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[bookmark: _akqilg8f7xf9]Key Terms List
Automatic Identification System (AIS): A network of transmitters aboard vessels that interact with land and satellite-based receivers, recording vessel locations in real time. AIS is used to avoid collisions, track vessels and for fleet management. 

Lower Mississippi River (LMR): The stretch of the Mississippi River from Cairo, Illinois to New Orleans, Louisiana

Barge: A flat-bottomed vessel used for the transport of goods along waterways, usually towed by another separate vessel.

Lock: A system on canals and rivers used to raise and lower vessels between areas of water with varying depths. There are 29 locks on the upper Mississippi River and no locks on the Lower Mississippi River.

Towboat/Tugboat: A vessel designed to push barges on inland waterways. Towboats have large plates on the front of the vessel which a lash of barges can be attached to. Towboats can push up to 40 barges.

Weather Shock: Extreme weather events, specifically floods and droughts.

Maritime Mobile Service Identity (MMSI): A 9-digit number used by maritime equipment to identify vessel or coastal radio stations. MMSI are regulated by the International Telecommunications Union.

Draught/Draft: The amount of water (in feet) needed for a vessel to float.
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Executive Summary
The Lower Mississippi River (LMR) is a pivotal transport route for American imports and
exports. Disruptions on the LMR could impact the timely movement of goods up and down the
river, particularly energy-related products. This study evaluates how droughts and floods impact
energy barge traffic along the LMR. We examine the effect water level has on barge travel rate
[bookmark: _p27owbs5wb7r]along various legs of the LMR and on the count of vessels at selected study regions. The results indicate a negative relationship between water level and vessel count: as water level increases, the number of vessels at specific study regions decreases; as water level decreases, the number of vessels at specific study regions increases. Additionally, water level has a greater impact on downstream travel rate for vessels in comparison to upstream travel rate. We find that these results will likely have minimal impact on the energy resiliency of counties along the LMR but could increase energy barge operating costs and thus lead to a modal switch toward less energy efficient and more costly freight alternatives.
Introduction and Study Justification
Climate change projections indicate the American South is vulnerable to an increased number of droughts and floods and, as a result, will likely experience economic disadvantage (Hsiang et al, 2017). Droughts and floods can cause economic damage to all parts of the American economy, including the shipping industry. The Lower Mississippi River (LMR)--commonly recognized as the stretch of river between Cairo, Illinois and New Orleans, Louisiana--is a major river route for barge traffic carrying a variety of goods, ranging from corn and soybeans to coal and petrochemicals. In fact, the U.S. Army Corps of Engineers (USACE) estimates over 20% of all U.S. waterborne commerce passes through the LMR (USACE a, 2017). Historically, droughts and floods have wreaked havoc on the ability for vessels and their trains of barges to navigate these waters (Changnon, 1989). In this study, vessels refer to the tow boats that push barges—each of which can push a train of 8-40 barges filled with cargo (Caria, 2016). For context, we first provide recent examples of barge slow-downs as a result of weather shocks, examine existing research on barge operation costs during these events, and describe the importance of the LMR to energy. 

Droughts and Floods Have Led to Reported Barge Delays on the LMR
By September 2012, nearly two-thirds of the continental United States was experiencing a drought as the result of successive La Nina episodes and a warmer than average winter. (Rippey, 2015). These factors led to extreme drought conditions in the Upper and Lower Mississippi River basins. 

Most barges have a 9-foot draft, meaning they require at least 9 feet of water to float. Low water levels forced barge operators to fill their containers at 10-25% less capacity because portions of the river were below the water level necessary to float. This practice is known as “light-loading” and increases the number of barges necessary to meet shipping capacity commitments, thus increasing loading/unloading times at ports, increasing total river congestion, and subsequently slowing the flow of goods (Delta Farms Press, 2012), (Corn & Soybean Digest, 2012) (see Figure 1).

Figure 1: The “light-loading” effect
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Source: Created by Gabrielle Murnan and modeled after Dr. Greg Characklis’ “Environmental Risk” notes.

In 2012, water levels were so low on the LMR, the USACE was forced to dredge portions of the river (Gordon and Rodgers, 2012). The Army Corps is mandated to maintain a navigable channel on the LMR that is nine feet deep and 300 feet wide (USACE b, 2012). The 2012 drought illustrates the effect extreme low water levels have on the ability for barge operators to efficiently deliver goods.

A 2011 flood on the LMR also lead to hazardous shipping conditions, and thus significant delays. In the spring of 2011, slow moving storm systems dumped record amounts of rain across the Midwest. The rainwater drained into the Ohio and Mississippi Rivers, causing record flooding from Cairo to New Orleans (Hayes, 2012). Water levels were so high, the USACE closed numerous locks on the Upper Mississippi River, citing concerns for barge and lock operator safety (USACE c, 2011) (USACE d, 2011).

As water levels increase, so too does the rate at which the river is flowing. Fast-moving water can lead to tow-vessels losing control of barges, therefore, when the flow of water reaches 40,000 cubic feet per second, the Army Corps is required to close their locks to commercial vessels (USACE d, 2011). The Coast Guard also has jurisdiction to close portions of the river in extreme flooding events. On May 6, 2011, the Coast Guard exercised this right and closed a five mile stretch of the river near Caruthersville, Missouri due to concerns that wakes from the large vessels would force flood waters over the levee and into the nearby community (AP, 2011). A week and a half later, the agency closed another 15-mile portion of the river near Natchez, Mississippi due to similar concerns (Reuters, 2011). 

1.2 Droughts and Floods Lead to Increased Operating Costs for the Barge Industry
As of 2016, the U.S. barge industry was worth $22.2 billion and is projected to grow to $31.1 by 2024 (Campbell Transportation, 2016). Likely because of the industry’s size, research into weather-related barge delays is readily available. A number of domestic and international studies exist examining how climate change weather shocks will increase transportation costs on inland waterways. These studies all point to the same conclusion: decreased water levels in inland waterways increase costs for shippers. 

A 1988 study combined hydrologic and economic data of the Great Lakes Regions to make shipping cost projections under future climate change projections. The results indicated decreased water levels on the Great Lakes could increase mean annual shipping costs as much as 30% by 2035 due to vessels’ decreased cargo-carrying capability in low water conditions (light-loading) (Marchand, 1988). However, it is important to note climate change modeling at the time of this study was not as robust as it is today. 

A more recent study conducted in 2005 evaluated losses in shipping savings due to low water levels along the Middle Mississippi River from 1933-2002. Researchers defined shipping savings as the difference between the cost of shipping via inland water way and the next cheapest transport option (such as rail and truck). They found that losses were lower in wetter years compared to drier years (Olsen et al, 2005). 

Finally, a 2007 study focused on the Rhine River in Europe--a key inland waterway for the transport of goods in the European Union. The study examined how much the price per ton of cargo increased or decreased when water levels fell below a certain threshold at a shallow portion of the river. Results indicated that projected low water conditions due to climate change will increase transport costs about 28 million Euro per year. These costs could rise as high as 91 million Euro per year in extreme low water conditions. Again, these costs are incurred when shippers are forced to light-load their barges to accommodate low water conditions (Jonkeren et al, 2007). Over a decade after this study was published, the Rhine faced dramatically low water conditions in November 2018, forcing shippers to light-load or forgo the use of the river altogether (Schuetze, 2018). 

1.3 The LMR and Energy
The LMR is important to the energy industry as a means of shipping coal and oil upstream and downstream to power plant and oil refineries. Although data that track a specific vessel and the cargo it is carrying is considered proprietary information, the USACE provides data on the total amount of energy-related cargo that passes through different stretches of the Mississippi River. Using this data, we see that tens of millions of short tons of coal, petroleum and petroleum products are shipped along the entirety of the Mississippi River each year. In 2017, 25 million short tons of coal and 99 million short tons of petroleum and petroleum products were transported via the Mississippi River—that represents 8% and 31% of total goods moved on the river, respectively. Figure 2 represents the energy-only products moved along the LMR.

Coal shipments have declined in recent years and petroleum/petroleum product shipments have increased. The decline in coal shipments can be attributed to advances in shale drilling that have caused an industry shift away from coal toward lower-cost natural gas. Most U.S. coal goes toward generating electricity domestically rather than being exported, therefore, we see a sharp decline in coal shipments along the Mississippi River as coal-fired power plants retire or modify to natural gas generation (Hong and Culver, 2016).

Figure 2: Million short-tons of energy-only commodities shipped on the Mississippi River
[image: ]Source: (USACE e) U.S. Army Corps of Engineers, Waterborne Commerce Statistics Center
 
The LMR is particularly important for the shipment of energy products. The USACE Waterborne Commerce Statistics Center separates the LMR into two regions: (1) Cairo to Baton Rouge and (2) Baton Rouge to the Gulf of Mexico. When it comes to the shipment of coal and petroleum/petroleum product, the stretch of the LMR between Baton Rouge and the Gulf is more heavily trafficked than the stretch from Cairo to Baton Rouge. A combined 103 million short tons of these energy products moved along the Mississippi River in 2017, destined for Baton Rouge or out into the Gulf of Mexico. Additionally, 128 million short tons of coal, crude oil, and petroleum products began their journey between Baton Rouge and the Gulf of Mexico. These statistics indicate the lowest stretches of the LMR are pivotal shipment points for the flow of goods both up the River and out into the Gulf (see Figure A in Appendix for a breakdown of shipments by origin and destination as well as a graph of all commodities moved on the river).

However, not all coal deliveries are destined to exit the river into the Gulf of Mexico. In fact, it is likely that the coal shipments we see moving on the river are making deliveries to U.S. coal plants because U.S. exports of coal are growing, but still quite small (EIA, 2017). The coal traveling via waterway into the LMR region is primarily from Illinois, Indiana and Kentucky (EIA a, 2017). Of the states that border the LMR, 13% of their nameplate power generation capacity is located on the river, with 18% of this power coming from coal-fired power plants (see Figure B in Appendix) (EIA b, 2018). Coal-fired power plants rely on delivery of their primary fuel source to meet their capacity commitments. Therefore, when evaluating energy resiliency of the region, our study focuses on coal deliveries to the nine LMR coal-fired generating units. 

1.4 Growing Importance and Need for Study
The value of goods shipped solely via inland waterways has increased 6.2% since 1993, while the value of multimodal shipping involving the use of rail and/or truck plus water has also increased. Although the value of goods shipped via water has increased, the total ton-miles traveled solely via river has declined slightly since 1993 (Davis et al, 2018). However, freight traffic, as a whole, is projected to grow in the United States as the online economy grows and exports and imports increase (DOT, 2015). Understanding climate change-related weather shock impacts on the barge industry will help determine water transportation’s future in the growing freight industry. 

