number of days. If the day indeed represents lowest flow within a window of specified

days then it is marked as a day for

Table 6-6 Difference between event peaks identified in chapter 3
and high-flow conditions identified in this chapter

Event Peaks Identified in Chapter 4

High-Flow Conditions Identified in Chapter 5

Data peak points were identified by
visual observation

High-Flow Conditions were identified by
visual observation in combination of
hydrograph separation method

150 data points were selected before
and after the peak point for all events
to maintain uniformity

No specified data limit was applied for each
set of high-flow condition data.

301 data points were collected to
represent only the peak zone of an
event

Data was collected for the entire duration of
high-flow. Each high-flow condition started
with the increase in surface runoff, and ended
once surface runoff was low or close to 0.

Approximately 3 days of 15-minute
data were collected to represent each
event peak

Each high-flow condition represented few days
to a month of data

Most perceptible peaks were selected

Only those high-flow conditions were selected
that exceeded 85 percentile of flow at some
point during the selected period.

baseflow, and thus this process is conducted for all days within a data set. The specified

window of days is calculated by the equation:

[0.5(2N-1) Days],

Where, N is the number of days of expected runoff in a watershed. The local

minimum method does not take into account soil drainage properties, or watershed

specific drainage features, or presence of flow reduction management programs. This
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method is a simplistic way of separating baseflow and storm flow, but is widely used for
its ease of applicability. This method was selected to provide a second layer of
justification for selecting high-flow conditions, and was not the only or the primary
method for identification. The purpose of identifying the high-flow conditions, was to
understand the relationship between discharge and load, especially during phases of
elevated flow. Figure 6-2 is an illustration of the identification of high flow conditions for
NR11. As evident from Figure 6-2, one high flow condition can represent more than one
discharge event peak (as those identified in Chapter 4), as long as there was continuous
surface runoff present between successive events.

In some cases, high flow conditions lasted several days and occasionally even up
to a month. Table 6-7 summarizes all high flow conditions selected for analysis for the 8
river-year combinations. In all, a total of 52 high flow conditions were identified. The
number of high flow conditions varied from one site-year combination to another. NR11
had only 3 high flow conditions, whereas MR 10 had 10 high flow conditions. Number of
days representing high flows varied from 3 to 32 days. Lager Rivers had more days in
high flow status (8 to 32 days in CR and NR) compared to smaller rivers (2 to 17 days in
MR).

The figures in Table 6-7 were recast in the context of N load per day per event. It
shows the average load per day during high flow conditions for all site-year
combinations. As seen from Table 6-8, there is significant variation within and between
river-year combinations. In Table 6-8, the high flow hydrological event within all river-
year combinations that contribute the maximum load is bolded in green and the one

contributing to the minimum load is bolded in blue. For ex., in the Cedar River in year
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2009 (CRO09), event 2 contributed 208.3 kgms/day, whereas, event 5 during the same
river-year contributed only 28.9 kgms/day, over a seven-fold difference. Such differences
in ratios between the maximum and the minimum load per day between the various river-
year combinations varied between 1.36 in NR11 to 7.21 in CR09. Highest load per day
was noted in the Cedar River where the maximum was between 208 and 420 Kg/day,
much higher than the North Raccoon, where it was from 69 to 144 and in the Middle
Raccoon, where the range was from 20 to 44 Kg/day.

Using data from Chapter 4 and this Chapter 6, the load carrying capacity of rivers
will be evaluated under five different environmental conditions, the HYSEP method, the
peak discharge event method, the peak concentration event method, the peak load event
method, and the 70-day common dataset approach. All these approaches are of theoretical
interest and may provide partial answers to questions such as, when do rivers carry high
nitrate load, is high load related to river discharge, the size of the river (the basin it
drains), the land use in the basin, or the season of the year. We will explore some of these
questions in the following pages. A brief definition of the five methods that are used in

comparison are provided below:
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Table 6-7 Total nitrate load and number of days per high flow condition for all site-year combination

