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CHAPTER 1 

INTRODUCTION AND OBJECTIVES 

 

1.1 The 2008 Midwestern Flood 

 Significant flooding occurred in the Midwestern United States, roughly centered 

in eastern Iowa, during the spring and early summer of 2008. Dozens of stream discharge 

records were broken and floodplains approaching the 500 year recurrence interval were 

inundated ultimately causing over $10 billion in direct damage to crops, buildings, 

infrastructure and other property (Linhart and Eash, 2010). Although the event was truly 

devastating to those affected, it has contributed important knowledge for science because 

freshly fertilized fields were flushed of highly soluble nutrients at a time when fertilizer 

application rates and corn acreage planted were exceptionally high (USDA-NASS, 2010). 

As well, the floodwaters arrived at the Gulf of Mexico at the exact time (July) that 

nutrient induced hypoxia typically forms. 

1.2 The Gulf of Mexico Hypoxic Zone 

 The hypoxic zone that forms seasonally in the northern Gulf of Mexico at the 

mouth of the Mississippi and Atchafalaya Rivers has been monitored and measured 

systematically since 1985 (Rabalais and Turner, 2001). The total size of the zone is 

impacted by many factors, however nutrient export – especially nitrogen and phosphorus 

– to the Gulf from the Mississippi River watershed are the dominant factors. While both 

N and P are critical, limited nutrients, nitrogen tends to be somewhat more limiting in 

coastal eutrophication processes, and is therefore used in predictive models for Gulf 

hypoxic models (CENR, 2000; Turner, Rabalais, Justic, 2006). The 2008 hypoxic zone 

was predicted to be a record size due to increased nutrient and freshwater discharge 

related to flooding in the upper Mississippi River basin and Ohio River basin (Rabalais, 

2008). 
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1.3 Nitrogen Flux in Midwestern Streams 

 Some riverine nitrogen flux has natural origins such as atmospheric deposition, 

microbial fixation and decomposition, etc. Atmospheric deposition is the largest natural 

source accounting for roughly 16% of nitrogen delivered to the Gulf. In the Mississippi – 

Atchafalaya River Basin (―MARB‖) this fraction is dwarfed by the amount from human 

activities such as agriculture and urban sources which are responsible for over 70% of the 

total. Corn and soybean cultivation alone usually accounts for over 52% (Alexander et al. 

2008). 

 The majority of nitrogen lost from agricultural soils is in the nitrate form (NO3
-
), 

because it is extremely soluble and mobile in water. The chief loss mechanism is by 

shallow subsurface flow, which is greatly exacerbated by anthropogenic soil drainage 

efforts such as drainage tiling and ditches (Royer et al., 2004). Numerous studies have 

demonstrated the very strong correlation between agricultural nitrogen fertilizer 

application and increased nitrogen concentration in soil pore-water, groundwater, and 

surface waters (Kanwar et al., 1985; Spalding and Exner, 1993; Schepers et al., 1995).  

Hubbard et al. (2011) found that 22% to 30% of the annual total nitrogen load, 

and 30% to 46% of the annual total phosphorus load from three Iowa rivers prominent in 

the 2008 floods  was exported during just 16 days of the flood. These rivers, including the 

Des Moines River, the Iowa River, and the Skunk River are among rivers assessed herein 

that have been implicated for high nutrient flux rates, even during normal flow years. 

According to Robertson et al. (2009) these watersheds are capable of yielding up to 6900 

kg nitrogen and 858 kg phosphorus per kilometer of reach per year. 

1.4 Agricultural Land Use in the Midwest 

 Demand for corn (aka maize, or Zea Mays L.) has spiked recently; in 2007 spring 

corn planting records (since the beginning of the CRP program) were broken nationally, 

and in Iowa which is the largest producing US state (93.5 million acres in the US, 14.2 

million acres in Iowa) (USDA-NASS, 2010). This increase is due in large part to 
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increased demand from corn-ethanol production and historically high corn prices. The 

increase in cultivated acreage may come partially from once fallow or retired marginal 

land that has now become more economically valuable as cropland than ―set aside‖ land 

(land enrolled in such programs as the Conservation Reserve Program or Wetlands 

Reserve Program) as demand causes corn commodity prices to increase, see Figure 1-1 

(Secchi et al., 2009). An increase in cultivated marginal land may increase the potential 

for nutrient loss as low lying wetlands, riparian buffers, and grassed drainage ways – 

which typically sequester nutrients when managed well – are converted to row crop 

production (Mitsch et al., 2001). Many marginal areas also tend to be vulnerable to 

flooding due to their low position in the watershed.  

 
 
 

 

Figure 1-1. Iowa corn acres vs. CRP acres and corn price per bushel. As the annual 
average price per bushel (received by farmers) increases, future commitments for 
enrollment in CRP seems to drop. Fueled largely by growing ethanol production, average 
monthly corn prices peaked in 2008 at $4.78 / bushel, which drove corn acres planted 
(divided by 10 here for comparison) to a record high –since the CRP program began - of 
14.2 million acres in Iowa in 2007 (USDA, 2010; ISU, 2010) 
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1.5 Frequency of Data Collection 

for Accurate Load Estimation 

The term ―nutrient load‖ in stream and river assessment means the mass of a 

dissolved or suspended nutrient that passes a particular point on the river in a specified 

time period. Abstractly, it is calculated as the concentration of the nutrient times the 

volumetric flow rate of the stream ( L [mg/s] = C [mg/l] x Q [l/s] ). High frequency 

monitoring of flow rate is relatively simple and widespread among United States 

Geological Survey (―USGS‖) gaging stations, which are located sporadically along most 

surface waterways in the US. ―High frequency‖ herein denotes measurements made 

multiple times per day, sometimes as often as once every 15 minutes.  

Monitoring of nutrient concentration is typically done by laboratory analysis of 

grab samples taken from the stream transect systematically by trained personnel. It would 

take an unreasonable amount of resources to manually measure nutrient concentration on 

a high frequency basis at multiple stations, so automatic monitoring devices are 

sometimes used. These monitors – such as the Hach Nitratax nitrate probe, which uses a 

split-beam of UV light to estimate nitrate concentration spectrophotometrically – can take 

readings once every few minutes if desired.  

There are however drawbacks to automated probe monitoring. The probes can 

become fouled or damaged by debris in the water, they need to be re-calibrated regularly, 

and they can only ―sample‖ one location of the river transect (where they are mounted) so 

they require an implicit assumption of perfect mixing. For these reasons the data they 

produce is generally suspected of potential quality issues, and significant pre-processing 

is required before the data is considered acceptably free of erroneous data points.  

One common work-around for the sampling frequency disparity between flow 

rate (also called discharge) and nutrient concentration is to conduct a statistical regression 

on the relationship between the two, then apply the regression based correlation 

coefficients to the high frequency discharge data to produce synthetic estimates of 
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nutrient concentration – essentially an interpolation of concentration between known 

points based on changes in discharge. This process is commonly performed with 

LOADEST, a freeware software application created and distributed by the USGS (Cohn 

et al., 1992). LOADEST uses the statistical concepts of Adjusted Maximum Likelihood 

Estimation (―AMLE‖), Maximum Likelihood Estimation (―MLE‖), and Least Absolute 

Deviation (―LAD‖) as well as several user selectable models of load calculation. Similar 

to automated probes, the results from LOADEST estimations are also innately 

questionable as they are the product of a mathematical computation not a direct 

measurement, and they rely on consistent correlation of concentration to discharge, which 

is not always the case, particularly with nitrogen concentration (Stenback et al., 2011). 

If high frequency data are required for increased accuracy then despite their 

drawbacks both automated probes and statistical techniques are better than expending 

resources for high frequency manual sampling. Several questions then arise: Is high 

frequency data necessary at all? If so, what level of frequency is necessary for each 

individual monitoring station? How important is the frequency of data acquisition for 

predicting the impact of each watershed on Gulf of Mexico Hypoxia? 

Research by Maclaine Putney has shown that high frequency data collection is 

more valuable for accurate load calculation as drainage area (and consequently, stream 

size) decreases because small streams exhibit relatively larger and faster changes in 

concentration and flow rate than larger streams (small streams are ―flashier‖ than large 

streams and rivers). For example, a large river such as the Mississippi would not be 

expected to display rapid changes in chemical composition (as viewed from an Eulerian 

viewpoint) (Putney, 2010). 

The research herein aims to help answer the question: ―How frequently does 

monitoring need to occur to produce reasonably accurate estimates of nutrient loading?‖ 

The specific answer will likely be different for every station on every river. This research 

aims to highlight differences in load estimate quality due to varying sampling frequencies 
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at stations downstream of a range of catchment areas. The areas range from 700 mi
2
 

above Sac City Iowa on the Raccoon River, to the bulk of the Mississippi River basin at 

Baton Rouge, Louisiana. 

1.6 Research Objectives 

 The flooding that occurred in the Midwest United States during 2008, while truly 

devastating, offered a rare natural experiment that produced data well outside the normal 

range due to the extreme discharges observed.  By expanding the range of documented 

events, future efforts to model and predict the impact of nutrient flux will be more 

accurate and insightful as a result. This research may also improve agricultural 

management decision making in scenarios including increasing meteorological 

unpredictability due to climate change. 