Although studies exist that examine the Mississippi River's hydrological response to droughts and floods, few studies examine the impact changing river flow has on the movement of goods up and down the lower reaches of the River. Furthermore, even less research has been conducted on the resiliency and economic costs associated with changes in the flow of key goods such as energy-related products in this particular region.
[bookmark: _4krr495rvxy]2. ObjectiveFigure 3: Study regions, legs and gage locations

[image: ]The purpose of this study is threefold. First, we analyze how historic droughts and floods along the LMR between 2009 and 2017 impacted barge traffic, specifically the total number of vessels and the rate of vessel traffic between Cairo and New Orleans. We look at the entirety of the LMR in an effort to identify trends in vessel travel rate and count of vessels making a trip out into the Gulf of Mexico. However, it is likely that vessels make stops between these two regions or only make trips along portions of the LMR rather than a continuous route from Illinois to Louisiana.

Second, we evaluate whether or not floods and droughts have an impact on barge patterns at a more localized level by separating the LMR into seven regions and six legs. We analyze the impact of nearby droughts and floods on the rate of vessels traveling within these legs and the number of vessels at each region (see Figure 3). Legs refer to the stretches of river between each region. Leg 1 is the stretch of the LMR between Cairo and Memphis, leg 2 between Memphis and Greenville, Leg 3 between Greenville and Vicksburg, Leg 4 between Vicksburg and Baton Rouge, Leg 5 between Baton Rouge and South Louisiana, and Leg 6 between South Louisiana and New Orleans. We use four river gages along the LMR to provide discharge data. More specifics on the location and attributes of streamflow data are discussed in the Data Sources section below.

Lastly, we examine how changes in barge traffic could impact the energy industry. We will specifically examine the resiliency of coal-fired power plants in counties along the LMR and the overall energy resiliency of the region. We will next evaluate whether or not floods and droughts lead to higher overall shipping costs for energy-product shippers and the implications this has for the freight transportation sector. 
3. Data Sources
3.1 Vessel-Level Data
As previously mentioned, data that track both a form of vessel identification and the commodity which it is carrying are considered proprietary information and are, therefore, unavailable to the public. Because of this, we could not determine the exact traffic patterns of vessels carrying energy-related goods. However, we assume that any barge, regardless of its cargo, would behave similarly during a weather shock event. As a result, our study focuses on vessel rather than commodity-specific data. By understanding the patterns of vessels, we can better understand how all cargo carried by these barges is impacted by weather shocks. We obtained two datasets which allowed us to (1) characterize the total flow of energy-related goods on the LMR and (2) determine the number of vessels on the river at any given time and how long they take to travel a single leg.

The first dataset was provided by USACE. USACE collects separate and distinct vessel and commodity data at each of its locks on the Mississippi River. The last operating lock on the river is located near St. Louis in Granite City and is known as Lock 27. At the lock, USACE collects the vessel name, the number of barges pushed by the vessel, commodity type, commodity tonnage, arrival time, and end of lockage time (note the vessel ID and cargo-type are separated before being made public). The data set contains 4,613 vessel observations at Lock 27 between 2005 and 2017, of which 566 observations are carrying petroleum and 470 observations are carrying coal. According to the Army Corps, Lock 27 processes the most cargo out of any navigation structure on the Mississippi River (USACE, 2017). The USACE data allowed us to identify seasonal trends in commodity shipments, specifically coal and petroleum, from 2005 to 2017 (see Figure C in Appendix).

While the USACE dataset allowed us to understand the movement trends of goods along the LMR, the second dataset was the foundation for our data analysis. The U.S. Coast Guard collects vessel traffic data through an Automatic Identification System (AIS) in U.S. and international waters by tracking vessel movements through transponders on ships. AIS sensors collect information on vessel location, movement, vessel type, and dimensions. Ships of 300 gross tons or more and passenger ships of 150 gross tons or more are required to use AIS tracking. Additionally, starting in 2016, any ship that was greater than or equal to 65 feet in length and any towing vessel that was greater than 26 feet was required to use AIS (Marine Cadastre, 2018). 

AIS data is available for all vessels found in U.S. coastal waters between years 2009 and 2017. For years 2009-2014, the data is available in a geodatabase format that can be opened and analyzed in geographic information system (GIS) software. For years 2015-2017, the data is available in a comma separated variable (CSV) format. While the AIS data collection and processing continues to undergo improvements each year, the period between 2014 and 2015 underwent considerable improvement, as observed by the noticeable increase in the number of unique vessel data points (see Figure D in Appendix).

3.2 Streamflow Data
To study the drought and flood patterns on the LMR, we collected and compiled streamflow data from four gage stations along the river: Thebes, IL, Vicksburg, MS, Baton Rouge, LA, and New Orleans, LA (see Figure 3 above and Figure E in Appendix). This data was collected from the Water Control Data System managed by the USACE. Streamflow gages measure the water level in feet, known as “stage”, and the volumetric discharge of the river in cubic feet per second, known as “flow”. We used data from only the four listed gages because only these gage stations were located directly on the LMR and had complete records on gage height that encompassed the study period (2009-2017).

3.3 Economic and Energy Data
When considering the impacts of weather shocks on the flow of energy-related barge traffic, we specifically looked at fuel-deliveries to power plants along the river and barge operating costs. We used power plant-level data from the U.S. Energy Information Administration (EIA) to determine fuel delivery locations and Securities and Exchange Commission (SEC) quarterly and annual financial reports from the largest publicly-traded tank barge company for operating costs.

To determine the type and capacity of power plants located on the LMR, we used EIA-860 plant-level data from 2017. EIA typically provides annual data on a lag; therefore, 2018 data will not be available until June 2019. We filtered the data, looking only at operating power plants within counties bordering the LMR (EIA c, 2017). This includes 50 counties within Illinois, Missouri, Kentucky, Arkansas, Tennessee, Louisiana and Mississippi. We determined that Illinois and Tennessee do not have any power plants located on the LMR within our study area and therefore are excluded when calculating shares of generation by fuel source.

For power plant-level data, we used EIA-923 (Schedules 3A and 5A) monthly time series files to aggregate monthly net generation levels in megawatt hours (MWh) for coal-fired power plants located on the river from 2009-2017 (EIA d, 2017). We only looked at coal plants because they rely on fuel deliveries from both barges and rail, while natural gas--the largest power source in the study region--relies on pipeline deliveries. All other power-plant types were not examined because coal and natural gas account for 82% of generating capacity on the river (EIA d, 2017).

Publicly traded companies are required to file quarterly and annual financial statements with the SEC. For quarterly statements, the SEC necessitates companies include financial statements, analysis of financial condition and results of operations, quantitative and qualitative disclosure of market risk, other risk factors, and more (SEC a, n.d.). The fourth quarter is included within the annual form which includes all metrics previously mentioned in the quarterly statement, and more (SEC b, n.d.). Using these SEC reports, we collected quarterly financial data from 2009 to 2017 for the Kirby Corporation--the largest tank barge operator in the U.S. Specifically, we compiled marine transportation revenues, profits and operating expenses, total number of barge delay days, and qualitative mentions of delay days and causes.
[bookmark: _cqvi4vnslxg6]4. Methods
4.1 Data Aggregation and Cleaning
As previously mentioned, the AIS data format varies for years 2015-2017 and 2009-2014. Therefore, the data collection process for the two time periods has slight variations. AIS data are divided by month and Universal Transverse Mercator (UTM) zone. The LMR is situated in UTM zones 15 and 16. We downloaded data only for these UTM zones for all months of each available year (see Figure F in Appendix). Because AIS sensors track vessels at minute increments, AIS datasets are exceptionally large (~5 gigabytes, more than 60,000,000 observations for just one month in one year). Therefore, to convert the data into a more usable size, we kept only the first recorded point of the day for each unique vessel and we isolated the data to our seven regions along the LMR.

The regions identified are among the largest ports on the Mississippi, spaced out between Cairo and New Orleans (see Figure 3). Each region was isolated using longitude and latitude coordinates. The coordinates for each location were chosen using the left-, right-, bottom-, and top-most coordinates of the port’s county, with the exception of New Orleans and South Louisiana (see Figure G in Appendix for coordinates). The New Orleans and South Louisiana locations were isolated using the left-, right-, bottom, and top-most coordinates of their respective port properties. The county coordinates were not used for these locations because the Port of New Orleans and Port of South Louisiana are among the largest ports in the country and, therefore, would have encompassed an excessive amount of data points. The cleaned and compiled data were then imported into R Studio software for analysis.

4.2 Treatment of Missing Data
Despite its large size, the AIS dataset contains many weeks of missing data points (see Figure H in Appendix). Identifying missing data is important because they could influence the study results. An entire week of missing data causes both vessel count and travel rate to reflect a value of zero, while a few days of missing data within a week causes a decrease in vessel count (when calculating the weekly sum) or travel rate (when calculating the weekly average). Therefore, the missing data could account for some of the unexpected deviations observed in the vessel counts and travel rates during the studied time period. For example, the highest deviations observed in vessel travel rate occur along the Cairo-Memphis leg (Leg 1), which also happens to be the region with the highest amount of missing data (see Figure H in Appendix).

Overall, when analyzing data on a weekly basis, missing data will cause some years to have less than the actual 52 weeks of observations in a single year. In addition, when we average or sum data on a weekly basis, missing data may create a false representation of vessel traffic so that the data we generate may not appropriately represent actual vessel traffic variations, especially when only partial daily data exists for any given week (see Figure F in Appendix for a full description of missing AIS data). 

4.3 Travel Rate Determination
During the initial stages of our analysis, we examined the amount of time a vessel takes to complete a trip between Cairo and New Orleans. The total travel time results were inconclusive, given that the total time traveled could have been affected by many variables such as the length of time the ship spends at an intermediate port and unexpected traffic delays. We then took a more localized approach, narrowing our analysis to smaller stretches of the LMR.

Given the uncertainty in total travel time, we shifted our analysis to the rate of travel (miles per hour) between our seven regions on the LMR (see Figure 3). Once the regions were identified and isolated, it was necessary to identify the amount of time it takes for each vessel to travel the legs between the regions. 

We used the vessel Maritime Mobile Service Identity (MMSI) to isolate the vessels that were found in two consecutive regions. For example, if a vessel traveled the first leg of the LMR, it would be sighted first in Cairo and then in Memphis. We repeated this process for each vessel on each leg of the LMR. By isolating the first time a unique MMSI number was recorded, we identified the first time a vessel was spotted on a particular day at one of the regions.

Next, we linked vessels sightings between the two regions and sorted the vessels by name, year, month, and day. Chronologically sorting the data provided us with the starting and ending time and location of each vessel. We subtracted the starting time from the ending time to determine the total travel time. We then divided the travel times by the river distance between the respective regions (see Figure I in Appendix) to acquire the rate of travel. Distance between regions was acquired from the National Oceanic and Atmospheric Administration (NOAA). Outliers were not removed from the analysis.

4.3.1 Observed Patterns in Travel Rate
The yearly average travel rate for vessels traveling upstream ranges between 0.821 and 2.913 miles per hour across all legs. Downstream yearly average travel rates range between 0.254 and 1.476 miles per hour. This rate is considerably lower than the literature-reported rate of 6-10 miles per hour for barges on the Mississippi River (Landphair, 2012). The low rates could be the consequence of a number of different factors, including our assumptions regarding vessel sightings and limitations of our study which are discussed in the following section. 