CRO09 CR10 CR11 NRO09 NR10 NR11 MR10 MR11
Total N Load = Days Load Days Load Days Load Days Load Days Load Days Load Days Load  Days
(Metric Ton)
1 6,178 32 5,294 23 6,641 22 281 16 1,947 20 1,814 27 45 3 18 4
2 4,165 20 4,613 14 6,842 24 301 18 2,373 19 1,630 18 83 7 30 5
3 3,216 21 4,624 11 4,868 18 564 22 2,134 21 2,197 24 666 17 145 13
4 395 8 4,099 19 6,348 22 232 12 1,300 9 319 7 91 5
5 463 16 3,064 17 1,827 26 1,676 24 846 9 58 2 86 5
6 6,504 32 1,870 22 1,144 22 1,731 20 116 5 222 11
7 2,862 32 728 14 52 3 36 3
8 35 3 46 5
9 157 8
10 223 11
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Figure 6-2 Illustration of selection of high flow water conditions
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Table 6-8 Nitrate load (tons/day) for the 52 high flow events identified by the HYSEP method for the eight river-year combinations.
the maximum and minimum loads within each river-year combinations are highlighted in black and blue

CR09 N CRI0O N CRI1 N NRO9 N NRIO N NRI1 N MR10 N MRI11 N

LOAD LOAD LOAD LOAD LOAD LOAD LOAD LOAD
1 193.1 1 230.2 1 301.9 1 17.6 1 97.4 1 67.2 1 15 1 4.5
2 208.3 2 329.5 2 285.1 2 16.7 2 124.9 2 90.6 2 11.9 2 6
3 153.1 3 420.4 3 270.4 3 25.6 3 101.6 3 91.5 3 39.2 3 11.2
4 49.4 4 215.7 4 288.5 4 19.3 4 144.4 4 45.6 4 18.2
5 28.9 5 180.2 5 70.3 5 69.8 5 94 5 29 5 17.2
6 203.3 6 85 6 52 6 86.6 6 23.2 6 20.2
7 89.4 7 52 7 17.3 7 12
8 11.7 8 9.2

9 19.6

10 20.3
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Table 6-9 Comparison of the performance of five sampling strategies and the
effectiveness (yield ratio) of those

CR0O9 CR10 CR11 NR0O9 NRIO NRI1 MRI10 MRII1

HYSEP 129 139 1.14 1.64 1.8 1.5 2.31 3.56
Peak Discharge Events 1.5 1.92 1.9 25 266 257 2.32 4
Peak Concentration Events 1.41 1.73 1.75 1.5 088 0.77 2 2
Peak Load Events 2 233 192 288 277 2.18 3 5
70 Days of Common Data 1.52  1.81 1.05 2 1.43 1.26 2.13 3.05

Note: Strategies in capturing a % of the known total nitrate load observed from the 15-
minute truth dataset on nitrate. For each river-year combination, the most and the least
load carrying days are highlighted in green and blue, respectively.

HYSEP Method: The hydrograph separation model is based on local minimum
method, a part of the HY SEP model. This methods separates the amount of baseflow
from stormflow and can identify periods of high flow in a river system. A total of 52
events ranging from 51 days in MR11 to 138 days in CR10 for the 8 river-year
combinations were identified for this study.

The Peak Discharge Event Method: Using a continuous hydrograph, this method
visually identifies discharge spikes in rivers and then selects 150 points before and 150
points after the identified spikes. The entire collection of 301 measurements forms what
is known as the event peak distribution. 65 such discharge event peak distributions were
identified for this study and described in detail in Chapter 4.

The Peak Concentration Event Method: Using a time-series plot of N
concentration (15-minute measurements), this method visually identifies nitrate
concentration spikes in rivers and then selects 150 points before and 150 points after the

identified spikes. The entire collection of 301 measurements forms what is known as the
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event peak distribution. 70 such concentration event peak distributions were identified for
this study and described in detail in Chapter 4.