 The specific objectives of this research were as follows: 

1. Determine the role of the 2008 Iowa flood in Gulf of Mexico hypoxia formation 

 

A) Document the increase of nutrient flux due to the flood 

B) Measure the size of the 2008 hypoxic zone 

C) Estimate the difference in hypoxic area due to the flood 

D) Compare flood-scale nutrient flux dynamics to ―normal-scale‖ flux for  

  watersheds ranging in size by orders of magnitude (from small,  

  local rivers to the entire Mississippi River basin) 

 

2. Assess the importance of high frequency data collection on determining accurate 

 nutrient loads 

A) Re-sample high frequency data sets at various intervals and compare  

  seasonal load summations for accuracy 

B) Compare these results across a range of stream sizes to see if drainage area 

  affects the need for HF data 
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CHAPTER 2 

MATERIALS AND METHODS 

 

 Existing USGS water quality data collections were utilized to examine patterns in 

spatial and temporal nutrient flux and areal nutrient yield. By combining the available 

data with established hypoxic zone areal modeling techniques, differences were inferred 

regarding the overall impact of flood events on the formation of the Gulf hypoxic zone, 

and the upstream sources of nutrient flux.  

2.1 2008 Difference in Total Nitrogen Flux 

to the Gulf of Mexico 

 For prediction and modeling the most important single determinant of hypoxic 

zone area each year is the spring nitrogen flux. All other relevant parameters were 

therefore fixed in order to estimate the theoretical areal impact of the 2008 flooding. The 

May + June total nitrogen load (―TN‖, measured approximately 400 km upstream from 

the Gulf along the Mississippi and Atchafalaya Rivers) was generally used prior to 2009 

to predict the size of the hypoxic zone (Scavia and Donnelly, 2007; Turner and Rabalais, 

2009). May and June encompass much of the Midwest flooding which occurred 

throughout spring, but peaked in late June. Allowing for travel time down the Mississippi 

River (approximately one month from the Midwest), the floodwaters entered the Gulf at 

the same time that hypoxic plumes typically form each summer. As the peak of flood 

flow did not likely reach the near-terminus monitoring stations until after June, the full 

magnitude of flood related nutrient flux may not have been included in areal predictions, 

which likely makes the predictions herein conservative. Large loadings in April-June 

occurred in 2008 due to flooding in the Ohio River basin, which also contributes to the 

Mississippi River basin, and Gulf hypoxia.  

 For consistency with established methods the May + June total nitrogen load was 

used to estimate the areal extent of flood related Gulf hypoxia (Scavia, 2003). The net 
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difference in total nitrogen flux attributed specifically to the 2008 flood was assumed to 

be the estimated TN flux that occurred during May and June 2008 minus the historical 

median TN flux for May and June during the preceding 27 years. This difference was 

used in the prediction model to estimate the potential difference in size of the hypoxic 

zone. 

2.2 Data Sources and Load Estimation 

 United States Geological Survey Open File Report 2007-1080, updated by Brent 

Aulenbach et al. in 2008, provides nutrient flux estimates for the Mississippi – 

Atchafalaya River Basin (or ―MARB‖) and specific sub-basins from 1973 to 2008. This 

dataset was chosen as a basis upon which to assess the impact of the flood due to the 

consistency with which the data were collected and processed, for the significant period 

of record covered, and for the statistically credible manner in which the data were 

analyzed. The report consists of multiple data sets summarizing nutrient flux at different 

stations throughout the MARB. The 2008 version of the report and associated files can be 

found at: http://toxics.usgs.gov/hypoxia/mississippi/flux_ests/index.html.  

 The nutrient load data provided in that report was calculated using Adjusted 

Maximum Likelihood Estimation flux estimates generated by LOADEST, a USGS water 

quality load integration program. For the MARB as a whole, flow was monitored at 

Simmesport, LA (Atchafalaya R) and Tarbert Landing, MS (Mississippi R) by the US 

Army Corps of Engineers, site numbers 03045 and 01100 respectively. Water quality was 

monitored at Melville, LA (Atchafalaya R) and St. Francisville, LA (Mississippi R) by 

the USGS and / or USGS approved contractors, station numbers 07381495 and 07373420 

respectively. 

 Flux of biologically critical nutrient parameters were estimated in the report, 

including mean periodic discharge, nitrate plus nitrite, total Kjeldahl nitrogen (TKN), 

ammonia, total unfiltered phosphorus, ortho-phosphorus, and dissolved silica (SiO2). 

While not specifically included in the report, TN (total nitrogen) was derived from the 

http://waterdata.usgs.gov/nwis/inventory/?site_no=07381495
http://waterdata.usgs.gov/nwis/inventory/?site_no=07373420
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data that were included by summing the nitrate plus nitrite flux with the TKN flux. 95% 

confidence intervals were also included in the AMLE estimates; as TN was a derived 

sum, the 95% CI‘s for TN were summed in quadrature for statistical accuracy. Summing 

in quadrature means that the difference between each load to be added and its respective 

upper interval is squared, then the squared differences for the two loads are added, and 

the square root of that sum is considered the upper interval for the new summed load. The 

procedure is repeated for the lower interval. 

 The methods used by the USGS and its contractors for water quality analysis are 

listed in the National Environmental Methods Index, found on the internet at: 

<http://www.nemi.gov/apex/f?p=237:1:232094807813256>. The nitrate plus nitrite, 

TKN, and TN samples analyzed were analogous to ―total unfiltered nitrogen‖. While 

collection and analysis techniques, specific parameters monitored, and detection limits 

have changed over the course of the period of record, appropriate conversions and 

numerical modifications were incorporated to maintain accuracy (Aulenbach, 2008). The 

sampling frequency of calibration data (water quality samples) used for nutrient load 

estimation by LOADEST was monthly, on average. All data points were graded by the 

USGS as ‗Approved‘ or ‗Estimated and Approved‘. 

2.3 Potential Difference in Area of Hypoxia 

due to Additional Nutrients 

 In order to calculate the net difference in the size of the Gulf of Mexico hypoxic 

zone as a result of 2008 flooding, the same model was employed that was typically used 

to predict hypoxic zone size in the Gulf of Mexico through 2009. The model (Scavia et 

al. 2003; Scavia and Donnelly, 2007) was originally developed to determine the amount 

of reduction in nitrogen loading necessary to meet hypoxia reduction goals. While more 

complex models have been developed (such as the 3 dimensional model described in 

Bierman et al., 1994) this simple plug-flow model has been used successfully to 

reasonably predict the extent of hypoxic zones in the Gulf of Mexico and in the 
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Chesapeake Bay given variable nutrient loading from point sources (river outlets) (Scavia 

et al, 2006). Predictions of the Gulf of Mexico hypoxic zone size were based on May and 

June Mississippi and Atchafalaya River TN flux (as separate systems).  

 The model used to determine the difference in hypoxic zone size was based on the 

following established, steady state model (see also Figure 2-1) (Scavia et al, 2003): 

 

EQN 1:  B = Bo e
-(ax/v)

 

EQN 2:  D = [a/(b-a)] Bo (e
-(ax/v)

 – e
-(bx/v)

) 

EQN 3:  Bo = W/Q 

EQN 4:  Area [km
2
] = 38.835 x Length [km] 

 

Where: 

Bo = oxygen demand at the point source [oxygen equivalent mg L
-1

] 

B = downstream conc. of decomposing organic matter [oxygen equivalent mg L
-1

] 

D = dissolved oxygen deficit [mg L
-1

] [set at 5 mg L
-1

 as an average value] 

x = distance downstream from the point source [km] 

a = first order rate coefficient for organic matter decomposition [d
-1

] 

 [Actually a parameterization of multiple processes, fixed as 0.003 d
-1

] 

b = first order rate coefficient for oxygen influx [d
-1

] 

 [Actually a parameterization of multiple processes, fixed as 0.01 d
-1

] 

v = net downstream advection of subpycnoclinal water [km d
-1

] 

 [fixed for these calculations at 0.6 km d
-1

, considered conservative]  
 (DiMarco et al. 1997; Rabalais et al. 1999)] 

W = point source load of B [g d
-1

] 

Q = discharge from the point source [m
3
 d

-1
] 

 

 This one dimensional model was employed assuming no upstream oxygen deficit, 

longitudinal dispersion, or oxygen demand ‗legacy effects‘, such as sediment oxygen 

demand and other residual oxygen demand as a result of  delayed or diminished 

decomposition from previously deposited benthic organic matter. Discussion and support 

of these underlying assumptions was provided in Scavia, et al. 2003. The regression-
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based transverse dispersion relationship specific to the northern Gulf of Mexico has been 

determined for the estimation of hypoxic zone area based on length observations 

(equation 4) (Scavia and Donnelly, 2007). This linear relationship has been forced 

through the origin and the R
2
 value was found to be 0.8178. 

  ―Length‖ in equation 4 was found by applying equations 1 and 2 to the 

Mississippi and Atchafalaya TN loads, and treating these rivers as point sources of 

nutrient flux. The May + June TN load was summed and divided by 61 days (‗W‘ in 

equation 3) for the 2008 and 27 year median loads (AMLE loads and 95% CI upper and 

lower bounds). Per equation 3, both of these values were divided by the 27 year median, 

mean-daily-discharge for May and June, then multiplied by 19.7 g O2 demand g
-1

 N 

(from the stoichiometry for algae growth and subsequent decomposition, equation 5 

below) to produce steady state oxygen demand inputs (Bo in mg l
-1

 O2 equivalent) from 

each river (Scavia et al., 2003). The Mississippi River input was divided by 2 because 

roughly half of the river discharges from the ―Southwest Passage‖ which joins the 

Westward flowing plume, the rest typically flows Eastward from the terminus. 