The travel rate downstream tends to experience greater deviations from the norm than travel rate upstream (see Figure J in Appendix for all travel rates). The exceptions are years 2011 and 2014: for these years, barges traveling upstream are shown to reach rates upwards of 25 miles per hour. Most of the deviations from the average - for both upstream and downstream traffic - are observed along Leg 1 of the LMR. These deviations could be the result of missing data points or the deviations could indicate the sensitivity of barge movement along this particular stretch of the LMR. In an ideal scenario, any deviations from the average rate would be observed as a response to droughts or floods. 

To compare deviations in barge movement patterns during times of drought and flood, we chose three years for the comparison: 2010 as a baseline year, 2011 as a flood year, and 2012 as a drought year. Figure 4 demonstrates a baseline year--a year that experienced no major flood or drought event--for vessel travel rate upstream and downstream.

Figure 4: Average weekly travel rates upstream and downstream on the Lower Mississippi River during a “baseline” year (2010)
[image: ]
Contrary to the hypothesis, travel rates during the flood year do not demonstrate any notable deviations along multiple LMR legs (see Figure J in Appendix). Instead, some deviations in travel rate are more prominent for the drought year (see Figure 5). The averaged weekly travel rate for downstream travel rate experience greater fluctuations throughout the year than upstream travel rate. This observation suggests that upstream and downstream travel rate may have different responses to water level changes. This relationship was further explored in the regression analysis.





Figure 5: Average weekly travel rates upstream and downstream on the Lower Mississippi River during a “drought” year (2012)
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4.4 Vessel Count Determination
In addition to exploring the travel rate along each study leg, we also examined the total number of vessels found in each region. We counted the vessels using unique MMSI identifiers, meaning if the same MMSI was spotted within a single day, only the first spotting was kept in the filtered dataset.

Initially, we analyzed the total number of vessels per week at each region and compared the values to the water level at available gage stations (see Figure K in Appendix for sample analysis). With this analysis, we hoped to observe a visible correlation between water level and vessel count, particularly during times of flooding. These analyses, however, proved to be inconclusive. We then decided to plot the vessel count at all regions for each year (see Figure L in Appendix). This type of analysis allowed us to better understand the regional and yearly differences in vessel count.

4.4.1 Observed Patterns in Vessel Count
Using the AIS data, we calculated the weekly sum of vessel numbers at the seven regions. The plotted results of vessel counts demonstrate seasonal patterns: vessel sightings drop in December and January--likely because parts of the Upper Mississippi River are closed due to freezing conditions, thus decreasing the vessels seen downstream (Sanburn, 2013). Additionally, more vessels are sighted at the study regions closest to the mouth of the river than in the upper parts of the LMR. Due to missing data as discussed previously, vessel sightings are consistently low in Cairo. 

We next graphed the weekly sum of vessels for each year across all seven regions. This allowed us to determine a baseline of normal traffic patterns and track any deviations in these patterns for future statistical analysis. In some instances, dips in traffic were observed due to missing data. In another case, a drop in vessel sightings could be accounted for by multi-month repairs on the Gulf Intracoastal Waterway. However, many drops in vessel sightings directly aligned with weather shock events, specifically floods (see Figure 6).
Figure 6: Major flood and drought events on the Lower Mississippi River (2009 and 2017)

[image: ]The below graphs (see Figure 7 and Figure 8) provide examples of a baseline year and a deviation year (see Figure L in Appendix for all years). Figure 7 shows our baseline year, 2010. Weekly vessel sightings remain relatively constant and fluctuations can be seen across locations geographically close to one another. While 2011, shows a year with a major flood event in the spring. Much of the LMR experienced record flooding in April and May of 2011 (see Figure 8), which resulted in the closure of parts of the river near Caruthersville, MO and Natchez, MS by the Coast Guard. From Figure 8, we see that traffic slows to a virtual halt at all locations except New Orleans. This could be due to the fact the Port of New Orleans is one of the last ports on the river, thus diminishing upstream flood impacts. Additionally, the vessel sightings do not indicate direction, so the sightings at New Orleans could largely be coming in from the Gulf of Mexico rather than coming down from the LMR, thus the impacts of an upstream flood would be minimal. There is also a dip in vessel sightings during 2011 in the fall. This drop in sightings can be explained by the spread of Tropical Storm Lee from the Gulf. The above graphs indicate some relationship exists between flooding events and vessel sightings. 

Figures 7 and 8: Weekly sum of vessel numbers across seven study regions
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4.5 Assumptions 
Because energy-specific vessel information was unavailable and the characteristics of our dataset, our analysis makes several key assumptions:

We assume any trend we see in the flow of overall vessel traffic after a weather shock will also be observed in the vessel flow of energy-related traffic. If one type of vessel is impacted by a weather event, we assume all types of vessels--regardless of cargo--are similarly impacted.
We assume vessels in our dataset do not stop in between regions. In other words, a vessel will complete a single, continuous trip from the first time it is sighted until it is sighted again at the next region.
We assume that each vessel actually stops, instead of just passing through, at each region identified in our study. 
Since the cleaned data keeps only the first sighting of a unique vessel each day, we assume this sighting could potentially represent both the start time and the end time of a vessel’s trip. To calculate a more accurate travel time, it would have been more appropriate to identify the first time each vessel was spotted at its destination and subtract that from the last time each vessel was spotted at its starting location. 

4.6 Empirical Design
Our preliminary data analysis was used to determine normal vessel traffic patterns and identify any deviations from these patterns. The results from this preliminary data analysis indicated that a relationship between vessel travel time and number of vessels at each region and water level may exist. Consequently, we conducted a series of regressions to investigate the causal relationship between vessel movement and water level. The regression process allowed to us to study the effect of water level on barge movement and vessel count by controlling for other variables of influence such as year and season. 

We conducted two fixed effects regressions for both of the dependent variables (travel rate and vessel count): one regression that evaluated the effect of water level on the dependent variable, controlling for year and seasonality (see Equation 1 and Equation 3 below), and one regression that evaluated the effect of water level on the dependent variable, controlling for year, seasonality, and the interaction of water level in each given year (see Equation 2 and Equation 4 below). The first regression evaluated the effect of water level across all years in our study. The second regression evaluated the effect of water level across each individual year. In other words, the second regression was used to determine if any specific year, such as a flood year or drought year, had an effect on vessel count and travel rate.  

All the regressions used weekly averages of travel rate for each leg of the LMR, weekly average of vessel count at each region, and weekly averages for gage height at the four available gage stations for years 2009 to 2017. 
 
Equation 1: Equation to examine the relationship between water level and the averaged weekly rate of vessels moving upstream/downstream between each study region on the LMR[image: ]
where: R=rate of travel, c=leg of LMR, w=week, s=season, y=year, α=intercept, β=coefficient, x=water level, g=gage station, ε=residual.

Equation 2: Equation to examine the relationship between water level and the averaged weekly rate of vessels moving upstream/downstream between each region on the LMR, controlling for the interaction between water level in each year. [image: ]

where: R=rate of travel, c=leg of LMR, w=week, s=season, y=year, α=intercept, β=coefficient, x=water level, g=gage station, ε=residual.

Equation 3: Equation to determine the relationship between water level and the number of vessels at each region on the LMR
[image: ]
where: N=number of vessels; c=location of port, w=week, s=season, y=year, α=intercept, δ=coefficient, x= water level, g=gage station, ε=residual.

Equation 4: Equation to determine the relationship between water level and the number of vessels at each region on the LMR, controlling for the interaction between water level in each year.
[image: ]
where: N=number of vessels; c=location of port, w=week, s=season, y=year, α=intercept, δ=coefficient, x= water level, g=gage station, ε=residual.

5. Results
5.1 Summary of Findings
The basic regression without the interaction terms (Equation 1 and Equation 3) identified the direction and magnitude of the water level coefficient (β) for each dependent variable (travel rate and vessel count). The value of the water level coefficient indicated the direction of the relationship: a negative water level coefficient suggests an increase in water level is correlated with a decrease in travel rate at each leg. All water level coefficients for upstream travel rate are negative, while the coefficients for downstream travel rate are much more variable. The results for the basic regressions suggest the presence of a negative relationship between water level and rate, however, the differences between upstream and downstream travel rate imply that water level does not equally impact both directions of traffic.

The results of the regression with interaction terms (Equation 2) demonstrate a noticeably higher impact of water level on downstream travel rate than upstream rate. With a few exceptions, the years with the highest impact for downstream travel are the drought and flood years. Furthermore, the results indicate that the influence of water levels varies along each leg of the LMR.

In comparison, water level exhibits a much stronger relationship with vessel count than with travel rate for both regressions according to the adjusted R-squared and coefficient values. According to the coefficient values of the first regression, a strong, but negative relationship exists between water level and vessel count for the Cairo and New Orleans regions. Conversely, a weak, but positive relationship exists at the Vicksburg and Baton Rouge regions. 

The results of the regression with interaction term (Equation 4) underscore the presence of a negative relationship between water level and vessel count. As water levels increase, such as during flooding, we can expect to observe a decreased number of vessels at each study region. As water levels decrease, we can expect to see a greater number of vessels at each region.

Figure 9: Summary of results
	Analysis
	Regression without Interaction Term
	Regression with Interaction Term

	Vessel Count
	Negative water level coefficients are larger than positive water level coefficients, but with some variation across regions
	Predominantly negative water level coefficients are present at all regions

	Vessel Rate
	Negative water level coefficients are present for most years at most regions, but with directional variation
	Water level during certain years has greatest effect on rate, but with variation between legs



5.2 Regression Results for Travel Rate
We ran two regressions for the travel rate on the six legs of the LMR and water level at each of the four gage stations. We reported results only for the regressions where the location of the gage station matched either the start or end location of the leg. In other words, the results reported show the regression output for travel rates along Leg 1, Leg 3, Leg 4, Leg 5, and Leg 6 (see Figures M-P in Appendix).  

The results of the basic regressions for upstream travel rate water level provide adjusted R-squared values that range between 0.126 and 0.192 (see Figure M in Appendix). The basic downstream travel rate regression has greater variability in the adjusted R-squared values: 0.056 and 0.386 (see Figure N in Appendix). The results for the regression with the interaction term demonstrate a similar pattern for adjusted R-squared values: upstream rate values range between 0.130 and 0.220, while downstream travel rates range between 0.042 and 0.407 (see Figure O and Figure P in Appendix). 

5.2.1 Basic Regression without Interaction Terms 
The water level coefficient values (β1) for upstream and downstream rates in the basic regression exhibit differing patterns. The water level coefficient from the upstream travel rate regression ranges from -0.008 to 0.001. The water level coefficient from the downstream travel rate regression ranges from -0.134 to 0.015. The value of the coefficient indicates the size of water level’s effect on rate, holding all other independent variables constant. The coefficient sign indicates the direction of the effect. The resulting coefficient values indicate that a relationship, albeit weak, between water level and travel rate may exist. Additionally, the presence of many negative coefficient values suggests that a generally inverse relationship between water level and rate: as water level increases, upstream and downstream travel rate decreases. 

