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Study area

Saginaw Bay Watershed |

» Area:
Total: 23,300 km?
Saginaw River: 16,680 km? #Shiawassee
AuGres-Rifle: 2,777 km? hu Cres e
Kawkawlin-Pine: 1,409 km? R
Pigeon-Wiscoggin: 2,425 km?
» Population:
1.4 Millions
» Land uses:
Agriculture (46% -corn,
soybeans, dry beans, and
sugar)
Forest (29%)
Open lands (11%)
Urban (8%)
Wetlands (4%)

The Saginaw Bay watershed can be subdivided into four sub-watersheds. Counterclockwise
in the top figure, AuGres-Riffle, Kawkawlin-Pine, Saginaw River, and Pigeon-Wiscoggin. The
Saginaw River can also subdivided into five subwaterhed. Counteclockwise in the top
figure, Tittabawassee, Shiawassee, Flint, Cass, and Saginaw proper.

The Saginaw River accounts around 72% of the watershed area. However, the AuGres-Riffle
is occupied mostly by forests and wetlands and it is scarcely populated, and most urban
areas discharge in the Saginaw River, as shown the bottom figure. Thus, the Saginaw River
contributes to around 85% of the total nutrient load entering the bay.



__Introduction

Estimating Nutrient and Sediment Load
- Estimating nutrient and sediment loads is essential in many water
resources management projects, Saginaw Bay included

Annual, seasonal, for policy analysis

Daily, for driving detailed water quality models of receiving waterbodies

In most watersheds water quality monitoring frequency is
insufficient for reliably assessing annual pollutants loads, let alone
daily estimates of watershed oufputs (Saginaw Bay, included)

- Two step approach:

Simple regression models to provide accurate TP quantification,
even at fine femporal scales and in absence of frequent
measurements

Full nutrient generation and transport models to examine
alternative climate/land use/fertilizer application scenarios

As we all know, nutrient loads from human activities in the drainage basin are the major
cause of eutrophication in rivers, lakes, or swamps. Sediment load is also a form of
pollution because it may harm fish and zooplankton spawning, alter water clarity, and
contribute to eutrophication through the nutrients attached to the sediments. That’s why
estimating nutrient and sediment loads from watersheds is essential in water resources
management. For most policy analysis purposes, this analysis can be carried at the annual
and seasonal scale for policy analysis. However, if we need to use these loads for driving
detailed water quality models of the recipient water bodies, we need to increase the
estimate resolution to daily level.

Unfortunately, water quality monitoring frequency is often insufficient for reliably assessing
annual pollutants loads, let alone daily outputs.

Theoretically, building full nutrient generation and transport models is the best response to
this challenge, but it is a complex and time consuming endeavor. On the other hand, simple
regression models can provide accurate TP quantification, even at fine temporal scales and
in absence of frequent measurements, without the costs of developing a full transport
model. So it is more indicated for the initial phase and for supply inputs to the SAGinaw
Environmental Model Il



_Methods

Available In-Stream Water Quality Data
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Some few data for 2009
and possibly, more MDEQ
data for 2008, 2009, 2010

In the last 15 years, pollutant concentration and other water parameters measured for
Saginaw River and its sub-watersheds are available from Michigan Department of
Environmental Quality for 1997-2007 except for the Saginaw Upstream site, for which data
are available from the United States Geological Survey (USGS). In 2008 data was provided
by the Cooperative Institute for Limnology and Ecosystem Research. A handful of water
quality samples were collected in 2009 in Saginaw River by USGS and Limno-Tech. Also,
MDEQ data should be available for 2008,2009, and 2010, but have not been made available
to this study. Daily flow data at the sampling sites were obtained from the USGS database.



_Methods
Short-term
Daily/Annual
Pollutant Load
Estimates by
Linear Regression

 Period considered
1997-2008

t2009 VikAtac.

This is the satellite map showing where water quality was sampled. Note the large wetland
area between sample sites 3 (Cass), 4 (Flint), 5 (Shiawasse), and 6 (Tittabawassee) and the
city of Saginaw (sample site 2). Data seems to indicate that this area seriously affects
sediment and nutrient loads generated in the upstream parts of the basin.
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Regression methods do not require extensive data, but the quality of the predictions
depends on the correlation between explanatory variables (flow) and values to be
estimated (pollutant concentration). The higher the r?is, the better stream flow explains
concentration variability. This slide shows that correlation between flow and total
phosphorous concentration is so-and-so at most locations and bad for Flint. Thus, a simple
relation between Q and C will not produce good results. We combined data for three sub-
watersheds the Cass, the Tittabawassee, and the Shiawassee, because they show similar
characteristics and performance.



