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Delavan Lake, Wisconsin

The Importance of Nutrient Loading to Lakes is Well Known

And is One of the Primary Reasons for Impairment Across the Country



Pelee Island, Lake Erie Manitowoc, Lake Michigan

Eutrophication Issues in the Great Lakes

Lake Erie

Cladophora on Beaches



Early results suggested this was driven by Nitrogen Loading from 

the basin, now maybe both Nitrogen and Phosphorus

Gulf Hypoxia



Typical Goals of SPARROW Modeling:

1. Determine P and N loading to various receiving waters 

over large spatial scales.

2. Determine where are the main contributing basins

(Rank contributing basins based on loads and yields).

3. Determine what are the main causes of the high loads

(Describe the relative importance of nutrient sources).

4. Provide information to various states and regional 

organizations to support regional interpretation and 

guide local, more indepth studies. 



Approach - SPARROW Water-Quality Model –
SPAtially Referenced Regression on Watershed Attributes

http://water.usgs.gov/nawqa/sparrow

 Separates land and in-stream 

processes

 Mass Balance Model with 

spatially variable deliveries. 

Hybrid statistical/ 

mechanistic process 

structure. Data-driven, 

nonlinear estimation of 

parameters

Fertilizers

Atmospheric

Dep.

Sources

Manure

Point 

Sources

Monitoring Data

Annual Loads

Y variable

X variables

 Predictions of mean-annual 

flux reflect long-term, net 

effects of nutrient supply 

and loss processes in 

watersheds

 Once calibrated, the model 

has physically interpretable 

coefficients; model supports 

hypothesis testing and 

uncertainty estimation

Land Use

Steam Network

http://water.usgs.gov/nawqa/sparrow


Watershed Modeling Continuum

Cole et al. 1997
SWAT Users Manual



SPARROW’s Reach-Scale Mass Balance
Reach network relates watershed data

to monitored loads

Load originating within 

the reach’s incremental 

watershed and delivered 

to the reach segment

+

Load generated within 

upstream reaches and 

transported to the reach 

via the stream network

=
Load 

leaving a 

reach 
-

In-stream 

Losses



Land-to-water

transport

Sources

SPARROW Mass Balance modeling 

approach:

Monitored load

Instream

Transport 

and Decay

Upstream 

Flux
as

qD qI

qI

- Regress water-quality conditions (monitored load) on upstream 

sources and factors controlling transport

- Incorporates in-stream decay of nutrients
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Regression Equation behind the SPARROW Model Mass Balance

Load at a 

specific site

Flux from 

Upstream SPARROW 

Watersheds
Flux from 

Within a SPARROW Watershed

TransportSources Transport/Decay
Land-to-Water

Delivery

Calibration Coefficients

Calibration of National model was 

based on using 425 sites with 

coinciding loads and GIS 

information for the Midwest Model 

~900 sites; 



Estimating Loads at EACH Monitoring Site –

with Fluxmaster

Concentration = f (flow, seasonality, time trend)

Ln (Conc) = a ln (Q) + b sin (jday/365) + c cos (jday/365) + 

d (decimal year) + e

Form of the Fluxmaster Conc Model

For each site at least 25 coinciding flow (Q) and Conc. days, over at 

least 2 years, with all seasons represented.





Only use the site in SPARROW IF SE < 50%



Normalizing to a Base Year and Computing Long-term Average Annual Loads



Estimating Detrended Loads at the Monitoring Sites –

with Fluxmaster

Ln (Load) = 0.20 ln (QDetrended) + 0.15 sin (jday/365) 

+ 0.36 cos (jday/365) + 0.01 (Base Year.5) 

+ detrended flow

Form of the Fluxmaster Load Model

Long-term average annual load = average of all detrended annual loads



SPARROW Sources and Transport Attributes –

for the 1992 National SPARROW Models

NUTRIENT SOURCES (1992)

• Population

• Atmos. N deposition

• Farm fertilizer use allocated to 
major crops:

– County fertilizer sales and 
expenditures; crop acreage

– NLCD agricultural land use

– State appl. rates (rotational, 
corn, soybeans, cotton, 
wheat, other crops)

• N2 fixation – cultivated lands

• Animal manure:
– Confined/Unconfined Animals

– Confined > to crops & lost

• Natural and residual sources 
(lands in forest, barren, shrub)

AQUATIC ATTENUATION

• Streams

– First-order decay ~ f(water 
travel time, flow and depth)

• Reservoirs

– First-order decay ~ f(areal 
hydraulic load—ratio of outflow 
to surface area)

LAND-TO-WATER DELIVERY

• Climate (precipitation, 

temperature)

• Soils (permeability)

• Topography/subsurface (slope, 

specific catchment area)

•Artificial drainage (tiles)