 

EQN 5:  106 CO2 + 16 NO3
-
 +HPO4

2-
 +122 H2O + 18 H

+
  

   + Trace Elements ↔ C106H263O110N16P + 138 O2 

        (Schnoor, 1996) 

 

 Treating both sources as westward moving plumes, and modeling dissolved 

oxygen deficit as a plug flow system, a series of two dissolved oxygen ―sag curves‖ were 

developed. The mouth of the Atchafalaya River is approximately 220 km west of the 

Mississippi River terminus. Equation 1 was used with x = 220 km to determine the 

remaining Mississippi River oxygen demand where the two plumes meet. At that point 

the two oxygen demand values were summed to represent one new plume. Equation 2 

was then used to solve for the downstream distance to the point where the dissolved 
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oxygen deficit returned to a non-hypoxic level. An average dissolved oxygen 

concentration of < 3 mg L
-1

 was used in this calculation as that level correlates to bottom 

water hypoxia, which is technically DO < 2 mg L
-1

 (Scavia et al. 2003). This distance 

was entered into equation 4 to determine the overall increase in hypoxic zone size due 

only to increased TN flux. 

 
 
 

 

Figure 2-1. Example input-output for the Scavia model of hypoxic area prediction. The 
input values on the left generate the dissolved oxygen ―sag curve‖ at the bottom. The 
downstream distance where average dissolved oxygen returns to above 3 mg l

-1
 is taken 

as the length of the hypoxic plume. 

 
 
 

2.4 Local Nutrient Flux Due to Flooding 

in Agricultural Watersheds 

 Nutrient fluxes and yields (―yield‖ is the flux normalized (divided) by the 

contributing watershed area) were also compiled to compare spatially normalized 

differences between normal flow years and flood years in the specific watersheds affected 

by the 2008 floods. For this purpose ―flood years‖ were assumed to be the years with the 

top three mean annual discharges for each watershed assessed, and ―normal‖ was 
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represented by the median of the remaining years in the period of record (usually n = 27 

to 34 years, some stations on smaller rivers only began collecting data in 2004, data 

tables in Appendix A give station specific details).  

 Some additional nutrient flux information was desired that was not included in 

USGS OFR 2007-1080, such as total suspended solids flux (―TSS‖), and nutrient fluxes 

from several smaller watersheds in the area affected by the flood. In these cases the 

methods used for collecting and processing data were similar to those employed for 

USGS OFR 2007-1080 and all water quality data originated from the USGS at 

http://waterwatch.usgs.gov/. 

 The effects of localized flooding in a basin as large as the MARB (which covers 

approximately 3 million square kilometers) tend to become diluted by the time the 

floodwaters mix with the Mississippi River and then reach the Gulf of Mexico. In order 

to better analyze the flood related nutrient export and scaling, each sub-basin in the 

affected area was analyzed for primary nutrient flux. Sub-basins were chosen for this 

analysis based on involvement in the 2008 flood and continuity of period of record of 

water quality monitoring data.  

 As illustrated in Figure 2-2 and Figure 2-3, the specific river stations included 

were the Iowa River at Wapello, IA; the Skunk River at Augusta, IA; the Des Moines 

River at Keosauqua, IA; the Wapsipinicon River at DeWitt, IA; the Turkey River at 

Garber, IA, the Illinois River at Valley City, IL; the Ohio River at Grand Chain, IL; the 

Mississippi River at Clinton, IA; the Mississippi River at Grafton, IL; the upper 

Mississippi River Basin as a whole (the ―UMRB‖ is the Mississippi River at Thebes, IL 

minus the Missouri River at Hermann, MO), and the entire MARB, as described 

previously. The tables in Appendix A give more information on each watershed, 

including drainage area, period of record, actual nutrient loads estimated, etc. The 

nutrient parameters analyzed for flood-scale flux and scaling were total nitrogen, nitrate + 
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nitrite (NO3
-
 + NO2

-
), ammonia (NH3), total Kjeldahl nitrogen (TKN), total unfiltered 

phosphorus (TP), dissolved silica (SiO2), and total suspended solids (TSS). 

2.5 Simple Economic Analysis of Local Nutrient Losses  

 Much research has been conducted on the origin and fate of surface water 

nutrients. In 2004, the Iowa Department of Natural Resources published a report that 

described a mass balance on nitrogen and phosphorus in Iowa soils (Libra et al.,  2004). 

They found that the cycling of nitrogen between the soil, microbes, plants, the 

atmosphere, and within each of these systems is complex enough that there is of course 

no way to trace the pathway of nitrogen from one specific source to one specific fate. The 

focus of our research however was on one specific fate, export via streams and rivers. 

The mass balance can be divided into open circuits and closed circuits. For example the 

cycling of nitrogen atoms between soil organic matter and interstitial inorganic matter 

(principally nitrate and ammonia) was assumed (by Libra et al.) to be a closed loop in 

approximate equilibrium. 

 

 

 

 

Figure 2-2. MARB watersheds that were analyzed for difference in nutrient flux between 
flood flow and median flow years. The watersheds were selected based on involvement in 
the 2008 Midwest US flooding and completeness of water quality data. 
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Figure 2-3. Local watersheds involved in the 2008 flooding. The circle indicates the 
approximate area of the 2008 floods. The Maquoketa River Basin was not included in 
this analysis due to incomplete data. 

 
 
 

Given that the largest variable open loop input to the nitrogen balance is 

agricultural fertilizer application (Alexander et al, 2008), and that the Libra et al. nitrogen 

balance found the entire system to be approximately in equilibrium (actually a slight 

annual loss) so long as fertilizer inputs match the harvest and other outputs, then it seems 

logical to compare variable fertilizer inputs to the variable outputs observed in local 

streams, assuming that harvest, grazing, etc. are held constant. This reduction allows the 

crude yet poignant comparison of economic input factors with ecological output factors 

and a rough idea of the source-side economic impact of nutrient flux, tangible at the per 

acre scale. Support for this analytical simplification (the correlation of fertilizer 

application rate and surface water nutrient concentration) comes from extensive research 

by others (Turner and Rabalais, 1991; Howarth et al., 1996; Goolsby et al., 1999). 

Nutrient yields were calculated by dividing the LOADEST produced flux 

estimates by the contributing drainage area, as listed by the USGS (accessible at: 
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http://waterwatch.usgs.gov/classic.php). The cost per pound of field-applied nitrogen and 

phosphorus fertilizer was obtained from the USDA, Economic Research Service (USDA-

ERS, accessible at http://www.ers.usda.gov/Data/FertilizerUse/, Table 7). The costs for 

each form of N or P listed were stoichiometrically normalized, then averaged among the 

forms to produce average costs per pound of each nutrient. These costs were then 

multiplied by the LOADEST generated fluxes to give estimates of the value of the 

nutrient losses from each watershed. These results are intended to provide a quantitative 

picture of the economic side of the loss to complement the mass-wise quantification.  

2.6 Measuring the Size of the 2008 

Gulf of Mexico Hypoxic Zone 

An expedition was mounted July 20 – 28, 2008 to measure the size of the hypoxic 

zone that typically forms on the north continental shelf of the Gulf of Mexico (off the 

south shore of Louisiana and Texas). This research was performed in collaboration with 

Nancy N. Rabalais, PhD, the Executive Director of the Louisiana Universities Marine 

Consortium (―LUMCON‖), and R. Eugene Turner, PhD, of Louisiana State University. 

The R/V Pelican, a marine research vessel owned by LUMCON (Figure 2-4), is outfitted 

with extensive water quality sampling and monitoring equipment and was chartered in 

2008 specifically for the task of measuring and assessing the hypoxic zone.   

 

 

 

 

Figure 2-4. The R/V Pelican is the primary marine research vessel responsible for 
measuring and assessing the Gulf of Mexico hypoxic zone. (Image by LUMCON) 
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Measuring and assessing the hypoxic zone consisted of navigating a series of 

transects across the area that typically experiences hypoxia each summer. This area has 

been systematically measured by researchers at LUMCON since 1985, and specific 

monitoring stations placed along specific transects have been developed over the course 

of the continuing research (Figure 2-5). The assessment began at the Mississippi River 

outlet, the research vessel then travelled either north or south along each transect, 

stopping at each station to deploy instruments, collect data, and collect water and 

sediment samples. The transect was considered complete when no hypoxia was detected 

(all measurements reported that dissolved oxygen was >2 mg/l, vertically along the entire 

water column), at which point the vessel moved west to the next transect. This pattern 

was repeated 24 hours per day (by two shifts of researchers) until no hypoxia was 

detected along an entire transect. The last transect to exhibit hypoxia was considered the 

western edge of the hypoxic zone. 

 
 
 
 

 

Figure 2-5. Stations and transects assessed by LUMCON to measure the hypoxic zone. 
The hypoxic plume emanates from the Mississippi River ―crow‘s foot‖ at the extreme 
right side of the image, then flows Westward (leftward) toward Texas. (image from 
www.gulfhypoxia.net) 
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At each station a series of activities was performed to gather data and samples. 

Among other activities, a bucket on a rope was thrown overboard to collect a surface 

water sample, and a custom equipment array called a ―CTD‖ was lowered along the 

water column to the sea floor (originally the device measured only conductivity, 

temperature, and density, thus ―CTD‖). The CTD (visible in Figure 2-6) is a negatively 

buoyant chassis equipped with 12 ―Niskin‖ bottles in a rosette pattern  and dual digital 

sensors for each of: pressure, temperature, conductivity, GPS, dissolved oxygen, optical 

transmission, optical backscatter, flourometry, photosynthetically available radiance, and 

sonar altimetry (Niskin bottles are essentially hollow tubes that snap shut on both ends 

when triggered, to allow remote sampling of the water column). During lowering of the 

CTD, a researcher triggered the closure of the Niskin bottles at specified depths, 

depending on the overall water depth at that location. An additional Niskin bottle was 

also deployed on a cable to collect a water sample directly above the seafloor.  