Saginaw River Outlet, Winter
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A first way to improve the model is by splitting data into two seasons (Apr-Sep and Oct-
Mar). This is due to the different conditions in weather (snow and frontal rain during fall
and winter; convective thunderstorms during summer), landscape (barren soil during fall-
winter and thicker vegetation cover during spring-summer), and fertilizer application (early
spring) in the two periods. The quality of predictions improves especially for the Saginaw
River Basin Outlet.



Factors Affecting the Q/TP Relation

River Discharge and Total Phosphorous Concentration i and Total [
atthe Saginaw River Outlet at the Saginaw River Qutlet

Other two factors affect the Q-C relation: 1) the difference between rising and subsiding
phases of a flood; and 2) The effect of antecedent storms. The chart on the left gives an
example of 1): we see that one discharge on the leading edge of a storm has a much higher
concentration than a similar discharge on the trailing edge. The chart on the right is an
example of 2) The concentration sampled in the second storm is lower that the
concentration sampled during the first storm, despite that the discharge in the second
occasion is larger than the one in the earlier storm.



Saginaw River CsT

Jeaere et i y=-6Eo6xcom6s ¢
0.04 R = 0.0354

0.25

a 0.2
Eous

g/l

Concentration
=
"

concentration

01 +

e

0.05

o

- - i
1508 wifoo 6/28/03 3/24/06 1218/08

1/5/g8 1w0f1fo0n 6/28/03 3/24/06 12/18/08

Saginaw up

y - il s nonsg
R*= 2E-05 : y = -2E-05% + 10654
R*=oaqiy

mg/l
&
a

e

Concentration
Concentration

s
5

* 9

ss

o + = - =

1/5/98 10/1/00 6/28/03 3/24/06 12/18/08 12/6/99 9ftfoz 5/28/o5 2f22/08

A problem affecting the Q-C relation for the Saginaw River is the fact that samples were
taken over a 13-14 year period. During this time there have been many changes in
watershed conditions (e.g., expansion of no-till agriculture; adoption of better wastewater
treatment techniques; build-up of fertilizers in agricultural soil, decrease in population and
industrial activities, etc.). The temporal trends in this slide indicate this seems to be the
case, particularly for the Flint watershed, where the coefficient of determination (r?)
reaches 0.171.

Therefore, we explored the inclusion of time as explanatory variable in the TP
concentration estimation model.

10



_Methods : : .
Saginaw River Load Estimates

Re%r'ession approach using all 1998-
2007 & 2008 data:
I o 01 e e L T e T T i T e
2) a linear function of the same-day
average discharge (Q):

3) a power function of Q;

4) a linear combination of Q and the
average discharge in a previous
perio

5) a linear combination of Q, the
average discharge in the previous 5
days fo take into consideration the
difference between the rising and
receding phases of floods, and the
aver‘u\ge ischarge in the Fr‘ev_ious 10
days fo account for the flushing
effect of previous storms.

6) Superimposed a linear temporal
trend to Model 5)

The regression models we considered express TP concentration as a function of the same-
day discharge per unit area (Q=measured discharge/watershed area), average discharge per
unit area during the previous 5 days (Q5), average discharge per unit area during the
previous 10 days (Q10), and date. We also have separate models for the periods April-
September and October-March.

11
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This slide shows the performance of different models for the Saginaw River outlet.
Remarkable is the improvement due to the inclusion of Q5 (model 4) versus model 3 (just
Q). The inclusion of Q10 does not seem to further improve performances (5). However, the
resulting timeseries (not shown here) is much smoother than for 4). So, we prefer to use it
even if it is not well supported by the data we have. Finally, the inclusion of date/time
further improves model performance.
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TP Models (Saginaw River Outlet)

— o Symmer- - SRRV fep I

» (C=0.435 - 0.000009 T + C=0.590 - 0.000014 T +
0.679 Q - 0.908 Q, + 0.867 Q - 0.740 Q, +
0.261 Q,, 0.363 Q,,

Coefficient P(0.05) Explained Variance Coefficient P(0.05) Explained Variance
Q 64.48% Q 0 62.50%
Qs 32.48% i i 0.147 20.45%
Q10 i 1.92% Qs 0.001 15.82%
T 1.13% Q10 0.202 1.24%

This slide shows that around 60% of observed TP variability is explained by Q, somewhere
between 16 and 32% by Q5, and somewhere between 1 and 20% by temporal trends.
Contribution of Q10 appears to be just 1-2%.