Alexander and others, 2008
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Regression Equation behind the SPARROW Model Mass Balance

Load at a 

specific site

Flux from 

Upstream SPARROW 

Watersheds
Flux from 

Within a SPARROW Watershed

TransportSources Transport/Decay
Land-to-Water

Delivery

Calibration Coefficients

Calibration of National model was 

based on using 425 sites with 

coinciding loads and GIS 

information; 



Outputs and Conclusions from the

1992 Mississippi River Basin Model



Total Nitrogen Load

Top 4 %

Alexander and others, 2008

Types of SPARROW Output



Regional Contributions to the Stream 

Nutrient Flux to the Gulf of Mexico

Regional Watersheds

1
23

Conclusions from the 1992 National SPARROW model applied to the Miss. River Basin

With loading estimated for inputs similar to 2002.

Alexander and others, 2008



Total Nitrogen – Incremental Yield - Local 

Contributions - Where are nutrients 

introduced to the streams

Nitrogen Yield 

(kg/km2)

Types of SPARROW Output

Alexander and others, 2008



Not all of the Nutrients are Delivered to the 

Gulf of Mexico – How much makes it downstream? 

(incorporating in-stream and in-reservoir decay)

Total Nitrogen Total Phosphorus

To Remove

1 kg at 

Gulf outletNeed to Remove

1.1 kg = 1/0.9

from these streams

Need to Remove

4 kg = 1/0.25

from these streams



Total Nitrogen – Delivered 

Incremental Yield to the Gulf
Where are the sources to the Gulf?

Types of SPARROW Output



Nutrient Source Contributions

to Stream Flux:
What are the Sources of the Nutrients?



Sources Contributions to Stream Nutrient Flux

Conclusions from the National 

SPARROW model applied to the 

Miss. River Basin



Where are the Greatest Sources of 

the Nutrients?

Or

Can we rank the watersheds 

throughout a large basin and 

determine which are the 

“TOP 150” HUC8 basins?



Total Nitrogen –

Delivered Incremental Yield
HUC 8 Scale (818 basins)

Robertson, et al. 2009

Delivered TN 

Incremental Yields 

(kg/km2) to the 

Gulf



Top 150 contributors of Nitrogen to the Gulf

TOTAL 

NITROGEN,

DELIVERED 

INCREMENTAL 

YIELDS, RANK



Ranked Incremental Nitrogen Yields From the HUCS, with 90 % CI’s

Confidence limits for the HUC8 ranked 15

Distribution of predicted values from SPARROW

Output from SPARROW with 90% Confidence Limits
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90% Confidence Intervals for Yields and Ranks

Original Rank – 40

90% Confidence Limits

8-227

Horizontal Bars demonstrate the 90% confidence limits on the individual ranks
Robertson, et al. 2009



HUCS In or Potentially In The Top 150 For TN

218 Sites that are in the top 150 contributors to the Gulf

TOTAL NITROGEN,

DELIVERED 

INCREMENTAL YIELDS, 

CATEGORY

Robertson, et al. 2009



Comparison of Original 

Top 150 HUCs with 

Potential Top 150ish 

HUCs

Original Top 150

Potential Top 150

Many areas in Iowa, 

Kentucky, and Tennessee 

are hard to say with 

confidence are in or out of 

the top 150

TOTAL NITROGEN,

DELIVERED 

INCREMENTAL 

YIELDS, KG/KM2

TOTAL NITROGEN,

DELIVERED 

INCREMENTAL 

YIELDS, RANK



U.S. Dept. of 

Agriculture’s

Mississippi River 

Basin Healthy 

Watershed Initiative



National SPARROW Models were based on approximately 450 sites



Predictions from a National SPARROW Model

With a National SPARROW model available, why would you want 

any other SPARROW models?



National Model Biases

Too high

Too low



Basins in the 

Stream Network
Monitored Basins 

in National Models 

B
a
s
in

 A
re

a
 (

k
m

2
)

Not really sure how well the model estimates for areas that are 

smaller than the sites used for calibration

Distribution of Basin Areas in the Model and in the Calibration Data Set



Regional Nutrient Models

2002 SPARROW Models

Rebich, MS

Brown & Sprague, CO

MRB SPARROW

Lead Scientists

Coordinator – Steve Preston

Hoos & Garcia, TN

Moore,NHWise & Johnson, OR

Robertson & Saad, WI

Saleh & Domagalski, CA

All, but MRB8, NOW published in JAWRA



Including NWIS (USGS) dataIncluding STORET data – only major sampling AgenciesIncluding Data not in Major DatabasesPotential Load Sites

Sufficient Water Quality
Final Load Sites

Although there is a massive amount of water quality data, only limited sites 

have data adequate to estimate an average annual load Saad et al., 2011

Data Screening Process



MRB4

MRB1

MRB3

MRB2

MRB5

MRB7



Stream 

Network

Monitored 

Basins in 

National Model

B
a
s
in

 A
re

a
 (

k
m

2
)