5.2.2 Regression with Interaction Terms
To properly interpret the coefficient values from the regression with interaction terms, it is necessary to add the interaction term coefficient (β10-17) to the water level coefficient (β1) (see Figure Q). The final coefficient values range between -0.043 and 0.028 for upstream rate and -0.450 and 0.185 for downstream. Most of the coefficient values along each leg of the LMR are negative, meaning that there is an inverse relationship between water level and rate. This supports the coefficient results from the basic regression. The inclusion of an interaction term in the regression increased the size of the coefficient values. Additionally, the number of negative downstream rate coefficients for each of the years along all the routes is greater than the number of negative upstream coefficient values, suggesting a stronger presence of an inverse relationship in downstream barge movement. 

5.2.3 Analysis of Regression with Interaction Terms
To visually represent the regression results from the interaction equation (Equation 2), we plotted the effect of water level on travel rate for each year in the study (see Figure R and Figure S in Appendix). The projected travel rate values are noticeably larger for downstream travel rate, ranging between -0.5 and 3.5 miles per hour, than upstream travel rate, ranging between -7 and 8 miles per hour. These projected values suggest that for every unit change in water level, the change in downstream travel rate is greater than change in upstream travel rate (see Figure 10). The projection graphs also show that some years, such as 2012 and 2013, tend to have a greater effect than other years. The effect is demonstrated by the steepness, or the slope value, of the relationship. With the exception of differing rate values for downstream and upstream travel rates, no visible trend or pattern in the relationship appears to exist across the different legs. The variation suggests that each region behaves differently during periods of increased and decreased water level. The variation could be explained by the influence of external factors, such as vessel size, vessel cargo, congestion of vessels along a given leg, or even barge operator behavior.

Figure 10: Regression analysis of water level for upstream and downstream travel rate 
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5.3 Regression Results for Vessel Count
Similar to the travel rate analysis, we ran two fixed effects regressions for vessel count: one basic regression without interaction terms and one regression with the interaction term. We ran two regressions for vessel count at each of the four gage stations. 

Adjusted R-squared values at four locations for both the basic regression and the regression with interaction terms are all roughly at or above 0.7, which means both types of regression explain about 70% of the variability of the response data around the mean (see Figure T and Figure U in the Appendix).  

5.3.1 Basic Regression without Interaction Term
The results of the basic regression (see Figure T in Appendix) show negative water level coefficient values (δ) at Cairo (-1.905) and New Orleans (-3.635), and positive water level coefficient values at Vicksburg (0.191) and Baton Rouge (0.062). Negative water level coefficients indicate that when water level increases, the number of vessels at Cairo and New Orleans decreases. Positive water level coefficients indicate that when water level increases, such as at Vicksburg and Baton Rouge, the number of vessels increases as well. 

The greater the absolute value of the coefficients, the greater the magnitude of vessel numbers at that particular location. The region with the greatest coefficient value is New Orleans, meaning that water level changes at that specific region have the largest impact on the number of vessels. The region with the second largest coefficient magnitude is Cairo. Meanwhile, the water level coefficient and, thereby, the water level impact on vessel numbers in Vicksburg and Baton Rouge is relatively small.

5.3.2 Regression with Interaction Terms
While the basic regression shows a weak positive relationship between water level and vessel numbers in Vicksburg and Baton Rouge, the water level coefficients from the regression with the interaction term shows a stronger negative relationship between the change in water level and the change in vessel count in these two regions (see Figure U and Figure V in Appendix). The value variation for the coefficients are even smaller than those at Cairo and New Orleans, indicating a strong relationship between water level and number of vessels at each gage station.

5.3.3 Analysis of Regression with Interaction Term
To visually compare how the vessel count at each region changes with the water level, we plotted a vessel count projections graph at each study region (see Figure W in Appendix). Just as in the travel rate analysis, we chose a range of water level and plotted the change of vessel numbers in the year from 2010 to 2017 based on our regression functions with the interaction terms. The greater the slope of the line, the larger the impact of unit change in water level has on change in vessel numbers.

The plots show that 2011, 2012, and 2013 experienced the greatest change in vessel counts at each of the four selected regions. The positive, steep slope observed at three of the four regions during 2011 may be explained by the heavy flooding that occurred that year along the LMR. The slope could suggest that when water levels increase to unsafe conditions, vessels may choose to stop at ports along the LMR, which would increase number of total vessels at that region. On the other hand, the steep negative line slopes found at most regions for 2012 could be explained by the drought conditions that occurred that year in southern United States. The slope suggests that the number of vessels at ports increases with decreasing water levels due to the “light-loading” practice. 

5.4 Analysis Limitations
Our research revealed several limitations due, in large part, to our assumptions. Although our assumptions were based on the data we had acquired and the research objectives we wanted to achieve, we have identified areas that could improve the accuracy of our results or additional studies that could bolster our results. 

5.4.1 Vessel Sighting Assumption Filtered Out Short Trips
When we used the AIS dataset to determine vessel movement, we kept only the first sighting of a vessel in one day and assumed that this could be either a starting time or an ending time of its trip. This effectively filtered out vessels that took less than one day to travel from one region to another, which may influence the vessel count at a region.

5.4.2 Vessel Sighting Assumption Filtered Out Stops at Regions
We assumed that the first sighting of a vessel at each region could be both the starting time and the ending time of its trip, which means the time a vessel stopped at the region was ignored. This could impact the calculation of a vessel’s travel rate since sometimes vessels stay overnight in a region. Additionally, although AIS collects millions of data points collected on a minute increment, the data does not indicate what the vessel was doing during travel. It could stop outside a study region for an extended time, make a direct path from the starting point to its destination, or take a detour to other ports that may not be located on the Mississippi River. To explore vessel patterns in greater detail we would need a more sophisticated vessel sighting method. 

5.4.3 Travel Rates Do Not Account for Flow Rate
For the calculation of travel rate, we did not consider the flow rate of the water. Ideally, water flow rate needs to be deducted to get the real downstream travel rate and added to reflect the real value of upstream travel rate. 

5.4.4 Vessel Count Does Not Fully Represent the Actual Flow of Goods
AIS sensors only identify the movement of unique vessels rather than the number of barges each vessel tows. Since one vessel could carry between 8 to 40 barges, the number of vessels observed at each region has an uncertain relationship with the total tonnage of goods carried during an individual trip. We assume that an increase in vessels would correspond to an increase in barges. However, it is possible an observed surge in vessels could actually represent fewer barges being pushed by vessel operators due to unsafe water conditions. More granular data is necessary to determine the exact change in barge traffic during flood events. 

5.5 Discussion of Results
As indicated by the adjusted R-squared values, water level is able to explain more of the variation in the number of vessels at a given time in a given region than the vessel travel rate along each of the LMR legs. The higher R-squared value in the vessel count regression may be explained by the inherent nature of the analysis: the assumptions associated with filtered vessel sightings are more applicable to the travel rate analysis than the vessel count analysis. Therefore, vessel count analysis results may be better predictors of water level effects on barge movement than travel rate analysis results. 

One notable feature that emerged during both the preliminary and regression analyses is the variability in results between each region and leg. The results suggest that the effects of water level may be difficult to generalize for the entire LMR stretch. Even though the analysis narrows down the study region to the lower half of the Mississippi River, there are still many distinct characteristics that differentiate the LMR. For example, the river depth in the northern region of LMR near Cairo, averages about 30 feet, while the average depth near New Orleans is about 200 feet. The variation in depth could change the impact floods and droughts have at those locations. Furthermore, Port of New Orleans and Port of South Louisiana are the largest ports on the LMR, with South Louisiana being the “largest tonnage port district in the Western hemisphere” (Port of South Louisiana, 2019). The number of vessels found at the South Louisiana and New Orleans regions more than triple the number of vessels found at the Cairo or Memphis regions at any given time. The sheer number of vessels present in the southern LMR could contribute to the variations observed in vessel count or rate. Further analyses of such factors are necessary to better understand the variation in water level effects on barge traffic patterns. 

6. Discussion of Energy Implications
6.1 LMR Energy Resiliency and Weather Shocks
As a result of an Obama-era Executive Order, the Federal Government defines resilience as, “the ability to prepare for and adapt to changing conditions and withstand and recover rapidly from disruptions. Resilience includes the ability to withstand and recover from deliberate attacks, accidents, or naturally occurring threats or incidents,” (White House, 2013). For energy, resilience can be defined as the ability for the electric grid to mitigate disturbances in response to stressing conditions and recover rapidly in the event of an outage.
 
Our analyses suggest that barge traffic on the LMR may experience changes as a response to extreme weather events. Regression results reinforce the patterns observed in the preliminary analysis and indicate that floods and droughts do impact the flow of vessel traffic along the LMR. Specifically, floods can cause a decrease in vessel sightings, while a drought can cause an increase in vessel sightings. Either an increase or decrease in traffic depending on geographic location along the LMR. Additionally, it appears travel rate is impacted for downstream travel during weather shocks. Although variable by location, our results indicate weather events increase uncertainty about cargo delivery times: whether through traffic congestion from an increase in vessel numbers or through delay days from hazardous water conditions. This uncertainty could have energy resiliency impacts on the broader LMR region if coal deliveries to power plants on the river are more variable.
 
As weather events continue to become more extreme, demand for energy is also expected to increase as temperatures rise. According to a study cited by the Intergovernmental Panel on Climate Change, energy consumption will increase 1.6-6.5% by 2050 compared to scenarios with no temperature increase (IPCC, 2018). This projection will likely cause demand for electricity in the American South to increase and thus place a strain on current energy infrastructure in the region. 

Several of the states that border the LMR have a significant portion of their generating capacity situated on the river (see Figure X in Appendix). Additionally, a significant amount of this state-level generating capacity comes from coal-fired power plants. We posit that weather shock events on the LMR present two potential challenges for the nine coal generating units situated within counties bordering the LMR: maintaining timely delivery of fuel and maintaining plant efficiency.
[bookmark: _vnwinfp6xytg]6.1.1 Threats to Timely Fuel Delivery
All together the nine coal-fired power plants on the LMR represent 4.5 gigawatts of nameplate capacity. Of the states included in our study region, four have coal-fired power plants in counties on the LMR: Missouri, Arkansas, Tennessee, and Louisiana. For each state, these coal-fired power plants represent varying weights in the total share of state-specific generating capacity. For example, Missouri’s LMR coal-fired power plants represent nearly 7% of the state’s total capacity (see Figure 11) (EIA c, 2017). However, the relevance of these power plants in the context of this study is determined by whether or not they receive fuel shipments via barge. 
Figure 11: Percentage of total state capacity represented by coal plants on the LMR

[image: ]The EIA does not provide data on shipment modes to specific power plants, however, they provide data on states that receive coal shipments via waterways and the share of water deliveries out of all modes. For the four states with coal-fired power plants on the river, three receive coal deliveries via river--Arkansas only receives delivery via rail. Only Tennessee receives a significant portion of their fuel deliveries via waterways, at 22.7%, while both Louisiana and Missouri receive less than 5% of their coal deliveries via barge (see Figure X in Appendix). It is important to note that there are other navigable rivers that traverse Missouri, Tennessee and Louisiana, so it is possible these reported deliveries are to power plants located outside of the LMR counties. However, we can assume that weather shocks would have similar effects on vessel traffic on other nearby rivers.