Model Performance

Adding the antecedent discharge greatly improves TP estimation.
Using Qs and Qo enhances model response at the end of the
flood recession in a way not shown by calibration statistics.

The addition of the temporal trend further improves results
(model 6), which are very good, especially for the Saginaw River,
where data were more abundant

Flint River

R (€)
RMSE/Avg C
Bias (L)
R(L)
RMSE/Avg L

The results tell us that correlation between modeled and observed daily concentration in
1998-2008 reaches 0.84 for the entire Saginaw River watershed, 0.63 for the combined
Cass, Shiawassee, and Tittabawassee Rivers, and 0.62 for the Flint River, while correlation
in daily load (Q*C) is above 0.96 for all watersheds.
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These figures may give a better idea of how the model performs. Note that the Chart for
the Saginaw River outlet reports also a comparison with 2009 data (validation would not be
the right word, given the limited range of discharge for which data are available).
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What about other pollutants? We see very good results for total suspended solids,
acceptable ones for Soluble Reactive Phosphorous and Total Nitrogen, and —expectedly-
not very good results for Ammonia. The reason of the poor performance with NH4 is that
NH4 is released more by point sources than by non-point sources. Thus, its relation with Q
is weak.



Uncertainty Due o Model Errors

. B for-ali :

estimator is given by:

Model errors Al

s 311104 S/11/04 6/30/04 1997 1999 2001 2003 2005 2007

Estimations are affected by two type of uncertainty: 1) Uncertainty due to the model
inability to replicate the observed data; 2) Uncertainty due to the fact that the data used
for calibration and operation may also be affected by measurement errors.

Since these models are linear, the a%- prediction interval for a estimate Y as result of the
specific input X* is equal to the prediction Y” +/- Student’s t of parameters (a, 3) times the
residual mean square + the prediction variance.

We can see that daily prediction uncertainty during winter is larger than during summer.
However, in the hypothesis that this error is temporally uncorrelated, its impact on the
annual load estimate is low.
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Input and Calibration Errors

c R c et

and TP measurements measurements affect

affect the calibration the TP concentration

of the model estimates and even
more the TP load
estimates (L=C(Q)*Q)

We used Monte Carlo simulation to assess the
effect of these errors on the TP estimates.

The effect of errors in discharge Q and TP concentration data used for model calibration
and operation is assessed using a Monte Carlo analysis.
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~ Uncertainty
in Discharge Measurements

w

because of backwater effects and wind-driven
seiches

This means that 95% of reported values are
within an interval wider than 15% from the true
values

We modeled the discharge measurement relative
error as a logistically distributed random variable
with 95% probability of occurrence within +30%
(that is a logistic of parameters 0.0 and
0.081887)
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- Uncertainty
in TP Measurements

samples. We computed the sample distribution of the
differences between the single samples and their
average as a measure of the uncertainty in the TP
values. ‘

The best fit of the

sample distribution [
was obtained witha [
logistic pdf with §

parameters 0.0 and
0.02471
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TP Estimate Uncertainty
Due to Measurement Errors

Uncertainty at the daily TP concentration is much smaller than
that caused by model errors

However, the uncertainty in annual load is higher because
changes in calibration parameters induce shifts in model behavior
that are persistent.
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at the Saginaw River Outlet
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When applied 2009, we see that all the few available data fall in the prediction uncertainty

band of the model

22



_
w
s
=
=
-
=
s
-
=
=
£
£
<

Annual Discharge (Million m*)