 Upon retrieval of the bucket, CTD, and bottom Niskin bottle the vessel would 

move on to the next transect while researchers processed the samples for storage and 

analysis. All electronic data gathered by the CTD was automatically stored on onboard 

hard drives. All water samples from the bucket and Niskin bottles were processed 

appropriately for later analysis (the samples were analyzed for suspended solids 

concentration, assorted nutrient concentrations, chlorophyll-a, and phaeopigments). Most 

of the assessed parameters were used for aspects of hypoxia research that is unrelated to 

the research herein. The critical parameter for this research was the spatial extent of the 

hypoxic zone as a whole, indicated by the extent of bottom-water dissolved oxygen 

concentration below 2 mg/l. 
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Figure 2-6. Aaron Gwinnup onboard the R/V Pelican, with the "CTD" array which is 

deployed to measure multiple water quality parameters simultaneously, as well as take 

grab samples of the water column at various depths with a rosette of ―Niskin‖ bottles 

 

 

 

2.7 Frequency of Data Collection 

for Accurate Load Estimation  

Nutrient loads are calculated as the concentration of a constituent multiplied by 

the rate of volumetric discharge of a stream or river. The values of these two parameters 

are not known on a continuous basis though. If measurements are taken once per hour, 

then those values are assumed to represent the interim hour before another sample is 

taken, likewise if measurements are only taken once per day, or per month. Any changes 

that happened in between measurements would not be reflected in the overall load 

calculation. Indeed many water quality parameters are monitored on monthly, or even 

quarterly (every 3 months) schedules (Aulenbach, 2008). Depending on the dynamics of 

the river, this ―low-resolution‖ sampling scheme may omit important data. Figure 2-7 

shows a plot of the hourly nitrate load of the Raccoon River at Sac City, Iowa. If this 
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river were sampled on a monthly basis, many of the peaks and valleys would be omitted 

and the seasonal load summation would be highly inaccurate. 

 
 
 

 

Figure 2-7. High frequency (hourly) nitrate load at Sac City, Iowa. A Hach ―Nitratax‖ 
probe measured concentration by UV spectroscopy, a USGS gaging station provided 
discharge data.   

 
 
 

A simple numerical experiment was performed to estimate the potential difference 

in nitrate load summation using different sampling frequencies. High frequency data sets 

were resampled repeatedly to produce all of the possible load summations under different  

sampling schemes. The ―reference‖ loads for the stations were first calculated by 

summing the highest frequency loads available over the entire season. For this 

experiment these ―season loads‖ were considered the correct values, against which all 

other load summations would be compared. The resampling schemes for the Raccoon 

River stations were every two hours, six hours, 12 hours, 24 hours, 7 days, 4 weeks, 8 

weeks and 16 weeks; for the Mississippi River stations the schemes were 7 days, 4 

weeks, 8 weeks and 16 weeks. 

For each scheme there were different possible starting points, each of which 

produces a different load summation. For example if one were to sample every 6 hours, 

there would be 6 different times (on the hour) that the sampling could be taken (2 am, 8 
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am, 2 pm, 8 pm would be one starting point, another would be 3 am, 9 am, 3 pm, and 9 

pm and so on). Each ―6 hour load interval‖ would be calculated (Q x C x 6 hours), then 

all 6 hour loads over the season would be summed to produce the season total for that 

scheme and starting point. Resampling under the same scheme but a different starting 

point produces a second iteration for that scheme, see also Table 2-1 and Table 2-2. 

Finally, all iterations for each scheme were compiled and the coefficients of variation 

were calculated for comparison (COV = standard deviation divided by arithmetic mean). 

Raw data was acquired for three stations on the Raccoon River in West-Central 

Iowa. The Raccoon River data sets consisted of discharge and nitrate concentration 

measurements taken automatically every 15 minutes from March 28, 2008 to November 

6, 2008 (hereinafter referred to as the ―season‖) (nitrate data was collected by a Hach 

Nitratax probe, discharge data was acquired by typical USGS gaging stations). The raw 

data contained sporadic zero-points and other probable equipment errors. These points 

were manually replaced with values linearly interpolated from the bounding non-

erroneous points as necessary, and the replacement values were marked as such. The 

continuous data sets were then reduced to hourly averages of the 15 minute data for two 

reasons: To reduce overall errors from the previous interpolation step, and to maintain 

compatibility with the LOADEST software which can only accommodate 24 

observations per day.  

For large scale comparison, three stations on the Mississippi River were also 

analyzed (Table 2-3). As high frequency data was not available for these stations 

―synthetic‖ high frequency data was used. One output of the operation of the LOADEST 

model is a set of daily load estimates generated from the regression model. While these 

daily values would not be considered highly accurate for each specific day they do reflect 

the discharge based dynamics of the river at each station.  
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Table 2-1 Number of iterations and samples for each scheme (Raccoon River) 

Resampling Scheme Iterations per Scheme Samples per Scheme 

Hourly (reference scheme) 1 5376 

Every 2 hours 2 2688 

Every 6 hours 6 896 

Every 12 hours 12 448 

Every 24 hours 24 224 

Every 7 days 168 32 

Every 4 weeks 672 8 

Every 8 weeks 1344 4 

Every 16 weeks 2688 2 

 
 
 
 
 
 
 
 

Table 2-2 Number of iterations and samples for each scheme (Mississippi River) 

Resampling Scheme Iterations per Scheme Samples per Scheme 

Daily (reference scheme) 1 224 

Every 7 days 7 32 

Every 4 weeks 28 8 

Every 8 weeks 56 4 

Every 16 weeks 112 2 
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Table 2-3 The six gaging stations used for this experiment, and their drainage areas 

Gaging Station River Drainage Area [mi
2
] 

Sac City Raccoon 700 

Jefferson Raccoon 1619 

Van Meter Raccoon 3441 

Clinton Mississippi 58,600 

Thebes Mississippi 713,200 

Baton Rouge Mississippi 1,130,000 
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CHAPTER 3 

RESULTS AND DISCUSSION 

NUTRIENT FLUX AND HYPOXIA 

 

3.1 Measuring the Size of the 2008 Gulf of Mexico Hypoxic Zone 

 The expedition to measure and assess the 2008 Gulf hypoxic zone was successful 

in delineating the low oxygen plume emanating from the Mississippi and Atchafalaya 

Rivers. The resulting map of the 2008 hypoxic zone is shown in Figure 3-1. The size in 

2008 turned out to be a near record area, approximately 20,700 km2 (8,000 mi2). 

Although predicted to be a record size of 22,800 km
2
 (8,800 mi

2
) due to flood-induced 

increased freshwater discharge and nutrient inputs, the area was ultimately reduced by the 

influence of Hurricane Dolly which effectively aerated the West end of the would-be 

hypoxic plume. (Rabalais, 2008). 

 

 

 

 

 

 

Figure 3-1. The extent of the near-record-size 2008 Gulf of Mexico hypoxic zone 

(Rabalais, 2008) 
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During the expedition a number of observations relevant to the state of Gulf 

hypoxia were made. The area known as the hypoxic zone (or ―dead zone‖) is not 

completely without life. The low oxygen plume is confined to the bottom of the water 

column by a distinct, transient pycnocline (density discontinuity resulting in stratification 

due to fresh river water on top and saltwater on the bottom). Therefore the water at the 

surface is not usually hypoxic, this allows non-benthic marine animals to remain alive in 

the area, as long as they stay near the surface. Benthic animals either flee or die, Figure 

3-2 shows a crab swimming at the surface in about 150 foot deep water, this behavior is 

rare in areas that have sufficient bottom dissolved oxygen. Figure 3-3 shows a bottle nose 

dolphin jumping out of the water, although a mammal, and therefore unaffected by 

hypoxia, dolphins typically avoid the hypoxic area as food can become scarce. This 

dolphin, and all other dolphins observed on the expedition were all at the east edge of the 

hypoxic area, none were observed in the hypoxic area itself. In the background of Figure 

3-3 a difference in water color can be observed. The muddy water in the background is 

Mississippi River water, contrasted with the darker blue Gulf water in the foreground.  

Figure 3-4 shows the only signs of ―life‖ recovered from sediment samples taken 

from the sea floor in the middle of the hypoxic area, these were a dead polychaete annelid 

(worm) and a few dead bivalve mollusk shells. Figure 3-5 shows a sediment core sample 

from the middle of the hypoxic zone. Cores were taken to research long term historical 

indicators for oxygen depletion, common among them were pockets of black, odiferous, 

anoxic sediment. Figure 3-6 shows a small squid and fish that were netted at the surface. 

Also observed at the surface were several baby sharks, jellyfish, and other immature or 

drifting organisms. No organisms were observed in the hypoxic zone that appeared to be 

mature non-mammals, despite the fact that the powerful work lights used during the night 

shift attracted lots of aquatic organisms to the surface near the vessel.  
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Figure 3-2. This crab was swimming on the surface in 150 foot deep water, an indicator 
of bottom water dissolved oxygen depletion as crabs are traditionally benthic organisms 

 
 
 
 
 

 

Figure 3-3. Bottle nose dolphins swam alongside the research vessel near the east edge of 
the hypoxic zone, none were observed in the interior of the zone possibly due to reduced 
abundance of prey.  



   27 

 

 

Figure 3-4. This dead bivalve mollusk and polychaete annelid were the only signs of 
―life‖ recovered from sediment samples in the hypoxic zone 

 

 

 

 

 

 

Figure 3-5. The black anoxic streak in this sediment core smelled like sulfide, the cores 
were used by others to research historical oxygen depletion. 
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Figure 3-6. This juvenile squid and fish were netted at the surface. The lights used by 
nighttime work crews attracted all sorts of organisms toward the vessel, yet no mature 
non-mammals were ever spotted in the hypoxic zone. 