When considering resiliency concerns related to timely shipments of coal to power plants, it appears only Tennessee relies heavily on the waterway for coal deliveries. However, a 2011 EIA analysis after the Spring 2011 flood, found coal plants along the river maintained stockpiles capable of generating power for 59-76 days despite delayed coal deliveries via barge. This is because coal-fired power plants maintain coal inventories or can receive alternate deliveries via truck and rail (EIA h, 2011). It is unclear what impact increased delay days could have on future coal-fired power plant stockpiles. It is possible that generators begin to increase their stockpiles to account for increased uncertainty in fuel deliveries or switch to other delivery methods—we explore the latter consequence in the next section.
 
Additionally, LMR states, specifically LMR counties, are arguably well insulated from waterway shipping fluctuations because most of their power comes from sources not delivered via barge. The majority of power plant capacity situated along the LMR is fueled by natural gas at 63% followed by coal at 18% and nuclear at 14% (see Figure Y in Appendix). Because natural gas-fired power plants rely on pipelines for their fuel deliveries, they are not at risk due to weather shocks along the LMR. In terms of flood and drought impacts, states that border the LMR are well insulated against potential power plant outages or generating restraints due to untimely fuel deliveries.
 
Regional power resiliency could increase if counties that border the LMR experience a build-out of fuel-free resources such as wind and solar. Currently, the most heavily represented renewable energy source on the LMR is conventional hydroelectric, representing 295 MW of capacity at locations in Arkansas and Louisiana. However, this represents only 1% of total LMR county generating capacity. Additionally, only one utility-scale solar installation exists in the 50 counties that border the LMR, offering a meager 1.1 MW of capacity.

Uncertain fuel deliveries could also impact the oil and biofuel industries. The LMR is home to 11 oil refineries, mainly located near the mouth of the Mississippi River in Louisiana. The lower reaches of the river are also near one ethanol plant and five biodiesel plants. These industries rely on both barge and rail for delivery of their primary fuel source: crude oil, corn and other primary fuel sources for biofuels. Delays in delivery of primary fuel sources may have downstream impacts on timely distribution of these plants secondary fuel products: gasoline, ethanol, and bio-diesel. Further analysis on transportation industry impacts due to delayed secondary fuel source output is necessary but beyond the scope of this study.
[bookmark: _67gtj1p0ee36]6.1.2 Threats to Coal Plant Efficiency
Recent research has explored how climate change could threaten the efficiency of thermal plants because of water shortages and increased water temperatures. In this study, we do not allocate in-depth data analysis to these concerns because their severity is not connected to changes in barge traffic along the LMR. However, below is a brief overview of how climate change-related weather events could present problems for thermal power plants.

First, thermal power plants, such as coal, natural gas and nuclear, require large amounts of water for cooling during the generation process (Delgado and Herzog, 2012). Many government reports and academic studies indicate thermal power plants may be vulnerable during times of low water availability, especially when coupled with increased water demand for other purposes (DOE, 2010) (Feeley et al, 2008) (Macknick et al, 2012). This vulnerability is most prevalent in the American Southeast and Western states (DOE, 2010) (Macknick et al, 2012). If climate change worsens and leads to more droughts in the Midwest and South coupled with increased demand for electricity due to rising temperatures and a growing population, thermal power plants along the LMR may be vulnerable to shortages in water supply. 

However, from 2009-2013 there is no visible relationship between the percentage of LMR experiencing a drought and net generation from the New Madrid Coal plant located on the LMR in Missouri or the Big Cajun coal plant located on the LMR in Louisiana (see Figure Z in Appendix). Net generation follows a seasonal cycle in which power output increases in the summer and winter months and tapers during the spring and fall. A major drought occurrence encompassing most of the LMR region occurred in the winter of 2010 and early spring of 2011 yet generation maintained its normal pattern at both plants. 

Second, the temperature of the water used at thermal power plants during cooling has a direct effect on the overall efficiency of the generation process. Many studies have evaluated how increased temperatures of water used for cooling decreases both the output power and thermal efficiency of thermal power plants (Ibrahim et al, 2014), (Rousseau, 2013). The severity of efficiency reductions depends on the geographical location of the plant and from where it pulls its water (i.e. inland waterways or the sea). Additionally, efficiency losses vary between closed-loop and open-loop cooling systems. In an open-loop system, the power plant pulls water from a nearby source, funnels it through the cooling process, and expels the warmed water back into the original source. If the water pulled from a river or lake is already warmed it will take longer to cool the generation equipment, thus decreasing system efficiency. In a closed-loop system, the water pulled from a nearby source is reused and is only replaced as the existing water evaporates. For these types of plants, increased air temperatures can decrease condensation in cooling towers--the primary means of cooling--and decrease the overall efficiency of the system.

However, a recent study, specifically focused on coal and natural gas power plants, determined rising temperatures may have less of an impact on plant output and efficiency than previously thought. The study examined 39 open-loop and closed-loop plants across the country, including power plants located on the Mississippi River. This study differed from previous studies of its kind by using regression modeling to regress daily and seasonal plant-performance against both water and air temperatures. Results indicated decision-makers should be more concerned with availability of water for cooling rather than efficiency losses from warmer temperatures. Specifically, when evaluating a 3 degree celsius increase in temperatures, the overall efficiency of the 39 power plant geographical footprint, only decrease 0.4%. The study also determined that closed-loop cooling systems are less sensitive to efficiency changes due to rising temperatures (Henry and Pratson, 2016).

6.2 Potential Increases in Energy Transportation Costs
Although the results of our vessel rate analysis indicate delays vary across regions of the LMR, we do not believe this outweighs the existing empirical evidence that droughts do cause significant delays. As previously discussed, there are numerous studies examining how climate change weather shocks will increase transportation costs on inland waterways due to light loading. Our results support these findings as vessel sightings actually increase during times of drought. We also found that floods decrease the overall sightings of vessels, probably due to barges stopping and waiting for safer conditions. The results of our analysis indicate that both droughts and floods lead to fluctuations in normal traffic patterns--increasing delivery uncertainty. Here, we analyze the operating costs of the Kirby Corporation and provide a discussion of a modal switch away from barges toward more reliable delivery methods.
 
6.2.1 Economic Impacts for Energy Barge Operators
To further evaluate the empirical evidence that droughts increase barge operating costs, we examined the financial statements of barge operator, Kirby Corporation. Kirby Corporation operates tank barges within the Mississippi River System, on the Gulf Intracoastal Waterway, coastwise along all three United States coasts, and in Alaska and Hawaii. According to their quarterly financial statements from 2009-2017, weather shocks do lead to increased delay days for the company, and thus higher operating costs. A delay day is a “measure of the lost time incurred by a tow (towboat and one or more tank barges) during transit when the tow is stopped due to weather, lock conditions or other navigational factors,” (Kirby, 2017). For all years between 2009 and 2017, Kirby Corporations financial statements qualitatively identify weather-related delay days on the Mississippi River as a cause of increased operating costs. 

Generally speaking, Kirby Corporation’s quarterly operating costs increase as delay days increase (see Figure AA in Appendix). We assume that all barge operators operating in the same region as Kirby Corporation would experience similar delay days. If flood or drought conditions impact the ability of Kirby Corporation’s barges to navigate the LMR, then all other barges would have similar issues. Therefore, increased variability in weather patterns, specifically more severe weather shocks, would likely increase the number of days, and subsequently, operating costs.

6.2.2 The Impact of Modal Shifting on Energy Efficiency and Delivery Costs
The results of our analysis on the operating costs of Kirby Corporation indicate increased occurrences of climate change-related weather events will make barge deliveries less reliable and more costly. This begs the question, will energy end-users such as power plant operators, oil refiners, and bio-fuel producers on the LMR, contract their primary fuel deliveries by alternate means? Below, we examine how alternative freight modes (rail and truck) compare to water transportation in freight capacity, energy intensity, and total share of coal delivered costs. 

Freight capacity simply means the amount of cargo a single truck, rail car or barge can carry. 
In terms of sheer bulk-cargo carrying capacity, a barge can carry as much freight as 15 average railcars or 60 semi-trucks (BTS, 2017). From the perspective of cargo moved per mile by a single vehicle, transportation via inland waterway is more advantageous than rail and truck (See Figure 12 below for a summary table).

Energy intensity is defined as the energy required to produce a given output, such as vehicle-miles traveled, freight-car-miles traveled or ton-miles traveled. Shipping via inland waterways has a lower energy intensity than shipping via truck and rail. For example, in 2014, the energy required to carry one ton for one mile by truck was roughly 1,348 BTUs, while cargo traveling the same distance required 292 BTUs by rail and 214 BTUs by water (see Figure AB in Appendix) (Davis et al, 2018). This is because barges can carry more cargo per trip than truck and rail and are more energy efficient than trucks. 

It is important to note the energy intensity of trucking is typically reported in BTU per vehicle-mile rather than BTU per ton-mile. Therefore, we used a payload of 16 tons to estimate the BTU per ton-mile of a typical truck (Brogan et al, 2013). This calculation does not take into account the gross average payload by truck weight class, which could potentially lower the reported energy intensity. However, other studies confirm that the energy intensity of trucking exceeds that of rail and water by orders of magnitude (Davis et al, 2013).

In short, a semi-truck requires far more fuel to carry the same amount of cargo as a rail car or a barge. These fuel costs contribute to the higher costs of shipping cargo via the U.S. highway and rail system compared to navigable rivers (Brogan et al, 2013). Although the use of barges has a lower energy intensity, it is still comparable to rail.

When considering coal deliveries, shipping via waterway is less costly than shipping via rail and truck. Delivered costs, in dollars per ton, represent the amount a power plant pays for its coal plus the cost of transporting the coal to its facility. In the U.S., power plants primarily receive shipments of coal via rail. However, this is not the cheapest transport method. Although limited by geographic location, coal-fired power plants which receive fuel deliveries via barge pay a smaller share of transportation costs in their total coal delivered costs than their counterparts receiving shipments via rail and truck (see Figure AC in Appendix).

Figure 12: Comparison of barge, rail, and truck
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7. Conclusion
Extreme weather events such as droughts and floods are predicted to increase in frequency and duration across the United States, including the LMR region. Analyzing the impact of these weather events is necessary to ensure the continued well-being of existing LMR energy infrastructure and the LMR energy barge industry. Understanding how barges behave during periods of high and low water levels could allow policy makers, operators, and other stakeholders to develop appropriate planning and response measures. 