The Peak Load Event Method: Using a time-series plot of load (computed from
discharge and nitrate data), this method visually identifies nitrate load spikes in rivers and
then selects 150 points before and 150 points after the identified spikes. The entire
collection of 301 measurements forms what is known as the event peak distribution. 62
such load event peak distributions were identified for this study and described in detail in
Chapter 4.

The 70-day Common Dataset: The 15-Minute nitrate measurement was available
for 70 continuous days (May 18 to July 26) for all the 8 river-year combinations. To
benefit from the availability of such data, this season-based sampling method was
constructed for analysis in this study.

As described earlier, we have available, accurate 15-minute load data for an
average of 7 /2 months for the 8 river-year combinations (Table 6-1). From such data, we
can derive accurate load per day figures (truth values) for all the river-year combinations.
For example, using the HY SEP method, six events extending to 129 days for CR09 were
identified and shown in Table 6-7. These six events collectively contribute 20,921
Metric tons of N over those 129 days, leading to an average of 162.18 tons/day of load.
This value is 1.29 times (or 29% higher) the truth value for an average day load from
Table 6-1, which was 126.24 tons/day [(1315 x 96)/1000 = 126.24 tons/day]. The gain in
efficiency (or a relatively higher capture of N load) is termed yield ratio of the HYSEP
method for CR09. Similar yield ratios are calculated for all the five methods and the 8

river-year combinations from data reported and available in Chapters 4 and 6 and
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presented in Table 6-9. In the Table, for each river-year combination, the most and the
least load carrying days are highlighted in green and blue, respectively.

By the very nature of its definition, the peak load event method was expected to
capture the days of maximum load and it did exactly that, as seen by all the yield-ratios
highlighted in green in Table 6-9. This method was followed by the Peak Discharge
Event method, which had the second highest yield ratio for almost all the river-year
combinations, except for CR09, where it came a close third behind the common 70-day
dataset. The yield ratio for the HY SEP Method was quite healthy ranging from 1.14
(CR11) to 3.56 (MR11). In general, there was an inverse relationship between yield-ratio
and average discharge, smaller the river higher was the yield ratio. Since the HYSEP
method identified too many days for inclusion, it did not generate the largest yield ratio
for any river-year combination studied in this research. The Peak Concentration Event
method performed better than the HY SEP method for all the three CR years, and
similarly the 70-day common data approach also performed better than HY SEP for
CRO09, CR10, and NRO09.

From Table 6-9 and these discussions, it is evident that in general, all the methods
that have included high flow periods or seasons representing them provide yield ratios
greater than 1 (all except the peak concentration event method). Load is constituted by
two components, discharge and concentration. From the available evidence on the 8
river-year data presented in this Chapter and Chapter 4, the variation in load is better

explained by variations in discharge than variations in concentration.
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TMDL and Monitoring Frequency

TMDL is the prescribed method for mitigating nonpoint source pollution by the
USEPA. However, establishing TMDL requires detailed knowledge about a watershed
and variation of discharge and load in streams and rivers. Since Midwestern streams and
rivers experience seasonal changes in discharge and nitrate load, it is important to use a
high frequency water sampling scheme to capture all sudden increases in discharge and
nitrate loads. This chapter elaborated the fact that high flow conditions and events carry
significant amount of nitrate loads and are important for accurate estimation of overall
nitrate load. Both Des Moines and Cedar River watersheds are required to have TMDLs
due to their contribution to high nitrate load. As mentioned in chapter 5, MCL
exceedance for nitrate is routine phenomena in both Cedar and Des Moines River
watersheds. For most cases, TMDL values are set at 9.5mg/1 with 0.5mg/l as a margin of
error (Schilling and Wolter 2009). The chosen TMDL value also matches SDWA MCL
for nitrate. This selection is appropriate since both Des Moines and Cedar Rivers serve as
source water for many PWSs in the watersheds. Also, it highlights the connected nature
of the two major water laws, the CWA and the SDWA. For the implementation of
TMDLs and verifying the efficacy of best management practices, it is important to
accurately estimate nitrate load and its variation in rivers within and between years. This
chapter has provided definitive and significant evidence on the relationship between
sampling strategies and precision in load estimates. Benefitting from such research
observations within the existing social, economic, and legal contexts is the next step in

this evolving process of using science for better policy decisions.
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Summary of Findings