 
 
 

3.2 2008 Difference in Total Nitrogen Flux 

to the Gulf of Mexico 

 The mass of total nitrogen discharged from the MARB to the Gulf of Mexico was 

significantly higher in water year 2008 than in most prior years. The water-year load was 

1.75 million metric tons, whereas the median annual load is 1.4 million metric tons 

(n=28) (Table 3-1). The 2008 May + June TN sum exceeded the median sum (not 

including 2008; n=28) by 126,500 metric tons or 34% (95% confidence interval: 111,500 

to 159,800 metric tons). Figure 3-7 shows the TN May + June flux for the last 29 years; 

Figure 3-8 shows the flux difference between water year 2008 and the median, over the 

course of the year. As much of the Midwestern flooding peaked in mid-late June, the 

elevated nutrient load arrived at the Gulf approximately one month later. 

 During May and June 2008, the observed TN flux to the Gulf was 34% greater 

than the median and the combined MARB fresh water discharge was 42% greater. 



   29 

 

Considering the year as a whole, the TN flux was 25% greater than the median annual 

flux while discharge was 21% greater. 

 
 
 

Table 3-1 2008 nitrogen and phosphorus flux by watershed.  

 
 
 
 

 

Figure 3-7. May plus June total nitrogen flux from the Mississippi-Atchafalaya River 
Basin to the Gulf of Mexico, 1980 to 2008. The 2008 flux is shown as the square shape, 
the median (dashed line) and first and third quartiles (dotted lines) are also shown. Note 
that this May plus June sum does not include the bulk of the flood load as it likely arrived 
at these monitoring stations in July. 

Watershed 
Area % of 

MARB 
area 

TN Flux [MT] % of 
2008 

Gulf TN 

TP Flux [MT] % of 
2008 

Gulf TP [hax106] Median 2008 Median 2008 

Des Moines - 

Raccoon 3.64 1.13% 52,900 96,300 5.50% 1,930 4,940 6.4% 

Iowa - Cedar 3.24 1.00% 67,600 149,000 8.51% 2,600 7,800 10.0% 

Wapsipinicon 0.605 0.19% 16,500 33,900 1.93% 481 1,150 1.5% 

Turkey 0.400 0.12% 13,900 21,800 1.24% 462 1,250 1.6% 

Skunk 1.12 0.35% 22,300 50,000 2.85% 1,330 4,280 5.5% 

Illinois 6.93 2.15% 142,000 197,000 11.2% 7,710 17,500 22.5% 

TOTAL 15.9 4.94% 315,000 548,000 31.2% 14,500 36,900 47.5% 

Entire MARB 323 100% 1,400,000 1,750,000 100% 51,800 77,700 100% 
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Figure 3-8. The median monthly total nitrogen (n=28) delivered to the Gulf of Mexico 
from the MARB was subtracted from the 2008 flux to find the difference that occurred 
each month. Spring flooding that occurred in the Midwest states from March to June is 
largely responsible for the peaks visible here in April, June, and July, accounting for 
approximately one month travel time. The dominant hypoxic area prediction model at the 
time used May and June total nitrogen flux as an input, which would have missed a 
significant amount of the Midwestern flood flux.  

 

 

 

It should also be noted that the year 2008 was chosen because of the recent 

flooding, but the medians calculated for comparison herein included several other flood 

years which, depending on the sub-basin, often had significantly higher annual mean 

discharge rates, especially 1993. Table 3-2 shows the discharge and water yield records 

for the top 10 discharge years in the period of record for the five main rivers in Iowa, and 

the upper Mississippi River basin (―UMRB‖). The UMRB is represented by the 

Mississippi River above Grafton, IL minus the Missouri River above Hermann, MO. The 

medians listed in Table 3-2 are for the period of record including the top discharge years. 

Figure 3-9 shows a comparative hydrograph for the Mississippi River at Tarbert Landing, 

MS, which is the last monitoring station before ~30% of the Mississippi flow is diverted 

to the Atchafalaya River. While 2008 showed very high spring flow, the flooding 

centered in Iowa didn‘t create a particularly anomalous discharge signal by the time it 

arrived at the Gulf. The late June – early July peak visible in Figure 3-9 represents the 

bulk of the flood flow as it approached the Gulf of Mexico. 
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Figure 3-9. The Mississippi River hydrograph for Tarbert Landing, MS (the southernmost 
gaging station before approximately 30% of the flow is re-directed to the Atchafalaya 
River). The large anomalous peak in late April is primarily from heavy spring rains in the 
Ohio River basin, the lesser peak at the beginning of July is the floodwater from the June 
floods centered in Iowa. As the hypoxia prediction model uses the May and June flux 
near this station, a large portion of the Midwestern flood would not have been included in 
the predictions. 

 
 
 
 
 

3.3 Nutrient Flux Due to Flooding 

in Agricultural Watersheds 

Table 3-1 lists the estimated nitrogen and phosphorus fluxes from five watersheds 

in Iowa and the Illinois River, as well as the MARB as a whole. These six sub-watersheds 

exported nearly one third of the nitrogen, and half of the phosphorus that entered the Gulf 

of Mexico in 2008, yet represent only 5% of the Mississippi / Atchafalaya river basin. 

The portion of land area in each basin covered by corn fields ranged from 32.2% to 

43.4%, and 9% for the entire MARB. The median values listed in Table 3-1 include all 

years of record except 2008. 
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3.4 Potential Difference in Area of Hypoxia 

due to Additional Nitrogen 

 The total difference in hypoxic area predicted by the 1-D dissolved oxygen sag 

model was 2,370 square kilometers or 915 square miles (95% confidence intervals: 2,290 

to 2,490 km
2
 or 884 to 960 mi

2
). This area corresponds to a plume length of ~60 

kilometers. These values represent the theoretical expansion of the hypoxic plume due 

only to the increase in TN loading delivered in May and June 2008.  

 A simple metric was established by which to qualitatively assess the impact of 

each watershed on the hypoxic area. The theoretical area of hypoxia attributed to each 

watershed was estimated by proportioning the total predicted 2008 hypoxic zone size by 

the fraction of May + June TN load at the gulf represented by the April + May TN load at 

the base of each Iowa watershed (accounting for travel time of approximately one 

month). Figure 3-10 proportions the ―hypoxic yield‖ by watershed area, and Figure 3-11 

proportions by the area planted in corn in each watershed during 2008. The actual values 

should be used for comparison only as there are clearly more sources of in-stream 

nitrogen than just corn fields, however as corn fields are a major nitrogen contributor, 

knowledge is potentially gained from normalizing nutrient flux by corn area in 

neighboring basins. In-river loss of TN is assumed to be relatively minor (<10%) in the 

mid to lower Mississippi River as the literature has demonstrated (Alexander, 2008). 

3.5 Nutrient Flux Scaling Over a Range 

of Drainage Areas 

 The Mississippi River basin is a vast area with diverse land usage. While it 

encompasses all of the area known as the US ‗corn belt‘, it also drains large areas that are 

not devoted to row-crop production. As one objective of this research is to document the 

origin and behavior of flood scale nutrient flux, 11 watersheds were assessed which range 

in size from small local rivers to the entire MARB. Figure 3-12 through Figure 3-17 

compare the flux that occurred during the three highest flow years in each watershed to 
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Figure 3-10. Assuming that the 2008 April + May TN flux from each watershed 
represents a portion of the May + June TN flux at the Gulf outlets (roughly accounting 
for travel time), then that same proportion could be applied to the total predicted hypoxic 
area. Dividing the predicted area of hypoxia that each watershed is represents by the 
drainage area of the watershed gives a comparative metric of ―area of hypoxia per area of 
watershed. 

 
 
 

the corresponding local median flux. In all but one case, the slope of a least-squares 

linear regression is notably less for the flood scale flux than the median, the magnitude of 

the difference depends upon the characteristics of each nutrient and watershed. 

 While the logarithmically plotted data in Figure 3-12 through Figure 3-17 were 

fitted with linear regressions for simplicity, the important patterns are not necessarily 

linear (despite the relatively high R
2
 values). For example the graph of nitrate + nitrite vs. 