97 98 99 00 01 02 03 04 05 06 07 08 Ave

This figure indicates that the TP load from the Saginaw River has been higher than the
target TP load to the bay most of the years. Considering that Saginaw River carries around
80-90% of the TP load to the Bay with the rest contributed by some minor Rivers as well as
the atmospheric deposition, it is clear that the target TP load has been met only during the
driest years and that the average TP load is well above 500 metric tons P per year.
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~ Sources of the Saginaw River TP Load
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By considering the difference between the TP loads passing through the six sampling points
in Saginaw River basin is possible to determine the contribution of different portions of the
basin to the TP load entering the Bay. While the largest fraction of Saginaw River TP load
originates in the largest sub-basin (Tittabawassee), these two figures highlight the
importance of the urban discharges at the coastal cities of Saginaw and Bay as TP sources
(in average 23% of the total). This portion of the watershed features a TP load per square
kilometer (not shown here) four times higher than the average level of other sub-
watersheds, showing the preponderance of pollution from urban sources. The figure shows
also the sink effect of the National Wildlife Refuge. When this is taken into account and
assuming that it affects mostly discharges from the Shiawassee, Flint, and minor tributaries
(Bad, Marsh, Birch, and Bear), we see that near one fourth of TP exported by the Saginaw
River is generated by Saginaw and Bay and 30% in the Tittabawassee watershed. We need
to stress that load estimations are affected by uncertainty and that the uncertainty
affecting the difference between two load estimates could be equal to the sum of the
uncertainty of the single components.
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Sources of the Saginaw River SRP Load
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When considering SRP, we see that more than half the SRP exported by the Saginaw river
is generated by Saginaw and Bay and 30% in the Tittabawassee watershed.
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Sources o'f the Saginaw River NH4 Load

Annual Load NH4 {Metric Tons)

When considering NH4, we see that more than 65% of NH4 exported by the Saginaw river
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is generated by Saginaw and Bay and 24% in the Tittabawassee watershed.
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July 23, 2009 - Longitudinal Sampling
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A sampling cruise done in 2009 supports this analysis: We see the TP steadily increasing
from upstream Saginaw down to Essexville possibly by resuspension/scouring, while SRP is
just slightly increasing along the river, but spikes downstream the Bay and Essexville
WWTP outlets (downstream SRHT).
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The behavior of TSS is not so clear. In this case, the NWR behaves like a source, while the
segment between Saginaw and the outlet as a sink. The latter could be explained by
deposition along the wide and flat channel between these two points (the US Army Corp of
Engineers needs to regularly dredge the river to maintain navigability). The former is not so
easy to understand. A possible explanation is that the data upstream Saginaw were
collected by USGS using a different procedure than that used by MDEQ for sampling the
tributaries. A second possible explanation is that the NWR area is seasonally flooded for
creating a habitat for migratory birds and that this creates an area for strong sediment
scouring (the prevalent soil is highly erodible loess).
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The behavior of TN is not so clear. Also in this case, the NWR behaves like a source, while
the segment between Saginaw and the outlet as a small source. The latter could be easily
explained by point source contribution (see NH4), but the former is not so easy to
understand. A possible explanation is that the data upstream Saginaw were collected by
USGS using a different procedure than that used by MDEQ for sampling the tributaries. A
second possible explanation is that the bacterial activity in the NWR area generates
Nitrogen by oxidizing organic matter or fixing atmospheric N.



TP at the Rifle River near Oberon and AuGres River near AuGres
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We have seen that the models proposed here can be applied to the Saginaw River and that
should account for nearly 80-90% of TP entering Saginaw Bay. Could we apply it to other
tributaries to Saginaw Bay? The first thing to consider is that the model uses discharge per
unit area, which is easily scalable to other watersheds. The second aspects to consider is
that the Saginaw is different from the other tributaries, both for size, and for the presence
of large urban discharges noear the watershed outlet. This means that an application this
model to other watershed needs to be checked against locally sampled data.

In the top figure, we see the application of the Regression model developed for Saginaw
River to the smaller and less populated AuGres and Rifle Rivers. As input data, we used the
discharge per unit area recorded at USGS gage 04142000 (Riffle river). As expected, TP
concentration is much higher than the recorded data. However, when we adjust model
estimates by multiplying them by the ratio between the average observed values and the
average model prediction, we se that we can trace observed TP values very well.
Unfortunately, observations in 2009 were taken only during summer, limiting the
usefulness of this approach. Such situation could be improved when the MDEQ monitoring
data for 2008 are made available.
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ling Approach to Saginaw bay Vvatershec
(DLBRM)

Subdivided the basin in four subbasins
*Saginaw River
<AuGres/Rifle
*Kawkawlin/Pine
*Pigeon/Wiscoggin
:Subwatershedsiare subdividediinto aigrid of square pixels
Lorrende (@ kmix 1 Kmor 015 km % 0.5 km)

*Water and pollutantsimove horizontally‘according to fhe
diffierence inelevationibetween neighboringpixels

Elevation . : Flow network

The ultimate objective is to create a full sediment and nutrient generation and transport
model of the Saginaw Bay watershed. The approach outlined here is based on a
modification of the existing Distributed Large Basin Runoff Model, a watershed hydrology
model which has been applied to the Saginaw Bay watershed.



ydrology Calibration 1950-64

Relative Bias
Correlation
RMSE/Q,.
0.5x 0.5 km
Relative Bias
Correlation

RMSE/Q,.