Nitrate Load in Rivers: The Cedar River drains a watershed area of 6,510 sq.
miles, whereas, the NR and the MR drain 1,619 and 440 sq. miles, respectively. Based
on the drainage basin size, the Cedar River generates the highest loads, followed by
North Raccoon and then the Middle Raccoon. Also, the evidence suggested that the
larger the availability of space (basin) or volume (discharge), the lesser was the shock to
the system from extreme events. Relative to their size (average flow or the drainage
area), smaller rivers displayed more variation. The range of CV for Middle Raccoon was
the highest and between 140-152%, for North Raccoon it was between 73 and 115%, and
for the Cedar River it was lowest and in the range of 64 and 91%.

Sampling for the Precise Estimation of N Load: Building on earlier work of other
Iowa researchers, this study attempts to thoroughly investigate the relationship between
sampling strategies and load estimates by river size, drainage area, discharge levels, and
time periods. An experiment based on Uniform Stratified Sampling (USS) strategies of 8
different time intervals was developed and implemented. The USS was shown to be
superior to simple random sampling (SRS) in reducing the error in estimation. The results
from elaborate time-consuming, and exhaustive collection of simulation experiments
resulted in our ability to make definitive certainty statements (as opposed to probability
statements) linking acceptable error in estimates to performance of strategies. The results
of such experiments were illustrated for N load estimation in the Cedar River during the
year 2009. The results clearly captured the relationship between precision and sampling
strategy. The next step would be to validate the process by implementing the same for the

7 other river-year combinations studied in this research.
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The Impact of High Flows on N Load: Three high flow driven, one concentration
driven, and one season driven load estimation strategies were defined and evidence was
gathered to evaluate their performance. The hypothesis that sampling high flow events
enables to capture larger loads was conclusively verified.

Future Actions: Utilizing and translating the main findings of this research into
acceptable sampling strategies for effective TMDL development under the CWA is the

next step in the right direction.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATION

Nitrate concentration and load varies significantly from one watershed to another
based on geologic history, land use, agricultural drainage practices, discharge levels, and
point sources. Even within a single monitoring site, nitrate concentration and load varies
significantly from one year to the next.

First null hypothesis that all site year combinations are similar in terms of
discharge, nitrate concentration and nitrate load were proved wrong. Each of these
parameters vary greatly over time and space.

Second null hypothesis that all events are similar could not be proved with the
given data set. There are strong statistical indications that events vary significantly
between and within site year combinations.

Third hypothesis that removing a few extreme values can significantly impact a
data set was also unfounded. All statistical tests indicated that removing a few extreme
values does not significantly impact properties of a dataset in this case.

Fourth hypothesis that sampling duration did not significantly impact nitrate load
and concentration estimates were also proven incorrect. Increase in sampling duration led
to more errors in nitrate load and concentration estimates.

The three 5 order streams, Middle Raccoon, North Raccoon, and Cedar draining
an area of 440, 1619, and 6510 sq. miles were studied and analyzed in detail for this
research. High frequency (15-minutes apart) sensor-driven data on discharge and nitrate

for the three years 2009-11 was available for Cedar and North Raccoon rivers and for the
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two years 2010-11 for the Middle Raccoon. The four dominant themes under this topic
were the relationship of the river to the variables discharge, nitrate concentration, nitrate

load, and extreme events related to the three previous variables

Peak Event Analyses

A total of 197 peak events (65 discharge, 70 nitrate concentration, and 62 nitrate
load) were analyzed in this study. Peaks mostly occurred during the spring and summer
months. The month of June experienced most number of discharge, nitrate concentration
and nitrate load peaks, followed by the months of July, May and April. Thus, from a
water quality monitoring perspective, the month of June is crucial for observing events in
the three selected rivers.