Have a much better idea of how models estimate conditions in 

smaller streams, but still not the smallest basins

Distribution of Basin Areas in the Model and in the Calibration Data Sets

Monitored 

Basins in 

Regional Models



2002 SPARROW Nutrient Load Sites For 

the Upper Midwest (MRB3)

848 unique stations

24 unique agencies

Saad et al., 2011



SPARROW Sources and

Transport Attributes
NUTRIENT SOURCES (2002)

• Point sources and other urban 
contributions

• Atmos. N deposition –
(NADP/CMAQ)

• Farm fertilizer use allocated to 
major crops:

– County fertilizer sales and 
expenditures; crop acreage

– NLCD agricultural land use

– State appl. rates (rotational, 
corn, soybeans, cotton, 
wheat, other crops)

• N2 fixation – cultivated lands

• Animal manure:
– Confined/Unconfined Animals

– Confined > to crops & lost

• Natural and residual sources 
(lands in forest, barren, shrub)

AQUATIC ATTENUATION

• Streams

– First-order decay ~ f(water 
travel time, flow and depth)

• Reservoirs

– First-order decay ~ f(areal 
hydraulic load—ratio of outflow 
to surface area)

LAND-TO-WATER DELIVERY

• Climate (precipitation, 

temperature)

• Soils (permeability)

• Topography/subsurface (slope, 

specific catchment area)

•Artificial drainage (tiles, ditches, 

new ARSC coverage)



MRB3 SPARROW model input

Nutrient Sources: Point Sources

Source: USEPA Permit Compliance System (PCS) database + States

Example: 2002 PCS TP

loads summed by catchment



MRB3 SPARROW model input

Nutrient Sources: Fertilizer and Manure

Source: Ruddy and Others, 2006 (SIR 2006-5012)

Fertilizer (sales)—AAPFCO; Manure (Animal #s)—Census of Agriculture 

Example: 2002 Farm Fertilizer 

TP inputs, kg



Upper Midwest SPARROW Model Calibration

One Source: 2002 Farm Fertilizer TP inputs, kg One Land-to-Water Delivery: Soil Permeability

River Network – RF1 Long-term detrended Loads for 810 sites 

Calibration
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Regression Equation behind the SPARROW Model for MRB#3

Load at a 

specific site

Flux from 

Upstream SPARROW 

Watersheds
Flux from 

Within a SPARROW Watershed

TransportSources Transport/Decay
Land-to-Water

Delivery

Calibration Coefficients

Calibration based on ~850 sites; 



Robertson and Saad, 2011



Log2 (Meas.) – Log2 (Pred.)

Predictability

Predictability of the P Model



Distribution in Incremental Phosphorus Yields
Distribution in Incremental Phosphorus Yields



Great Lake/ River 

Basin

U.S. 

Drainage 

Area       

(km
2
)

Total U.S. 

Load        

(Tonnes)
a

Total U.S. 

Yield        

(kg km
-2

)
a

Direct 

Point 

Sources

Present Study        

U.S. 

"Watershed" 

Loading    

(Tonnes)

1983-85      

U.S. 

"Watershed" 

Loading 

(Tonnes)

Superior 43,594 782 17.9 75 707 1,503

Michigan 116,395 3,431 29.5 374 3,057 3,227

Huron 41,369 927 22.4 126 801 1,549

Erie 55,488 4,611 83.1 1,146 3,465 5,668

Ontario 35,661 1,803 50.6 464 1,339 1,267

Red River 84,508 1,939 22.9 NA NA NA

Upper Mississippi 

River 446,475 31,360 70.2 NA NA NA

Ohio River 373,067 27,713 74.3 NA NA NA
a
Loads and yields from the U.S. part of each lake's watershed, and do not include direct atmospheric 

deposition.

Annual TP loading and yields into each Great Lake and the nearby major river basins.               

[NA, not available]

Has there been changes in phosphorus loading?

*SPARROW models only used to estimate loading from unmonitored areas



Phosphorus Yields from the U.S. Portion of the Basins by Source

Robertson and Saad, 2011
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Ranking the Lake Michigan Tributaries Based on :

Phosphorus Loads

St. Louis R.