Study results from the interaction regression suggest certain years, especially those that experienced prolonged periods of extreme weather, have a greater impact on both vessel travel rate and vessel count along the LMR than years without any severe weather events. Results also suggest the number of vessels at each region or port will increase during flooding periods and decrease during drought conditions. Additionally, the study found water level has a greater effect on the rate of vessels traveling downstream than those traveling upstream. These results are the first step in understanding the many variables that affect marine transportation of energy products up and down the LMR. 

Results suggest that increased weather shocks caused by climate change will decrease the reliability of timely energy deliveries via barge on the LMR. Although, these events do not present an energy resiliency issue for counties bordering the river because most of their generating capacity comes from natural gas and existing coal plants maintain sufficient stockpiles, they will increase the total cost of shipping. Based on a literature review and our own analysis, barge operators, such as the Kirby Corporation, stand to lose revenues from increased weather-related delay days. They could also potentially lose customers as the nine coal-fired power plants on the LMR and other energy-product producers switch to other modes of transportation delivery such as rail and truck. These other means are more energy intensive and, for coal, more expensive as a share of delivered costs. This all translates to higher operating costs for power plants, oil refiners and biofuel producers. More research is needed to quantify these expenses and potential trickle-down impacts on the price of electricity, gasoline and biofuels.
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Appendix

Figure A: Share of all commodities shipped on the Mississippi River
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Source: (USACE e), U.S. Army Corps of Engineers, Waterborne Commerce Statistics Center
 


Figure B: Percentage of installed capacity on the LMR as share of total installed nameplate capacity in Missouri, Arkansas, Tennessee, Mississippi, and Louisiana.
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Source and Note: (EIA c, 2018), Illinois and Kentucky are excluded because no power plants are located on the LMR within our study region.


Figure C. Seasonal trends in energy barge movement on the Lower Mississippi River
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Note: This graph was developed using commodity data from the USACE.


Figure D. Number of unique AIS observations for each year


	Year
	Number of Observations

	2009
	150,843

	2010
	172,431

	2011
	136,748

	2012
	223,198

	2013
	198,389

	2014
	182,815

	2015
	648,975

	2016
	640,240

	2017
	650,994



Note: The raw data was filtered to remove duplicate values.


Figure E: Location of gage stations used in study

	Gage Stations on the Lower Mississippi River

	Name
	Location

	Thebes, Illinois
	Long: -89.464

	
	Lat: 37.217

	Vicksburg, Mississippi
	Long: -90.902

	
	Lat: 32.312

	Baton Rouge, Louisiana
	Long: -91.207

	
	Lat: 30.429

	New Orleans, Louisiana
	Long: -90.136

	
	Lat: 29.935





Figure F: UTM zones in the United States
[image: ]
Source and Note: (UTM Zone, n.d.). The study area includes portion of LMR located in both Zone 15 and Zone 16.


Figure G. Longitude and latitude coordinates used to isolate ports on the LMR

	Mask (Port)
	UTM Zone
	Upper-Most Border (latitude)
	Bottom-Most Border (latitude)
	Left-Most Border (longitude)
	Right-Most Border (longitude)

	Cairo
	16
	37.333168
	36.967892
	-89.521119
	-89.134298

	Memphis
	15
	35.409659
	34.99608
	-90.309482
	-89.706654

	Greenville
	15
	33.530766
	33.007952
	-91.236245
	-90.678713

	Vicksburg
	15
	32.619423
	32.078491
	-91.174853
	-90.553961

	Baton Rouge
	15
	30.647242
	30.324408
	-91.484582
	-91.147159

	South Louisiana
	15
	30.053732
	29.852217
	-90.973628
	-90.280491

	New Orleans 
	15 & 16
	30.031358
	29.902237
	-90.136807
	-89.919437



Note: These coordinates were used create masks in ArcGIS Pro to isolate AIS data points along the Mississippi River. 


Figure H: Summary of missing data from AIS files, 2009-2017

	Year
	2009
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017

	Number of weeks in the year
	53
	52
	52
	52
	52
	52
	53
	52
	52

	Weeks of available data at Cairo
	17
	28
	30
	52
	37
	29
	50
	41
	51

	Proportion of days per year of available data at Cairo
	0.08
	0.15
	0.28
	0.98
	0.36
	0.26
	0.79
	0.69
	0.79

	Weeks of available data at Memphis
	50
	52
	49
	52
	52
	52
	52
	52
	52

	Proportion of days per year of available data at Memphis
	0.94
	1.00
	0.88
	0.99
	1.00
	1.00
	0.96
	0.96
	0.87

	Weeks of available data at Greenville
	30
	35
	36
	52
	52
	45
	37
	44
	37

	Proportion of days per year of available data at Greenville
	0.19
	0.24
	0.22
	0.99
	0.76
	0.46
	0.22
	0.32
	0.22

	Weeks of available data at Vicksburg
	49
	50
	38
	52
	52
	49
	53
	52
	52

	Proportion of days per year of available data at Vicksburg
	0.61
	0.63
	0.40
	0.99
	0.95
	0.88
	0.75
	0.69
	0.72

	Weeks of available at Baton Rouge
	50
	52
	52
	52
	52
	50
	53
	52
	52

	Proportion of days per year of available data at Baton Rouge
	0.93
	1.00
	0.97
	0.99
	1.00
	0.92
	1.00
	1.00
	1.00

	Weeks of available data at South Louisiana
	50
	52
	52
	52
	52
	50
	53
	52
	52

	Proportion of days per year of available data at South Louisiana
	0.93
	1.00
	0.93
	0.99
	1.00
	0.92
	1.00
	1.00
	1.00

	Weeks of available data at New Orleans
	50
	52
	52
	52
	52
	50
	53
	52
	52

	Proportion of days per year of available data at New Orleans
	0.93
	1.00
	1.00
	0.99
	1.00
	0.92
	1.00
	1.00
	1.00


Note: “Number of weeks in the year” indicates the number of available weeks of data out of 52 or 53 weeks in the year (if a year starts on Thursday, then that year will have 53 numbered weeks), which directly influences the time series plots for vessel numbers/vessel rates and the regression; “D/Y” indicates the proportion of days the data covered during a year, illustrating how representative the raw data is at that port for a specific year.

Summary table of missing data: all years, number of weeks missed in each month
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Figure I. Distance between selected ports on the Lower Mississippi River 

	Leg Between Ports
	Leg Distance (Statute Miles)

	Cairo to Memphis
	220

	Memphis to Greenville
	197

	Greenville to Vicksburg
	100

	Vicksburg to Baton Rouge
	208

	Baton Rouge to Port of South Louisiana
	95

	Port of South Louisiana to New Orleans
	39




Figure J: Weekly rates upstream and downstream, 2009-2017
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Figure K: Weekly sum of vessel numbers and averaged gage height: Cairo and New Orleans, 2015-2017
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Figure L: Weekly sum of vessels across seven study regions, 2009-2017
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Figure M:  Output of basic regression for upstream travel rate
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Note: Signif. codes:  *** = 0.001, ** = 0.01, * = 0.05

Figure N:  Output of basic regression for downstream travel rate
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Note: Signif. codes:  *** = 0.001, ** = 0.01, * = 0.05


Figure O: Output of regression with interaction terms for upstream travel rate
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Note: Signif. codes:  *** = 0.001, ** = 0.01, * = 0.05


Figure P: Output of regression with interaction terms for downstream travel rate
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Note: Signif. codes:  *** = 0.001, ** = 0.01, * = 0.05

Figure Q: Water level coefficients (β1+β10-17) from upstream and downstream travel rate regression with interaction terms
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Figure R: Regression analysis of water level and upstream travel rate
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*This particular Leg 4 regression used water level data from the Vicksburg water gage. Meanwhile, the other Leg 4 used water level data from Baton Rouge. 


Figure S: Regression analysis of water level and downstream travel rate 


*This particular Leg 4 regression used water level data from the Vicksburg water gage. Meanwhile, the other Leg 4 used water level data from Baton Rouge. 
Note: The displayed regression projections do not display an error 

Figure T: Output of basic regression for vessel count








Note: Signif. codes:  *** = 0.001, ** = 0.01, * = 0.05

Figure U: Output of regression with interaction terms for vessel count





Note: Signif. codes:  *** = 0.001, ** = 0.01, * = 0.05


Figure V: Water level coefficients (δ1+δ10-17) for vessel count regression with interaction terms




Figure W: Regression analysis of water level and vessel count












Figure X: Percentage of coal deliveries via barge to each state by quarter (2017)


Note: In 2017, Tennessee received a significant portion of coal deliveries via barge. Missouri and Louisiana received less than 5% and Arkansas received no coal deliveries via barge 

Figure Y: Share of generation resources situated on the LMR by plant type (2017)






Figure Z: Net electricity generation for two coal-fired power plants on the LMR verses drought occurrence






Figure AA: Scatterplot of operating costs vs delay days





Figure AB: Energy intensity by transport mode


Source: Davis, Stacy, and Robert Boundy. “Transportation Energy Data Book: Edition 37.” Oak Ridge National Laboratory, January 2019.



Figure AC: Share of transportation costs for power plant coal deliveries


Source: “Transportation Costs to Electric Power Sector: Delivered Costs” U.S. Energy Information Administration, 17 July 2018.
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factor(year)2014 0.265401| 0.214527| 1.237 -0.421| 0.325427| -1.294
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factor(season)spring -0.27544| 0.190341]| -1.447 -0.55383| 0.209554| -2.643|**
factor(season)summer | -0.16706| 0.16375| -1.02 -0.31761| 0.202959| -1.565
factor(season)winter 0.230224| 0.16799 1.37 0.02978| 0.207451| 0.144]





image47.png
Gage Station: Cairo Vicksburg

LMVR Leg: Cairo - Memphis Greenville - Vicksburg

Adjusted R-squared: |0.1878 0.1901

Coefficients: Estimate |Std. Error |t-value  |Signif. |Estimate |Std. Error |t-value |Signif.
(Intercept) 1.31587| 0.80763 1.629 2.45E-01| 2.72E-01 0.9
waterlevel 0.01477| 0.02478 0.596 3.49E-04| 5.87E-03 0.06
factor(year)2010 -0.76473| 0.88806 -0.861 7.06E-02| 2.87E-01 0.246
factor(year)2011 0.49113| 1.04179 0.471 1.12E-01| 3.26E-01 0.342
factor(year)2012 3.4049| 0.80248 4.243 %% 8.14E-01| 2.74E-01 2.969|**
factor(year)2013 -0.21798| 0.83861 -0.26 9.33E-02| 2.74E-01 0.341
factor(year)2014 1.49992| 0.83257 1.802). 1.25E-01| 2.82E-01 0.444]
factor(year)2015 0.16253 0.7683 0.212 2.25E-01| 2.68E-01 0.839
factor(year)2016 -0.25835 0.7893 -0.327 1.24E-01| 2.70E-01 0.46
factor(year)2017 0.42252| 0.77645 0.544] -7.60E-05| 2.73E-01 0
factor(season)spring 0.82985| 0.49434 1.679|. -2.05E-02| 1.77E-01 -0.116
factor(season)summer | 0.52036| 0.45477 1.144) -4.98E-02| 1.39E-01 -0.357
factor(season)winter 1.1699| 0.49039 2.386 4.98E-01| 1.65E-01 3.009|**
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Gage Station: Vicksburg Baton Rouge