Discharge and load events coincided most of the time and were similar in
behavior. Both discharge and load events were largest in bigger rivers compared to the
smaller ones. The rising and receding limbs for both discharge and load events were
much sharper compared to nitrate concentration events. Concentration peaks were largest
in North Raccoon River, compared to the other two rivers indicating that nitrate
concentration in streams are also impacted by other variables other than discharge or the
size of a watershed. Nitrate concentration peaks were flatter in shape and the rising and
receding limbs changed at a much slower pace.

Smaller rivers appeared to exhibit flashy behavior during discharge and load
events. In other words, small rivers experienced sharp increases and decreases in
discharge and nitrate load during events. Thus, smaller rivers had much higher coefficient

of variation during their events for both discharge and nitrate load, compared to the larger
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rivers. Higher coefficient of variation is an indication of flashy behavior in streams and
rivers.

Cumulatively events were able to capture significant portion of total discharge,
total nitrate load and number nitrate concentration exceedances during the entire
sampling period. This indicates that under sampling events can lead to underestimation of
discharge, nitrate load and nitrate concentration exceedances.

High frequency data appeared to have high level of temporal autrocorrelation.
Correlograms prepared for the discharge, nitrate concentration and nitrate load suggested
that data collected at 15 minute interval were significantly correlated for at least 7 days
and at the most a month. Partial autocorrelation function, suggested most data was highly
correlated for the first few lags and thereafter the function moved in a cyclical fashion,
occasionally becoming significant and then again falling below the level of significance.

Correlation between discharge, nitrate concentration and nitrate load showed
significant and high positive correlation between discharge and nitrate load for all site-
year combinations, significant but moderate level of correlation between discharge and

nitrate concentration and nitrate load and nitrate concentration.

High Concentration Values and the Implications for the SDWA
Other than CD10, all other site-year combinations have experienced nitrate
concentration exceedances beyond 10mg/l. North Raccoon had the highest percentage of
exceedances, followed by Cedar River and Middle Raccoon River. When threshold for
exceedances were decreased to 8mg/l and 6mg/1, the exceedances increased by several

folds, and in some case, almost all samples exceeded the threshold. The high exceedance
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rate observed in the North Raccoon watershed could be explained by the physiographic
region of the Des Moines Lobe and the extensive tile-drain and ditch network practices of
the North Raccoon agricultural watershed.

Lower sampling frequency was associated with lower nitrate threshold detection
rates. The results from over 40,000 simulations of sampling effort revealed that as the
duration between samples increased, the chances of detecting high threshold values
decreased. Error rates were the highest for detecting maximum nitrate concentration and
they decreased as one went down the percentile classes (from the maximum to the
median).

Most of the exceedances occur during the summer and spring months. From
public health perspective, monitoring water quality throughout the months of June, July,
and May for all sites is essential, since most high value threshold violations occur during

late spring and summer.

Estimating Load and Implications for the CWA
Nitrate load was highest for the Cedar River, followed by North Raccoon and
Middle Raccoon River, indicating that bigger rivers are associated with large amounts of
nitrate load compared to smaller rivers.
Nitrate load estimation is more accurate for higher sampling frequencies
compared to lower sampling frequencies. The higher the sampling duration, the higher is
the error level in estimating nitrate load. The error in nitrate load estimation increases

sharply beyond daily sampling frequency.
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High flow conditions, when there is significant surface runoff related discharge
due to storm or snowmelt activities, contribute significant amount of nitrate load. Error in
load estimation during high flow conditions were higher for all sampling frequencies
compared to the overall sampling period. High flow conditions lasted for different
duration for different stream sizes. For smaller streams high flow conditions spanned
over a few days, whereas for larger streams high flow conditions lasted for several weeks
at a time, sometime extending up to a month.

From the CWA perspective, nitrate and discharge monitoring during high flow
conditions is important for accurate annual nitrate load estimation. Though nitrate load
during high flow condition is usually higher than a regular day, there is tremendous
variation between one high flow period to the next in terms of both discharge and nitrate
load. Not all high flow condition contribute similar amounts of nitrate load in a river
system. Some high flow conditions can produce nitrate load several times higher than

other high flow conditions in the same year.