DA (Figure 3-13) clearly shows a pattern of attenuating yield as the drainage area 

increases. This is logical as the smaller watersheds chosen for this analysis are heavily 

planted in row-crops, particularly corn, and the larger ones are increasingly 

heterogeneous in land use. 
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Figure 3-11. Corn area hypoxic yield; similar to Figure 3-10 the predicted hypoxic area 
was proportioned by individual watershed TN flux. In this case the area in each 
watershed planted in corn during 2008 was used. Of course not all nitrogen flux came 
specifically from corn fields, however this gives a more accurate qualitative yield 
depiction than Figure 3-10 because it accounts for the varying corn acreage   

 
 
 

3.6 Agricultural Costs of Flood Scale Nutrient Export 

 Looking only at fertilizer inputs and stream borne outputs, various fractions can 

be gleaned from the literature comparing the amount of chemical nitrogen fertilizer 

applied to corn fields with the amount of nitrogen flux in adjacent local streams and 

rivers. Other researchers (Libra, et al., 2004; Goolsby, Battaglin and Thurman, 1993; 

Buzicky et al., 1983) have found average nitrogen loss-to-stream rates to be 18% to 35% 

of application rates during average to dry years. Buzicky et al. (1983) assessed 

experimental corn fields specifically and found 38 kg N ha
-1

 yr
-1 

in streams when 

application rates were 202 kg N ha
-1

 yr
-1 

 (18.8% loss). From the IDNR mass balances 

conducted on nitrogen in Iowa soils it can be estimated that stream loads were 20.1% of 

chemical nitrogen fertilizer applications, this result was calculated during a particularly 

dry period. Data analysis for this research found similar mean loss fractions of 16% to 

22% (during median flow years) depending on application rate and data source. 
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Figure 3-12. Total nitrogen yield scaling. The solid line is a least squares regression of 
the median flux for non-flood flow years. The dashed line is the flux for the highest flow 
years (which could be different for each watershed). The dashed, one-dot line is the flux 
for the second highest flow years, and the dashed, two-dot line is the flux for the third 
highest flow years. The median values display a more linear relationship than the flood 
years and all log-log slopes are less than one, the flood year slopes are approximately 
11.4% less than the median slope. This indicates that the rate of flux attenuation over 
increasing drainage area increases for the flood years, and that the flux-increasing effect 
of flooding is most prominent in the middle range of drainage areas. 
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Figure 3-13. Nitrate + nitrite yield scaling. The solid line is a least squares regression of 
the median flux for non-flood flow years. The dashed line is the flux for the highest flow 
years (which could be different for each watershed). The dashed, one-dot line is the flux 
for the second highest flow years, and the dashed, two-dot line is the flux for the third 
highest flow years. The median values display a more linear relationship than the flood 
years and all log-log slopes are less than one, the flood year slopes are approximately 
15% less than the median slope. This indicates that the rate of flux attenuation over 
increasing drainage area increases for the flood years, and that the flux-increasing effect 
of flooding is most prominent in the middle range of drainage areas.  
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Figure 3-14. Total Kjeldahl nitrogen yield scaling. The solid line is a least squares 
regression of the median flux for non-flood flow years. The dashed line is the flux for the 
highest flow years (which could be different for each watershed). The dashed, one-dot 
line is the flux for the second highest flow years, and the dashed, two-dot line is the flux 
for the third highest flow years. The median values display a more linear relationship 
than the flood years and all log-log slopes are less than one, the flood year slopes are 
approximately 9% less than the median slope. This indicates that the rate of flux 
attenuation over increasing drainage area increases for the flood years, and that the flux-
increasing effect of flooding is most prominent in the middle range of drainage areas. 
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Figure 3-15. Total unfiltered phosphorus yield scaling. The solid line is a least squares 
regression of the median flux for non-flood flow years. The dashed line is the flux for the 
highest flow years (which could be different for each watershed). The dashed, one-dot 
line is the flux for the second highest flow years, and the dashed, two-dot line is the flux 
for the third highest flow years. The median values display a more linear relationship 
than the flood years and all log-log slopes are less than one, the flood year slopes are 
approximately 37% less than the median slope. This indicates that the rate of flux 
attenuation over increasing drainage area increases for the flood years, and that the flux-
increasing effect of flooding is most prominent in the middle range of drainage areas. 
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Figure 3-16. Dissolved silica (SiO2) yield scaling. The solid line is a least squares 
regression of the median flux for non-flood flow years. The dashed line is the flux for the 
highest flow years (which could be different for each watershed). The dashed, one-dot 
line is the flux for the second highest flow years, and the dashed, two-dot line is the flux 
for the third highest flow years. The median values display a more linear relationship 
than the flood years and all log-log slopes are less than one, the flood year slopes are 
approximately 20% less than the median slope. This indicates that the rate of flux 
attenuation over increasing drainage area increases for the flood years, and that the flux-
increasing effect of flooding is most prominent in the middle range of drainage areas. 
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Figure 3-17. Total suspended solids yield scaling. The solid line is a least squares 
regression of the median flux for non-flood flow years. The dashed line is the flux for the 
highest flow years (which could be different for each watershed). The dashed, one-dot 
line is the flux for the second highest flow years, and the dashed, two-dot line is the flux 
for the third highest flow years. The median values, in general, display a more linear 
relationship than the flood years and all log-log slopes are less than one, the flood year 
slopes are approximately 16.6% less than the median slope. This indicates that the rate of 
flux attenuation over increasing drainage area increases for the flood years, and that the 
flux-increasing effect of flooding is most prominent in the middle range of drainage 
areas. 
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Figure 3-18. Both the application rate and cost of nitrogen fertilizer has risen sharply 
since the ‗green revolution‘. This graph of Iowa data shows the combination as the 
average April cost of applied nitrogen fertilizer per acre (average of all common forms) 
(USDA-NASS, 2010). 

 

 

 

 During 2008 when the number of corn acres planted was particularly high, 

extraordinarily high precipitation occurred just after the typical fertilizing season, and 

chemical fertilizer usage rates were high (the prices for those fertilizers were also at 

record highs, see Figure 3-18) an extraordinarily large fraction of nitrogen ran off of Iowa 

corn fields. The five assessed watersheds representing 63% of Iowa lost 351,000 metric 

tons of nitrogen via streams (95% CI: 333,000 to 372,620); scaling up to all of Iowa by 

area gives an estimated 560,000 metric tons of nitrogen lost via streams (95% CI: 

531,000 to 593,000). Figure 3-19 shows the combined flux from 5 Iowa watersheds and 

the median flux, Figure 3-20 shows the 2008 TN flux from the 5 watersheds compared to 

their individual median fluxes.  
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Figure 3-19. LOADEST output of total nitrogen flux for 5 watersheds comprising 63% of 
Iowa. 95% confidence intervals are shown (dotted lines), as are the 5 year median and 
first and third quartiles. The median monthly flux was 9,418 MT N, whereas the June 
2008 flux was 93,000 MT N (95% CI: 79,000 to 110,000). 

 
 
 

 

Figure 3-20. Total nitrogen flux for each of the five biggest watersheds in Iowa. The 
2008 flux was significantly greater than the 3

rd
 quartile flux in all cases. 

 

 

 



   44 

 

 Based on an application rate of 141 lb N per corn acre (USDA-NASS, 2005; the 

most recent published data from the USDA) and an average of $0.68 per pound of 

applied nitrogen (USDA-ERS, 2008), applying chemical nitrogen fertilizer to corn fields 

cost Iowa farmers approximately $95.20 per acre (phosphorus cost an average of $2.27 

per pound applied), see Figure 3-18. In 2008, there were 13,700,000 acres planted in corn 

and 99% received some form of nitrogen fertilizer (USDA-NASS, 2010). By extension 

Iowa farmers applied approximately 872,000 metric tons of nitrogen at an approximate 

cost of $1.3 billion. These figures do not include the application of manure, waste-water 

treatment plant solids, industrial solids, etc., only commercial chemical nitrogen. 

 Using a simplified comparison of fertilizer inputs to stream-borne outputs, the 

mass of nitrogen flux from the five Iowa watersheds in 2008 was 64% of the mass of 

nitrogen applied to corn fields alone in the same area (560,000 MT estimated stream flux 

/ 872,000 MT fertilizer). This represents a loss of approximately $525 million for those 

watersheds (95% CI: $498 million to $558 million) or $834 million for the entire state 

(scaled up by multiplying by 1/0.63). For comparison, the ―scaled up‖ median nitrogen 

flux from Iowa (270,300 metric tons) divided by the 2005 application rate is 31%, still a 

bit higher than typical loss rates, but half as much as that which occurred in 2008. 

 Figure 3-21 shows the approximate value of nitrogen exported from 5 watersheds 

in Iowa while Figure 3-22 shows the actual nitrogen yield by whole watershed area and 

Figure 3-23 shows the yield specific to the corn area in each watershed. Again, the source 

of estimated in-stream flux is not just corn, however farmers growing corn will have to 

pay for fertilizer to replace the lost nitrogen in order to maintain yields, therefore it is 

worth visualizing a metric for the long term cost of nutrient replacement. 
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Figure 3-21. Total value of nitrogen and phosphorus exported by watershed. At least 16% 
of this nitrogen had natural, non-fertilizer origins, nonetheless a significant fraction of 
applied fertilizer likely ran off over the course of the year. 

 

 

 

 

Figure 3-22. Total nitrogen and phosphorus yields from whole Iowa watersheds during 
2008, this is the water-borne flux divided by each drainage area. 
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Figure 3-23. Total nitrogen yield from the corn area in each watershed. This is the flux 
from the entire drainage area divided by only the area planted in corn in each watershed. 
The nitrogen likely came from many sources, however corn agriculture is the largest non-
point source. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

SAMPLING FREQUENCY 

 

4.1 Optimal Sampling Frequency for 

Accurate Load Estimation 

In order to maintain confidence in nutrient load estimates, the water quality 

samples that the estimates – which are essentially numerical summations of periodic 

sampling results – are based on must be made at high ―enough‖ frequencies. This 

analysis aims to provide a framework for answering the question ―How high is high 

enough?‖.  

The Raccoon River nitrate load data sets used were based on the discharge and 

concentration data shown in Figure 4-1, Figure 4-2, and Figure 4-3. An interesting 

observation can be made in these figures regarding the changing correlation of 

concentration ―C‖ and discharge ―Q‖. As a storm event begins and Q first increases, C 

drops; then C increases as the storm continues. As the storm discharge recedes, C recedes 

slowly. The relationship between the two is first negative, then positive, then loosely 

positive. This hysteresis can also be seen in Figure 4-4, Figure 4-5, and Figure 4-6, which 

are logarithmic plots of Q versus C. At high discharge concentration tends to drop, and 

the effect increases as drainage area increases (Sac City < Jefferson < Van Meter). This 

inconsistent correlation is why load models based on discharge tend to produce errors, 

especially during anomalous events such as flooding. 