LMVR Leg: Vicksburg - Baton Rouge Vicksburg - Baton Rouge

Adjusted R-squared:  |0.05623 0.05972

Coefficients: Estimate |Std. Error |t-value  |Signif. |Estimate |Std. Error |t-value |Signif.
(Intercept) 1.66351| 0.97879 1.7]. 1.77489| 0.97243 1.825].
waterlevel -0.03908| 0.02426 -1.611 -0.05495| 0.0285 -1.928|.
factor(year)2010 -0.10663| 1.09624 -0.097 -0.14492| 1.10795 -0.131
factor(year)2011 1.38312| 1.32134 1.047 1.41506| 1.31773 1.074]
factor(year)2012 -0.43552| 1.03717 -0.42 -0.43369| 1.01862 -0.426
factor(year)2013 1.22859| 1.06142 1.157 1.21197| 1.06089 1.142
factor(year)2014 0.81415 1.1028 0.738 0.715| 1.10638 0.646|
factor(year)2015 0.28993| 0.98017 0.296 0.33101 0.9794 0.338
factor(year)2016 0.1965| 1.00586 0.195 0.22781| 1.00523 0.227
factor(year)2017 0.0974| 0.99527 0.098 0.08852| 0.99443 0.089
factor(season)spring 0.55553| 0.73103 0.76 0.6848| 0.72834] 0.94
factor(season)summer | 0.26717| 0.59291 0.451 0.36066| 0.59737 0.604|
factor(season)winter 2.5404| 0.67726 3.751[*** 2.61907| 0.67851 3.86/***





image49.png
Gage Station:

Baton Rouge

New Orleans

LMVR Leg: Baton Rouge - South Louisiana South Louisiana - New Orleans
Adjusted R-squared: |0.3863 0.2602

Coefficients: Estimate |Std. Error |t-value  |Signif. |Estimate |Std. Error |t-value |Signif.
(Intercept) 1.478723 0.1665 8.881|*** 2.79876| 0.59295 4.72[***
waterlevel -0.01742| 0.004878 -3.572|*¥** -0.13475| 0.04142 -3.254|**
factor(year)2010 -0.0549| 0.189707 -0.289 1.60684| 0.69048 2.327|*
factor(year)2011 -0.58389| 0.225629 -2.588|* -1.07721| 0.82859 -13
factor(year)2012 -0.16211| 0.174354 -0.93 0.64805| 0.62618 1.035
factor(year)2013 0.045525| 0.181583 0.251 0.83893| 0.66689 1.258
factor(year)2014 -0.12492| 0.18762 -0.666 0.92695| 0.68662 1.35
factor(year)2015 -0.78464| 0.167684 -4.679|*¥** -1.11189| 0.62513 -1.779|.
factor(year)2016 -0.77837| 0.172126 -4.522|*¥** -0.50971| 0.63899 -0.798
factor(year)2017 -0.83623| 0.16995 -4.92|*** -0.76882| 0.62841 -1.223
factor(season)spring 0.10599| 0.124452 0.852 0.02469 0.4236 0.058
factor(season)summer | 0.031099| 0.101927 0.305 0.20271| 0.35447 0.572
factor(season)winter | 0.489048| 0.115152 4.247 |¥** 1.24192| 0.39518 3.143[**
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Gage Station: New Orleans Baton Rouge

LMVR Leg: New Orleans - South Louisiana South Louisiana - Baton Rouge
Adjusted R-squared: 0.2204 0.211

Coefficients: Estimate  |Std. Error |t-value |Signif. |Estimate |Std. Error |t-value |Signif.
(Intercept) 0.358133| 0.079852| 4.485|*** 0.169585| 0.291287| 0.582
waterlevel -0.002993| 0.008552| -0.35 0.01173| 0.012021| 0.976
factor(year)2010 0.139552| 0.106706| 1.308 1.362001| 0.376934| 3.613|***
factor(year)2011 -0.160291 0.0959| -1.671). 0.777194| 0.394933| 1.968|*
factor(year)2012 0.075152| 0.093864| 0.801 1.087258| 0.321694| 3.38|***
factor(year)2013 0.063762| 0.102191| 0.624| 1.166038| 0.35369| 3.297|**
factor(year)2014 0.037193| 0.115368| 0.322 1.072482| 0.402485| 2.665|**
factor(year)2015 -0.229096| 0.100839| -2.272|* 0.297823| 0.356464| 0.835
factor(year)2016 -0.0102| 0.102358 0.1 0.941249| 0.362951| 2.593|**
factor(year)2017 -0.132814| 0.100648| -1.32 0.540056| 0.358174| 1.508
factor(season)spring -0.08339| 0.034351] -2.428|* -0.134196| 0.111635| -1.202
factor(season)summer -0.074148| 0.03203| -2.315* -0.105342| 0.101011| -1.043
factor(season)winter 0.137777| 0.029665| 4.644|*** 0.35999| 0.097186| 3.704|***
waterlevel:factor(year)2010 | -0.020472| 0.011835| -1.73|. -0.036883| 0.015503| -2.379|*
waterlevel:factor(year)2011 | 0.008787| 0.010437| 0.842 -0.004219| 0.015237| -0.277
waterlevel:factor(year)2012 | -0.027975| 0.012281]| -2.278|* -0.037699| 0.014769| -2.553|*
waterlevel:factor(year)2013 | -0.014004| 0.01184| -1.183 -0.030011| 0.014995| -2.001|*
waterlevel:factor(year)2014 | -0.011722| 0.014668| -0.799 -0.030703| 0.01792| -1.713|.
waterlevel:factor(year)2015 | 0.011242| 0.010914| 1.03 -0.0073| 0.014463| -0.505
waterlevel:factor(year)2016 | -0.014061| 0.011004| -1.278 -0.037083| 0.014633| -2.534|*
waterlevel:factor(year)2017 | -0.006484| 0.011691| -0.555 -0.020867| 0.01519| -1.374)
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Gage Station: Vicksburg Baton Rouge

LMVR Leg: Baton Rouge - Vicksburg Baton Rouge - Vicksburg
Adjusted R-squared: 0.1297 0.1318

Coefficients: Estimate  |Std. Error |t-value |Signif. |Estimate |Std. Error |t-value |Signif.
(Intercept) 0.946883| 0.614585| 1.541 0.931603| 0.570293| 1.634|
waterlevel 0.005469| 0.020641| 0.265 0.006148| 0.022654| 0.271
factor(year)2010 1.194245| 0.78635| 1.519 1.292826| 0.74409| 1.737|.
factor(year)2011 0.161757| 0.806948 0.2 0.065465| 0.774192| 0.085
factor(year)2012 2.036882| 0.657411| 3.098|** 2.152773| 0.629089| 3.422|***
factor(year)2013 1.531012| 0.726314| 2.108|* 1.617066| 0.696602| 2.321|*
factor(year)2014 0.861846| 0.877735| 0.982 1.04212| 0.795064| 1.311
factor(year)2015 0.343299| 0.734123| 0.468 0.336976| 0.701995| 0.48
factor(year)2016 0.483459| 0.761844| 0.635 0.47914| 0.715191| 0.67
factor(year)2017 -0.165071| 0.742279| -0.222 -0.072241| 0.70729| -0.102
factor(season)spring -0.446412| 0.217904| -2.049|* -0.397555| 0.217607| -1.827|.
factor(season)summer -0.212388| 0.197839| -1.074 -0.196933| 0.199175| -0.989
factor(season)winter 0.215839| 0.188733| 1.144| 0.250049| 0.190445| 1.313
waterlevel:factor(year)2010 | -0.029091| 0.026728| -1.088 -0.038594| 0.030261| -1.275
waterlevel:factor(year)2011 | 0.014449| 0.025406| 0.569 0.021786| 0.029409| 0.741
waterlevel:factor(year)2012 | -0.029164| 0.024664| -1.182 -0.040298| 0.028666| -1.406
waterlevel:factor(year)2013 | -0.017833| 0.025265| -0.706 -0.025687| 0.029214| -0.879
waterlevel:factor(year)2014 | -0.007854| 0.03242| -0.242 -0.018656| 0.035193| -0.53
waterlevel:factor(year)2015 | 0.001354| 0.024849| 0.054] 0.001659| 0.028109| 0.059
waterlevel:factor(year)2016 0.00182| 0.025753| 0.071 0.002102| 0.028465| 0.074]
waterlevel:factor(year)2017 | 0.016291| 0.025973| 0.627 0.014745| 0.029597| 0.498
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Gage Station: Vicksburg Cairo

LMVR Leg: Vicksburg - Greenville Memphis - Cairo

Adjusted R-squared: 0.1759 0.1926

Coefficients: Estimate  |Std. Error |t-value |Signif. |Estimate |Std. Error |t-value |Signif.
(Intercept) -0.187287| 0.511117| -0.366 1.633721| 0.900387| 1.814|.
waterlevel 0.01784| 0.017217| 1.036 -0.002982| 0.035348| -0.084
factor(year)2010 1.225485| 0.70437 1.74|. 0.054774| 1.312808| 0.042
factor(year)2011 0.07916| 0.715325| 0.111 -2.181015| 1.190659| -1.832|.
factor(year)2012 2.121092| 0.545726| 3.887|*** 0.933196| 0.966508| 0.966
factor(year)2013 0.89528| 0.60237| 1.486 1.421815| 0.971908| 1.463
factor(year)2014 0.614931| 0.734074| 0.838 -0.245835| 1.095234| -0.224
factor(year)2015 1.861131| 0.63079| 2.95/** -0.257744| 1.003523| -0.257
factor(year)2016 1.438908| 0.699621| 2.057|* -0.283917| 1.43411| -0.198
factor(year)2017 1.500863| 0.648325| 2.315|* 0.0449| 1.026663| 0.044
factor(season)spring -0.195323| 0.195973| -0.997 -0.563397| 0.216588| -2.601|**
factor(season)summer -0.105821| 0.171665| -0.616 -0.359972| 0.208381| -1.727|.
factor(season)winter 0.366323| 0.178784| 2.049|* 0.026641| 0.215301| 0.124]
waterlevel:factor(year)2010 | -0.038549| 0.023762| -1.622 -0.008045| 0.048242| -0.167
waterlevel:factor(year)2011 | 0.001969| 0.021776| 0.09 0.042829| 0.044891| 0.954
waterlevel:factor(year)2012 | -0.03485| 0.020524| -1.698|. 0.017349| 0.046326| 0.374
waterlevel:factor(year)2013 | -0.011257| 0.02098| -0.537 -0.040403| 0.039752| -1.016
waterlevel:factor(year)2014 | -0.011903| 0.027061| -0.44| -0.008711| 0.046002| -0.189
waterlevel:factor(year)2015 | -0.03289| 0.02119| -1.552 0.019143| 0.04082| 0.469
waterlevel:factor(year)2016 | -0.033942| 0.024219| -1.401 0.020849| 0.058172| 0.358
waterlevel:factor(year)2017 | -0.021534| 0.023498| -0.916 0.00218| 0.042035| 0.052
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Gage Station: Cairo Vicksburg