Recommendations for the Future
The goal of this research was to explore a high frequency nitrate and discharge
data and to observe spatio-temporal variation in discharge, nitrate concentration and
nitrate load between three river sites and between 2-3 years. It is evident from the study
that discharge, nitrate concentration and nitrate load show significant temporal variation
within and between time periods. Variation in discharge explains some degree of
variation in nitrate concentration and nitrate load. Other related factors, such as land use

changes, variation in nitrate inputs, variation in land management practices, variation in
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economic factors and others need to be studied in conjunction with a high frequency
water quality monitoring data set, to come up with an improved cause and effect
relationship.

High frequency sampling such as the one used in this study almost represents the
universe in the statistical perspective and can be considered a truth data set, as was done
in this study. Thus such truth data set, can be used to simulate various other sampling
strategies, such as flow proportional sampling or load proportional sampling and others in
order to design a suitable sampling strategy for specific watersheds. The truth data set
provides an opportunity to test a variety of sampling scenarios based on the sampling
objectives. Exploring such opportunities will overall improve sampling efficiency for any

watershed.
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Table A 1 The percentile values of mean nitrate load from all the subsamples generated
from the eight sampling strategies for Cedar River in 2011

CR11
100% of Sample 99% of Sample 98% of Sample 95% of Sample
Values Values Values Values
Lower Upper Lower Upper Lower Upper Lower Upper
End End End End End End End End
1Hr. 2163 2163 2163 2163 2163 2163 2163 2163
4Hr. 2162 2165 2162 2165 2162 2165 2162 2165
12Hr. 2159 2167 2159 2167 2159 2167 2159 2167
lday 2157 2172 2157 2172 2157 2172 2158 2171
3day 2131 2204 2134 2203 2135 2203 2137 2201
7day 1983 2327 1986 2326 1996 2323 2007 2319
l4day 1889 2504 1907 2497 1941 2492 1945 2487
28day 1116 3723 1133 3711 1144 3703 1162 3687

Table A 2 The percentile values of mean nitrate load from all the subsamples generated
from the eight sampling strategies for North Raccoon 2009

NRO09
100% of Sample 99% of Sample 98% of Sample 95% of Sample
Values Values Values Values
Lower Upper Lower Upper Lower Upper Lower Upper
End End End End End End End End
1Hr. 247 248 247 248 247 248 247 248
4Hr. 247 248 247 248 247 248 247 248
12Hr. 247 248 247 248 247 248 247 248
lday 245 249 245 249 245 249 246 249
3day 241 253 241 253 242 253 242 252
7day 232 262 232 262 232 262 232 261
14day 216 270 217 270 217 269 219 267
28day 175 334 176 332 177 331 180 327




182

Table A 3 The percentile values of mean nitrate load from all the subsamples generated
from the eight sampling strategies for North Raccoon 2010

NR10

100% of Sample 99% of Sample 98% of Sample 95% of Sample

Values Values Values Values

Lower Upper Lower Upper Lower Upper Lower Upper

End End End End End End End End
1Hr. 614 614 614 614 614 614 614 614
4Hr. 613 615 613 615 613 615 613 615
12Hr. 612 618 612 618 612 618 612 618
lday 610 621 610 621 610 621 610 621
3day 601 634 602 633 602 632 602 632
7day 562 708 563 707 564 707 565 692
14day 417 828 417 825 418 824 421 821
28day 383 917 384 914 386 912 395 907

Table A 4 The percentile values of mean nitrate load from all the subsamples generated
from the eight sampling strategies for North Raccoon 2011

NRI11
100% of Sample 99% of Sample 98% of Sample 95% of Sample
Values Values Values Values
Lower Upper Lower Upper Lower Upper Lower Upper
End End End End End End End End
[Hr. 569 570 569 570 569 570 569 570
4Hr. 569 570 569 570 569 570 569 570
12Hr. 568 571 568 571 568 571 568 571
lday 565 574 565 574 565 574 565 574
3day 552 584 552 584 553 584 553 584
7day 502 633 502 633 504 630 506 630
l4day 489 689 489 689 491 681 492 665
28day 403 887 403 887 407 880 412 866
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Table A 5 The percentile values of mean nitrate load from all the subsamples generated
from the eight sampling strategies for Middle Raccoon 2010