Phosphorus Yields



St. Louis

Fox

Ontonagon

Maumee

Saginaw

Grand

St. Joseph

Oswego

Genesee

Prioritizing/Ranking Tributaries

Based on Delivered Yields



Mississippi River SPARROW Model

Robertson & Saad, WI

Mississippi River SPARROW 

Coordinator: Dale Robertson

Richard Alexander, VA



2002 TN Sites (978 sites)

2002 TP Sites (1,244 sites)

Modeling Sites 
2002 load estimates for 

SPARROW model

395- 215430#

215430- 792827#

792827- 2463362#

2463362 - 6923129#

6923129 - 2359613226#

56 - 16485#

16485- 54436#

54436- 147710#

147710- 501307#

501307- 254808116#

TN Load kg/yr

TP Load kg/yr



Point Sources in the MARB

Sewage Treatment

Other Point Sources

Beware: Many States and Agencies do not put their data in National Databases. 

Very little measured nitrogen available.



Nutrient Inputs: Fertilizer Input Rates



Percent of Area with Tile Drains
Derived from 1997 National Inventory dataset

Land-to-Water Delivery Factors: Tile Drains



Delivered Yield 

(kg/km2)

MARB 2002 

Nitrogen 

SPARROW 

Model

Preliminary Results



Should SPARROW Models be developed for smaller areas 

(Great Lakes Basin, River Basin, Individual State)?



MRB3 - SPARROW Model Great Lakes - Model

Parameter

Coefficient 

units

Standard 

error P value P value

Sources

Point Sources (total) fraction 1.068 0.142 0.0000 1.033 0.0020

Manure (confined) fraction 0.086 0.011 0.0000 0.027 0.1355

Manure (unconfined) fraction 0.032 0.010 0.0009 0.000

Fertilizers (farm) fraction 0.029 0.004 0.0000 0.047 0.0004

Forest,Wetland,Scrub kg/km
2
/yr 14.700 0.017 0.0000 23.600 0.0000

Urban, Open kg/km
2
/yr 52.300 0.144 0.0001 7.830 0.2800

Land-to-Water Delivery

Soil Permeability (log) cm/hr -0.652 0.064 0.0000 -0.664 0.0000

Tiles (percentage of area) percent -1.164 0.190 0.0000 -0.617 0.2280

Stream and Reservoir Decay

Stream Decay (CMS<1.4) m/yr 0.198 0.072 0.0064 0.243 0.6100

Stream Decay (1.4< CMS < 2.3) m/yr 0.298 0.100 0.0029 0.266 0.4800

Reservoir Decay m/yr 4.837 1.118 0.0000 2.808 0.1400

RMSE 0.493 0.526

Adj R2 0.927 0.883

Yld R2 0.729 0.687

N 810 124

Parameter 

values

Parameter 

values

Model Development and Interpretation of Coefficients

Scale of Model Development

With insufficient monitoring sites and spatial variability, it may be very 

difficult to develop useful regression models for smaller areas

Robertson, et al. 2011 – In Press



Results Extracted for the Ohio River Basin

For estimating loads and concentrations at a subbasin level, it may be 

best to extract results from a larger scale model. 



Delivered to local streams Delivered to the outlet of the Neosho River

Neosho River results - phosphorus



Neosho River results - nitrogen

Delivered to local streams Delivered to the outlet of the Neosho River



HydroSPARROW: 

A GIS Regional Modeling Approach for 

Estimating Nutrient Loading to the Great Lakes 

Under Current and Future Climate and Land-

Use Conditions



Streamflow by RF1/NHD reach

PRMS/ TOPMODEL

HydroSPARROW

Total P and Total N

Concentrations by Reach

SPARROW



Demonstrating Results



Methods to demonstrate results 

and help guide decisions

1. Decision Support System 

Scientists/Managers – Capable of using to 

visualize SPARROW output and run various 

scenarios.

Booth et al., 2011



Decision Support System



Display Reach Information



Display Catchment Information



Zoom into Selected Areas





Display Incremental Information



Display Detailed Information



Display Detailed Information



Scenario Testing



Scenario Results - Percent Changes in Incremental Yields



Scenario Results – Detailed Changes in Sources



Scenario Results – Graphical Presentation of Changes



Methods to demonstrate results 

and help guide decisions

1. Decision Support System

2. SPARROW Mapper – Easy and simple way 

to get SPARROW results



SPARROW MAPPER















Local and Regional 

SPARROW applications

1.State of Minnesota – Nitrogen Loading

2.St. Croix River Basin (Wis.)

3.Wisconsin River Basin (Wis.)

4.Lake Winnebago and Fox/Wolf River Basin (Wis.)

5.Maumee River Basin (OH)

Local Applications



Local and Regional 

SPARROW applications

1.Explanation for distribution of Phragmites

2.HydroSPARROW – Effects of future climate 

change 

3.Seasonal load allocations in the Upper Midwest

Regional Applications



Use of SPARROW Models to Determine the 

Spatial Distribution and Sources of Nutrients 

in Streams in the Upper Midwest and 

Mississippi/Atchafalaya River Basins

*dzrobert@usgs.gov

(608) 821-3867

Questions??

Dale M. Robertson, USGS, WI WSC
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