4.2 Statistical Analysis of Resampled 

High Frequency Data Sets 

Upon resampling the high frequency data sets at different frequencies, each 

station displayed varying degrees of inaccuracy with increasing sampling interval. The 

mean of the resulting load values computed for each iteration was identical each time, 
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this is mathematically predictable if the iterations are performed correctly. The standard 

deviation of the iterative sets increased with each increasing resampling scheme. Figure 

4-7 displays this concept. In order to compare the variation quantitatively, coefficients of 

variation were computed (standard deviation normalized by the mean). 

 
 
 

 

Figure 4-1. Hourly discharge and nitrate concentration on the Raccoon River at Sac City. 

 
 
 

 

Figure 4-2. Hourly discharge and nitrate concentration on the Raccoon River at Jefferson. 
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Figure 4-3. Hourly discharge and nitrate concentration on the Raccoon River at Van 
Meter 

 
 

 

 

 

 

 

Figure 4-4. Logarithmic comparison of discharge to concentration for the Raccoon River 
at Sac City. 
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Figure 4-5. Logarithmic comparison of discharge to concentration for the Raccoon River 
at Jefferson. 

 

 

 

 

 

 

 

Figure 4-6. Logarithmic comparison of discharge to concentration for the Raccoon River 
at Van Meter. 
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Figure 4-7. Comparative column chart showing increasing error as sampling interval is 
increased. The columns themselves are the means of each iteration set 

 
 
 

 

Figure 4-8. The coefficients of variation for all resampling sets. Note that as the sampling 
frequency increases, the coefficient of variation increases, but it increases the most for 
the smallest drainage area and the least for the largest drainage areas. 
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Figure 4-9. Log-Log plot of Figure 4-8, this version better shows the dynamics at the 
lowest end of the sampling frequency spectrum 

 
 
 
 

Table 4-1 Data from the sampling frequency experiment (Raccoon River) 

Summing Scheme n = COV 

  Sac City Jefferson Van Meter 

Hourly (reference scheme) 1 N/A N/A N/A 

Every 2 hours 2 N/A N/A N/A 

Every 6 hours 6 0.00042 0.00064 0.00291 

Every 12 hours 12 0.00184 0.000724 0.00488 

Every 24 hours 24 0.00244 0.00530 0.00787 

Every 7 days 168 0.0595 0.0726 0.0960 

Every 4 weeks 672 0.271 0.300 0.211 

Every 8 weeks 1344 0.475 0.496 0.395 

Every 16 weeks 2688 0.682 0.729 0.575 
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Table 4-2 Data from the sampling frequency experiment (Mississippi River) 

Summing Scheme n = COV 

  Clinton Thebes Baton Rouge 

Daily (reference scheme) 1 N/A N/A N/A 

Every 7 days 7 0.0203 0.0111 0.0112 

Every 4 weeks 28 0.133 0.0563 0.0488 

Every 8 weeks 56 0.365 0.127 0.116 

Every 16 weeks 112 0.461 0.168 0.190 

 
 
 
 
 

Table 4-1 and Table 4-2 show the actual results of the experiment, which were 

used to create Figure 4-8 and Figure 4-9. Another way to visualize the increasing error 

with increasing sampling interval is to plot all seasonal load values computed for each 

iteration in a way that compares them with the ―correct‖ seasonal load value. This 

comparison is made in Figure 4-10 through Figure 4-15, note that the scales in each 

figure are different to show the increasing minima, maxima, and overall lack of accuracy. 

 
 
 
 

 

Figure 4-10. Seasonal loads generated by sampling every 6 hours. The hourly reference 
load is represented by the line at 19,700 metric tons - N 
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Figure 4-11. Seasonal loads generated by sampling every 12 hours. The hourly reference 
load is represented by the line at 19,700 metric tons - N 

 

 

 

 

Figure 4-12. Seasonal loads generated by sampling every 24 hours. The hourly reference 
load is represented by the line at 19,700 metric tons – N 

 
 
 

 

Figure 4-13. Seasonal loads generated by sampling every 7 days. The hourly reference 
load is represented by the line at 19,700 metric tons – N 
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Figure 4-14. Seasonal loads generated by sampling every 28 days. The hourly reference 
load is represented by the line at 19,700 metric tons - N 

 

 

 

 

Figure 4-15. Seasonal loads generated by sampling every 8 weeks. The hourly reference 
load is represented by the line at 19,700 metric tons – N 

 
 
 

The optimal sampling frequency clearly depends on the river, the station, and 

most importantly the accuracy required of the ultimate load estimate. The acceptable 

level of inaccuracy should be considered for each application and a sampling regimen can 

be designed as needed. Based on the results herein, if one were to find a COV of 5% 

acceptable, then sampling all three points on the Raccoon River daily would be sufficient 

and sampling them every seven days would be insufficient. Likewise sampling the 



   56 

 

Mississippi River at Baton Rouge every 4 weeks and at Clinton and Thebes every 7 days 

would be sufficient.  

These examples are illustrative only. This experiment could produce more 

comprehensive, precise results by incorporating data sets longer than 224 days, and high 

frequency data sets from more stations on more rivers. This analytical framework 

however, could be implemented if such data sets were available. Perhaps an interested 

party could install high frequency probes at several key stations along a river for a few 

years then analyze the data in this fashion to determine the optimal sampling frequencies. 

If the needs are less frequent than the initial data set, the probe could be adjusted down to 

conserve battery power, or perhaps manual sampling could be implemented and the high 

frequency sensors could be reallocated. The computer codes used for data handling in this 

experiment are included in Appendix B (written in Visual Basic ―macro code‖ for MS 

Excel).     

Overall, high frequency data collection is less important at a station such as Baton 

Rouge on the Mississippi River than for class 1 streams where the Eulerian dynamics are 

more rapid. Low frequency monitoring on the smaller streams may miss important 

hydrologic events and therefore affect the accuracy of the load estimate. Knowledge of 

the differences in nutrient contribution from each watershed is important as agricultural 

best management practices are refined and prescribed. Reducing the overall load of 

nutrients to the Gulf of Mexico requires knowing as much as possible about where they 

come from in the first place.   
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CONCLUSIONS 

 

 The total nitrogen flux for May and June alone in 2008, from the Mississippi - 

Atchafalaya River basin was 34% higher than the previous 27 year median 

(474,000 MT vs. 354,000 MT). For the year as a whole the nitrogen flux was 25% 

higher than normal (1,750,000 MT vs. 1,400,000 MT), and the phosphorus flux 

was 50% higher than normal (77,700 MT vs. 51,800 MT). 

 

 In 2008, nearly one third of the nitrogen (31.2%) and one half of the phosphorus 

(47.5%) delivered to the Gulf came from just 5% of the Mississippi River basin. 

The six small watersheds that yielded these nutrients were at the geographical 

center of the 2008 Midwestern flood (Iowa and Illinois). 

 

 The 2008 hypoxic zone turned out to be 20,700 km
2
 (8,000 mi

2
), which is the 

second largest since systematic measuring began in 1985 

 

 The additional nutrient export was theoretically capable of adding 2370 km
2
 of 

area to the annual Gulf of Mexico hypoxic zone (2370 km
2
 is 18% of the long 

term mean size of approximately 13,500 km
2
). 

 

 Nutrient flux during high flow events was compared to the median flux at 

monitoring stations across a wide range of drainage areas. As drainage area 

increased, all nutrient parameters analyzed displayed attenuating yield due to 

increasing heterogeneity of land use. The highest nutrient flux years were not 

necessarily the highest discharge years. 
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 The accuracy of seasonal load estimates is highly dependent upon the sampling 

interval used when gathering water quality data. Higher sampling intervals are 

necessary at stations of smaller drainage area in order to maintain accuracy.  

 

 To maintain a reasonable level of accuracy, the river stations of smallest drainage 

area (Sac City in this case) would likely require at least daily sampling, and the 

largest (Baton Rouge, LA) could likely do with weekly sampling.  

 

The 2008 Midwestern flood swept thousands of tons of valuable nutrients out of 

Midwestern soils, down the Mississippi River and out into the Gulf of Mexico. Few 

people realize the magnitude of this invisible export of assets; in 2008 over half of Iowa 

farmers‘ nitrogen fertilizer was lost. This event highlighted the ―double-edged impact‖ of 

agricultural nutrient flux and its associated coastal hypoxia.  

As land management practices are assessed and honed to meet Gulf of Mexico 

hypoxia reduction goals, as well as agricultural production goals, extreme flood events 

should be considered carefully. As climatologists predict that climate change will likely 

result in increasing frequency and severity of high-precipitation storm events in the 

Midwest United States, the risk of repeating events such as occurred in 2008 is expected 

to grow. Indeed one needs to  look no further than Midwestern hydrographs to see the 

increasing risk: for the five major rivers in Iowa and the upper Mississippi river as a 

whole, 1993 was the top flow year, followed by 2008, then 1973 or 1983 in position 

number three in a 68 year record. The period over which these rankings were compiled 

stretches back to 1942 on average, meaning that the top four flow years have occurred 

regularly and relatively recently. 

The data used for the flux analysis herein is based on the output from LOADEST 

model runs. The input data used to calibrate each LOADEST run was based on USGS 

water quality data that was collected monthly, on average. An experiment was designed 
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to assess the accuracy of load estimates integrated conventionally from data sets of 

varying frequency. The degree of error in load estimates was found to increase 

significantly as sampling frequency decreased. Based only on 224 days of data from 

2008, sampling at most of the large river stations was found to be too infrequent to 

convey an accurate load estimate. These results were found from a limited data set, 

additional calibration data would improve the algorithm as a whole.  
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APPENDIX A - DATA USED TO MAKE 

FIGURES 3-6 THROUGH 3-11 
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APPENDIX B – COMPUTER CODE FOR 

FREQUENCY ANALYSIS 

 

Below are programming codes for resampling data sets to define acceptable 

sampling frequencies for surface water quality monitoring. The actual method is simple, 

but working iteratively through high frequency data sets requires computer processing. 