MR10
100% of Sample 99% of Sample 98% of Sample 95% of Sample
Values Values Values Values
Lower Upper Lower Upper Lower Upper Lower Upper
End End End End End End End End
1Hr. 120 120 120 120 120 120 120 120
4Hr. 120 120 120 120 120 120 120 120
12Hr. 117 124 117 124 117 124 117 123
lday 115 127 115 127 115 127 115 127
3day 101 139 101 138 101 138 89 175
7day 88 181 88 180 88 178 89 175
14day 84 209 85 205 85 204 86 200
28day 67 272 68 261 68 255 69 234

Table A 6 The percentile values of mean nitrate load from all the subsamples generated
from the eight sampling strategies for Middle Raccoon 2011

MRI11
100% of Sample 99% of Sample 98% of Sample 95% of Sample
Values Values Values Values
Lower Upper Lower Upper Lower Upper Lower Upper
End End End End End End End End
[Hr. 39 39 39 39 39 39 39 39
4Hr. 39 39 39 39 39 39 39 39
12Hr. 38 39 38 39 38 39 38 39
lday 38 39 38 39 38 39 38 39
3day 37 41 38 40 37 41 38 40
7day 31 50 31 49 32 49 32 48
l4day 26 68 26 67 26 65 27 61

28day 26 90 26 84 26 74 26 67
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Table A 7 Removal of Blips and its impact on Data Distribution for Nitrate Concentration

in Cedar River 2009
CR0O9 All 1 Blip 50 Blip 100 Blip 150+
Blip
Mean 5.94 5.94 5.95 5.95 5.96
Median 6.03 6.03 6.04 6.05 6.04
Stdev 2.53 2.52 2.52 2.52 2.51
95th P 9.68 9.68 9.68 9.68 9.68

Note: Blips here refer to one data point that represents extremely low nitrate
concentration value compared to its neighboring values

Table A 8 F Test for Blips
F-Test Two-Sample for Variances Blip1 50 Blip 100Blip 150+
Blip
All 1.00018  1.00146  1.00213  1.01122
P(F<=f) one-tail 0.49463  0.45749  0.43792  0.20658

Table A 9 F Test for discharge values among between site-year combinations

F-Test Two-Sample for Variances

CR10 CRI11 NR09 NR10 NR1l MRIO MRI11

CRO9 1 1 44 3 13 38 375
CR10 2 73 5 22 63 619
CRI11 44 3 13 38 373
NRO09 1 65 1 8
NR10 5 14 136
NRI11 3 28
MR10 10

Note: P value 0.00 for all F tests
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Table A 10 F Test values for concentration between site year combinations

F-Test Two-Sample for Variances

CR10 CRI11 NR09 NR10 NR1l MRIO MRI11

CRO9 1.9 1.2 0.3 2.5 2.1 43 0.6
CR10 0.6 0.2 1.3 1.1 2.2 0.3
CRI11 0.3 2.0 1.7 3.5 0.5
NRO09 7.3 6.2 12.5 1.7
NR10 0.8 1.7 0.2
NRI11 2.0 0.3
MR10 0.1

Note: P value 0.00 for all F tests

Table A 11 F Test values for load between site year combinations

F-Test Two-Sample for Variances
CR10 CRI11 NR09 NRIO NRIl MRI10 MRI11

CRO0O9 0.6 0.6 14.4 33 6.7 41.4 3389
CR10 1.0 23.0 52 108 66.2 5423
CR11 23.7 54 111 68.2 558.6
NRO09 0.2 0.5 2.9 23.5
NR10 2.1 12.7 103.6
NR11 6.1 50.4
MR10 8.2

Note: P value 0.00 for all F tests
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