LMVR Leg: Cairo - Memphis Greenville - Vicksburg
Adjusted R-squared: 0.2242 0.1789

Coefficients: Estimate |Std. Error |t-value |Signif. [Estimate |Std. Error |t-value |Signif.
(Intercept) 0.2227| 2.20899| 0.101 0.088182| 1.078475| 0.082
waterlevel 0.06666| 0.09879| 0.675 0.004937| 0.038616| 0.128
factor(year)2010 -3.25772| 3.70297| -0.88 0.335789| 1.25524| 0.268
factor(year)2011 14.60588| 9.32152| 1.567 0.70782| 1.675166| 0.423
factor(year)2012 5.56574| 2.34159| 2.377|* 0.769098| 1.076635| 0.714
factor(year)2013 1.25756| 2.39475| 0.525 0.530455| 1.136277| 0.467
factor(year)2014 3.39004| 2.76722| 1.225 0.618196| 1.18603| 0.521
factor(year)2015 2.70367| 2.40884| 1.122 0.469016| 1.121936| 0.418
factor(year)2016 0.14427| 2.97164| 0.049 0.583771| 1.176468| 0.496
factor(year)2017 -1.99706| 2.48033| -0.805 0.261779| 1.135226| 0.231
factor(season)spring 0.62828| 0.50874| 1.235 0.011329| 0.186666| 0.061
factor(season)summer 0.5248| 0.45457| 1.154 0.003911| 0.147213| 0.027
factor(season)winter 1.10172| 0.50005| 2.203|* 0.476033| 0.170748| 2.788|**
waterlevel:factor(year)2010 | 0.06678| 0.13807| 0.484 -0.00963| 0.04488| -0.215
waterlevel:factor(year)2011 | -0.43476 0.2842| -1.53 -0.01624| 0.049278| -0.33
waterlevel:factor(year)2012 | -0.1388| 0.11761| -1.18 0.008998| 0.03985| 0.226
waterlevel:factor(year)2013 | -0.07154| 0.10951| -0.653 -0.01623| 0.041411| -0.392
waterlevel:factor(year)2014 | -0.09008| 0.12623| -0.714 -0.02109| 0.044998| -0.469
waterlevel:factor(year)2015 | -0.11882| 0.10756| -1.105 -0.00853| 0.04046| -0.211
waterlevel:factor(year)2016 | -0.02058| 0.12764| -0.161 -0.01682| 0.042751| -0.394
\waterlevel:factor(year)2017 [ 0.11882| 0.11138| 1.067 -0.01006| 0.041693| -0.241
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Gage Station: Vicksburg Baton Rouge

LMVR Leg: Vicksburg - Baton Rouge Vicksburg - Baton Rouge
Adjusted R-squared: 0.04211 0.05174

Coefficients: Estimate |Std. Error |t-value |Signif. [Estimate |Std. Error |t-value |Signif.
(Intercept) 0.28267| 2.78438| 0.102 0.22444| 2.39155| 0.094
waterlevel 0.01889| 0.10839| 0.174 0.02213| 0.10931]| 0.202
factor(year)2010 0.75557| 3.67969| 0.205 1.23063| 3.38763| 0.363
factor(year)2011 6.91276| 5.78705| 1.195 6.32216| 5.60712| 1.128
factor(year)2012 0.9902| 2.83846| 0.349 1.18045| 2.48249| 0.476
factor(year)2013 4.94415| 3.27928| 1.508 5.76199 2.9405 1.96|.
factor(year)2014 2.92099| 3.63977| 0.803 3.03554| 3.11809| 0.974
factor(year)2015 1.44629| 3.02356| 0.478 1.55795| 2.67529| 0.582
factor(year)2016 1.03741| 3.28605| 0.316 1.18613| 2.90122| 0.409
factor(year)2017 0.55726| 3.07489| 0.181 0.56763| 2.71341| 0.209
factor(season)spring 0.455| 0.76867| 0.592 0.62966| 0.76717| 0.821
factor(season)summer 0.23762| 0.62497| 0.38 0.37221 0.6299| 0.591
factor(season)winter 2.51123| 0.70444| 3.565|*** 2.65253| 0.70504| 3.762|***
waterlevel:factor(year)2010 | -0.03783| 0.13909| -0.272 -0.06926| 0.15221| -0.455
waterlevel:factor(year)2011 | -0.15904| 0.16404| -0.97 -0.17764| 0.18553| -0.957
waterlevel:factor(year)2012 | -0.05834| 0.11627| -0.502 -0.08174| 0.12171] -0.672
waterlevel:factor(year)2013 | -0.14811| 0.12724| -1.164 -0.21783| 0.13472| -1.617
waterlevel:factor(year)2014 | -0.09069| 0.15192| -0.597 -0.12399| 0.15964| -0.777
waterlevel:factor(year)2015 | -0.04803| 0.11723| -0.41 -0.06287| 0.12131| -0.518
waterlevel:factor(year)2016 | -0.03649| 0.12683| -0.288 -0.05121| 0.13115| -0.39
\waterlevel:factor(year)2017 | -0.01946| 0.12036| -0.162 -0.02591] 0.12522| -0.207
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Gage Station: Baton Rouge New Orleans

LMVR Leg: Baton Rouge - South Louisiana South Louisiana - New Orleans
Adjusted R-squared: 0.407 0.288

Coefficients: Estimate |Std. Error |t-value |Signif. [Estimate |Std. Error |t-value |Signif.
(Intercept) 1.903762| 0.400803| 4.75*** 2.595067| 1.356117| 1.914
waterlevel -0.03697| 0.018321| -2.018|* -0.10057| 0.196857| -0.511
factor(year)2010 -0.70496| 0.56773| -1.242 3.668319| 1.811624| 2.025/*
factor(year)2011 -2.41036| 0.93982| -2.565|* -2.65072| 3.05456| -0.868
factor(year)2012 -0.27703| 0.416091| -0.666 1.368425| 1.425908| 0.96
factor(year)2013 -0.34651| 0.492837| -0.703 3.328638| 1.62098| 2.053|*
factor(year)2014 -0.17148| 0.519924| -0.33 0.901168| 1.744636| 0.517
factor(year)2015 -1.5337] 0.448351| -3.421|*** -1.70556| 1.491057| -1.144]
factor(year)2016 -1.42917| 0.486215| -2.939** -0.54378| 1.574539| -0.345
factor(year)2017 -1.35467| 0.454462| -2.981|** -1.6872| 1.49957| -1.125
factor(season)spring 0.064395| 0.128303| 0.502 0.047044| 0.43028| 0.109
factor(season)summer -0.03685| 0.105227| -0.35 0.180995| 0.358496| 0.505
factor(season)winter 0.512104| 0.117105| 4.373|*** 1.432522| 0.401133| 3.571[***
waterlevel:factor(year)2010 | 0.031287| 0.025506| 1.227 -0.27041| 0.24611| -1.099
waterlevel:factor(year)2011 | 0.063432| 0.031096| 2.04|* 0.106796| 0.28902| 0.37
waterlevel:factor(year)2012 | -0.00244| 0.020396| -0.12 -0.14758| 0.215428| -0.685
waterlevel:factor(year)2013 | 0.019018| 0.022579| 0.842 -0.34897| 0.226512| -1.541
waterlevel:factor(year)2014 | -0.00221| 0.026703| -0.083 0.002234| 0.276218| 0.008
waterlevel:factor(year)2015 | 0.03463| 0.020331| 1.703|. 0.055785| 0.209084| 0.267
waterlevel:factor(year)2016 | 0.030712| 0.021979| 1.397 -0.00712| 0.218799| -0.033
\waterlevel:factor(year)2017 | 0.025238| 0.020983| 1.203 0.11448| 0.213887| 0.535
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Upstream Water Level Coefficients

Gage Station:| New Orleans Baton Rouge Vicksburg | Baton Rouge | Vicksburg Cairo

New Orleans - |South Louisiana | Baton Rouge - | Baton Rouge - Vicksburg -| Memphis
LMR Leg: | South Louisiana | - Baton Rouge Vicksburg Vicksburg | Greenville | Cairo

Year B;to Byg gy

2010 -0.023465 -0.025153 -0.023622 -0.032446 | -0.020709 |-0.011027
2011 0.005794 0.007511 0.019918 0.027934 0.019809 | 0.039847
2012 -0.030968 -0.025969 -0.023695 -0.03415 -0.01701 | 0.014367
2013 -0.016997 -0.018281 -0.012364 -0.019539 | 0.006583 |-0.043385
2014 -0.014715 -0.018973 -0.002385 -0.012508 | 0.005937 |-0.011693
2015 0.008249 0.00443 0.006823 0.007807 -0.01505 | 0.016161
2016 -0.017054 -0.025353 0.007289 0.00825 -0.016102 | 0.017867

2017 -0.009477 -0.009137 0.02176 0.020893 | -0.003694 | -0.000802
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Downstream Water Level Coefficients

Gage Station:|  Cairo Vicksburg | Vicksburg |Baton Rouge| Baton Rouge |New Orleans
Cairo- | Greenville - | Vicksburg- | Vicksburg- | Baton Rouge- | Louisiana -
LMR Leg: Memphis | Vicksburg |Baton Rouge |Baton Rouge| South Louisiana |New Orleans
Year B;to Byg gy
2010 0.13344 | -0.004692 -0.01894 -0.04713 -0.00568 -0.370986
2011 -0.3681 | -0.011303 -0.14015 -0.15551 0.026465 0.006223
2012 -0.07214 | 0.013935 -0.03945 -0.05961 -0.039409 -0.248157
2013 -0.00488 | -0.011293 -0.12922 -0.1957 -0.017949 -0.449542
2014 -0.02342 | -0.016156 -0.0718 -0.10186 -0.039181 -0.098339
2015 -0.05216 | -0.003588 -0.02914 -0.04074 -0.002337 -0.044788
2016 0.04608 | -0.011887 -0.0176 -0.02908 -0.006255 -0.107697
2017 0.18548 | -0.005124 -0.00057 -0.00378 -0.011729 0.013907
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Time

Weather Event

November 10, 2009

Hurricane Ida (flood)

July 25-26, 2010

Tropical Storm Bonnie (flood)

April-May 2011

Flood

September 4, 2011

Tropical Storm Lee (flood)

Summer 2011-Fall 2012

North American Drought

August 29, 2012

Hurricane Isaac (flood)

June 22, 2017

Tropical Storm Cindy (flood)
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% of Total State
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