The codes are designed to be implemented as macros in Microsoft Excel, some code-

level input is required as all data sets vary in size. In order to run this code, open MS 

Excel and save a new spreadsheet as a ―macro enabled‖ spreadsheet (*.xlsm). Rename 

one tab ―INPUT‖ and one tab ―RESULTS‖. On the ―View‖ tab, click ―Macros‖, then 

enter the macro subroutine name ―freqResampler‖ and click ―Create‖. A Visual Basic 

compiler will open, copy and paste the following code into the code window. 

Before running the macro, set up the INPUT and RESULTS sheets. This can be 

done in the same manner as Figures B-1 and B-2 below, or any way you like, but the 

column and row numbers in the code must match your layout. 

 

 

 

 

Figure B-1. INPUT data spreadsheet layout 
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Figure B-2. RESULTS spreadsheet layout 

 

 
 

Sub freqResampler() 
 
Worksheets("RESULTS").Activate 
Dim rowLoop As Integer 
Dim colLoop As Integer 
Dim increment As Integer 
Dim startpoint As Integer 
Dim load As Double 
Dim pointLoad As Double 
Dim count As Integer 
Dim writeRow As Integer 
Dim houlyInterval As Integer 
Dim initOffset As Integer 
Dim begrow As Integer 
Dim firstrow As Integer 
Dim outerLoop As Integer 
Dim endrow As Integer 
'' this code displays the terminal message box 
Dim Msg, completeMsg, incompleteMsg, Style, Title 
completeMsg = "Last cell was calculated successfully"       ' Define message 
incompleteMsg = "Last cell was NOT calculated"               ' Define message. 
Style = vbOK + vbCritical                                     ' Define buttons. 
Title = "Re-sampling code execution report"                     ' Define title. 
'''''''''''''' INPUT REQUIRED ''''''''''''''' 
' the following 2 values pertain to the input data 
' worksheet's first and last rows of input data 
firstrow = 3 
endrow = 5378 
' the following 2 values pertain to the output 
' worksheet's first and last rows (the "outer loop") 
firstoutsidelooprow = 889 
endoutsidelooprow = 4920 
''''''''''''''''''''''''''''''''''''''''''' 
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'beginning of operating code 
For i = firstoutsidelooprow To endoutsidelooprow 
hourlyInterval = Cells(i, 1).Value 
initOffset = (Cells(i, 2).Value - 1) 
writeRow = i 
begrow = firstrow + initOffset 
For colLoop = 5 To 15 Step 5 
' 5, 10, and 15 are the hourly load columns on the input data worksheet 
load = 0 
count = 0 
For rowLoop = begrow To endrow Step hourlyInterval 
pointLoad = Worksheets("INPUT").Cells(rowLoop,colLoop).Value 
intervalLoad = pointLoad * hourlyInterval 
load = load + intervalLoad 
count = count + 1 
Next rowLoop 
load = load * 0.001 ' converts sum to metric tons 
If colLoop = 5 Then 
Cells(writeRow, 3).Value = load 
Cells(writeRow, 8).Value = count 
Cells(writeRow, 11).Value = (count * hourlyInterval) 
ElseIf colLoop = 10 Then 
Cells(writeRow, 4).Value = load 
Cells(writeRow, 9).Value = count 
Cells(writeRow, 12).Value = (count * hourlyInterval) 
ElseIf colLoop = 15 Then 
Cells(writeRow, 5).Value = load 
Cells(writeRow, 10).Value = count 
Cells(writeRow, 13).Value = (count * hourlyInterval) 
Else 
Cells(writeRow, 7).Value = "load write error" 
Cells(writeRow, 10).Value = count 
Cells(writeRow, 13).Value = (count * hourlyInterval) 
End If 
Next colLoop 
Next i 
If ((rowLoop > endrow) And colLoop = 20 And i = (endoutsidelooprow + 1)) Then 
Msg = completeMsg 
Else 
Msg = incompleteMsg 
End If 
Response = MsgBox(Msg, Style, Title) 
End Sub 

 

 Below are programming codes for producing hourly means from 15 minute data 

sets. This specific code was written for a sheet containing data from 3 stations for one 

year. Follow the directions above for setting up the macro, also adjust sheet names as 
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necessary, this code uses an input sheet named ―08_cleaned_and_synched‖ and an output 

sheet named ―reduced_to_Hourly‖. 

 

Sub hourly_avger() 
Worksheets("reduced_to_Hourly").Activate 
Dim jQarray(3) As Variant 
Dim jCarray(3) As Variant 
Dim sQarray(3) As Variant 
Dim sCarray(3) As Variant 
Dim vQarray(3) As Variant 
Dim vCarray(3) As Variant 
Dim jqm As Double 
Dim jqc As Integer 
Dim jq As Double 
Dim sqm As Double 
Dim sqc As Integer 
Dim sq As Double 
Dim vqm As Double 
Dim vqc As Integer 
Dim vq As Double 
Dim jcm As Double 
Dim jcc As Integer 
Dim jc As Double 
Dim scm As Double 
Dim scc As Integer 
Dim sc As Double 
Dim vcm As Double 
Dim vcc As Integer 
Dim vc As Double 
Dim row As Integer 
Dim i As Long 
Dim j As Integer 
Dim k As Integer 
Dim daymo As Date 
Dim hour As String 
Dim holdhr As String 
Dim hloddt As Date 
Dim imo As Integer 
Dim iday As Integer 
Dim da As Integer 
Dim mo As Integer 
Dim lefthr As String 
For row = 2 To 50 
daymo = Cells(row, 2).Value 
da = Day(daymo) 
mo = Month(daymo) 
hour = Cells(row, 1).Value 
For i = 4 To 195 Step 4 
holdhr = Worksheets("08_cleaned_and_synched").Cells(i, 1).Value 
holddt = Worksheets("08_cleaned_and_synched").Cells(i, 2).Value 
imo = Month(holddt) 
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iday = Day(holddt) 
lefthr = Left(holdhr, 2) 
If (iday = da And imo = mo And lefthr = hour) Then 
For j = 0 To 3 
If Worksheets("08_cleaned_and_synched").Cells((i + j), 6).Value = "x" Then 
jQarray(j) = Empty 
Else 
jQarray(j) = Worksheets("08_cleaned_and_synched").Cells((i + j), 6).Value 
End If 
If Worksheets("08_cleaned_and_synched").Cells((i + j), 7).Value = "x" Then 
jCarray(j) = Empty 
Else 
jCarray(j) = Worksheets("08_cleaned_and_synched").Cells((i + j), 7).Value 
End If 
If Worksheets("08_cleaned_and_synched").Cells((i + j), 12).Value = "x" Then 
sQarray(j) = Empty 
Else 
sQarray(j) = Worksheets("08_cleaned_and_synched").Cells((i + j), 12).Value 
End If 
If Worksheets("08_cleaned_and_synched").Cells((i + j), 13).Value = "x" Then 
sCarray(j) = Empty 
Else 
sCarray(j) = Worksheets("08_cleaned_and_synched").Cells((i + j), 13).Value 
End If 
If Worksheets("08_cleaned_and_synched").Cells((i + j), 17).Value = "x" Then 
vQarray(j) = Empty 
Else 
vQarray(j) = Worksheets("08_cleaned_and_synched").Cells((i + j), 17).Value 
End If 
If Worksheets("08_cleaned_and_synched").Cells((i + j), 18).Value = "x" Then 
vCarray(j) = Empty 
Else 
vCarray(j) = Worksheets("08_cleaned_and_synched").Cells((i + j), 18).Value 
End If 
Next j 
jqm = Application.WorksheetFunction.Sum(jQarray(0), jQarray(1), jQarray(2), 
jQarray(3)) 
jqc = Application.WorksheetFunction.count(jQarray) 
jq = jqm / jqc 
Cells(row, 3).Value = jq 
jcm = Application.WorksheetFunction.Sum(jCarray(0), jCarray(1), jCarray(2), 
jCarray(3)) 
jcc = Application.WorksheetFunction.count(jCarray) 
jc = jcm / jcc 
Cells(row, 4).Value = jc 
sqm = Application.WorksheetFunction.Sum(sQarray(0), sQarray(1), sQarray(2), 
sQarray(3)) 
sqc = Application.WorksheetFunction.count(sQarray) 
sq = sqm / sqc 
Cells(row, 5).Value = sq 
scm = Application.WorksheetFunction.Sum(sCarray(0), sCarray(1), sCarray(2), 
sCarray(3)) 
scc = Application.WorksheetFunction.count(sCarray) 
sc = scm / scc 
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Cells(row, 6).Value = sc 
vqm = Application.WorksheetFunction.Sum(vQarray(0), vQarray(1), vQarray(2), 
vQarray(3)) 
vqc = Application.WorksheetFunction.count(vQarray) 
vq = vqm / vqc 
Cells(row, 7).Value = vq 
vcm = Application.WorksheetFunction.Sum(vCarray(0), vCarray(1), vCarray(2), 
vCarray(3)) 
vcc = Application.WorksheetFunction.count(vCarray) 
vc = vcm / vcc 
Cells(row, 8).Value = vc 
End If 
Next i 
Next row 
End Sub 
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