The DLBRM hydrology component as been calibrated for the four Saginaw Bay
subwatersheds both at the 1.0 and 0.5 km resolution during 1950-1964 (1986-1993 for
Pigeon-Wiscoggin). This table reports the statistics of the comparison between predicted
and recorded daily discharge. Performance is quite good in Saginaw and AuGres, but not
very good in the other two watersheds. However, the gages used for comparison covered
just 20% of the Kawkawlin watershed and just 15% of the Pigeon-Wiscoggin, decreasing
their capability of representing the dynamics in the entire watershed.
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obustness Test (1999-06!

Relative Bias
Correlation
RMSE/Qy,.
0.5x 0.5 km
Relative Bias
Correlation

RMSE/Q,..

The models calibrated for 1950-1964 were then applied to the 1999-06 period. Despite the
35 years interval between the calibration and validation periods, model performance is still
good, showing a good model robustness. DLBRM has then been recalibrated for this latter
period.
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A figure is often better than a table. Here we have the observed discharge (purple line) and
the model response to the input net supply (rainfall + snowmelt, top blue thin line) for the
original (1950-1964, green line) and recalibrated (1999-06, black line) DLBRM models.
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Surtface Pollutant Surveys

Annual

Manure
1987, 1992, 1997, 2002
N, P205, K20

Fertilizer
1987, 1992, 1997, 2002
N, P2o5, Kzo

Atrazine
80% of all pesticide used in Michigan
2000, 2001, 2002, 2003, 2004

Monthly
RUSLE2 parameters
topographical factor (slope * slope length)
cover factor

2002 Nitrogen (Manure) Loading

support practice factor
soil erodibility factor

We developed input layers for manure and fertilizer applications and for erosion
parameters



olnt rollution Sources survey
Database

Monthly loads
2004-2007

Met. Ton. PYear |
. 001-0.40 |
« 040-025
e 025-0.50
@ 050-1.00
@ 1.00-2.50
@ 250-5.00

. 5.00 - 10.0

10.0-250 |

25.0-50.0

We created a layer for the point source discharges using NPDES permit monitoring data
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Point Sources

Q, T, TSS, BOD, DO, OP, SRP, ON,
NO3, NH4, and FC

« BOD dynamics (1*t order)

(19501102)

We have modified the DLBRM to allow the transport of non conservative substances (BOD)
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LTOS10N/ ITransport iviode

Daily version of RUSLE/RUSLE2 approach. For each pixel i and
each (average) day j:

alii=(r‘(prii))/(r’im{i}) Tim(j) kL S, Gij Pij

r"('Pri]):::lil:'ri]bi (Richardson et al., 1983;Hollinger et al., 2002)
I, () = long term average of r’ during month m(j)

Erosion/deposition along river system simulated with carrying
capacity concept

dX. o g :
; ~=e +q,—r=¢ +q,—min(X,, & Sc
at '

max )

The sediment erosion model is being implemented and it is based on a daily version of the
RUSLE model.
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Although the relation between discharge and TP concentration is
not very accurate, the approach shown here takes advantage of
infrequent, but long-term, water quality samples to produce
reliable estimates at high temporal resolution

In particular we showed the advantage of including the femporal
trend, splitting data into two seasons, taking into consideration
the difference between the rising and receding phases of floods,
and accounting for the flushing effect of previous storms

We showed that this approach substantially reduces model error.
However, users should be aware of the potential impact of the

unc;r*"l‘ain‘ry in the data used for calibrating and deploying the
moade

We also showed that such models can provide the answers to
several policy questions as well as supply reliable inputs to models
simulating the water quality in the recipient waterbodies

We are now finally working to implement the sediment and
nutrient transport model
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Thanks for the Attention!

Questions?
Comments?
Suggestions?

This research was suElpor“red by the NOAA Center for Sponsored
Coastal Ocean Research (CSCOR). We thank the Michigan Department
of Environmental Quality and USGS for providing data.
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