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Flash floods are an ongoing threat to life and property in the Northeast US and are 

generally studied as natural phenomena resulting from extreme weather. This 

dissertation approaches flash floods from a different perspective, in which I explore 

not only landscape and atmospheric variables, but also the role of people and the built 

environment. In the first part, I use a spatial model to predict flash flood reports as a 

function of landscape variables and human population. I find that flash flood reports 

are correlated with spatially varying slope, saturated hydraulic conductivity (ksat), and 

impervious area. The model improves when population is included, indicating a 

reporting bias toward populated areas. In the second part I assess natural and 

anthropogenic landscape variables of 180 watersheds affected by flash floods.  

I create a runoff type classification system based on precipitation rate and the amount 

(depth) of precipitation resulting from a storm combined with soil properties of ksat 

and soil moisture deficit in the watershed. This analysis demonstrates that saturation 

excess runoff, infiltration excess runoff, and poor drainage all contribute to flash 

floods in the Northeast US. In the third part, I assess one aspect of built infrastructure 

by calculating the suitability of road culverts to convey runoff from a 5-year design 

storm. Suitability varies by study watershed and by road ownership with roads owned 

by New York State being more likely to have suitable culverts than roads owned by 

county and local governments. I find no significant relationships between culvert 

suitability and slope, impervious area, or ksat at the watershed scale. At the town level, 



 

population is positively correlated with culvert suitability, but median income is not 

significantly correlated. This work demonstrates that the presence of people and their 

alterations to the landscape contribute to the incidence of flash floods in the Northeast 

US. 
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CHAPTER 1 

INTRODUCTION 

Motivation 

Flash floods are the most costly natural disasters, in terms of human life and property, 

throughout most of the United States (US). The National Weather Service (NWS) reports a 30-

year average of $8.2 billion in property damage and about 89 fatalities each year due the flash 

floods throughout the US (NWS 2014). The purpose of my research is to analyze landscape, 

atmospheric, and anthropogenic influences on flash flood production and reporting in the 

Northeast US. My ultimate goal is to improve our ability to predict when and where flash floods 

will occur in order to protect lives and property. 

Background  

Flash floods are defined as inundations that occur within 6 hours of the onset of precipitation 

(NWS 2011). These floods are the product of atmospheric and landscape variables, such as rain 

rate and amount (depth), developed impervious surfaces, topographic slope, and soil properties. 

While people often think of natural hazards like flash floods as the result of environmental 

factors outside our control, human changes to the landscape contribute to flood risk by enhancing 

storm runoff and placing infrastructure in flood-prone locations. As a result, human decisions 

and behavior need to be considered as an integral part of the “natural” system. Unlike weather, 

human influences on flash floods are somewhat (or at least theoretically) under our control. This 

is particularly true for so-called poor drainage floods, sometimes referred to as urban floods. 

These floods are attributed specifically to inadequate stormwater and drainage systems, i.e., they 

are due to human manipulations to the natural drainage network. While poor drainage floods 
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tend to cause fewer fatalities than other types of floods, they impact more people per flood and 

can do significant property damage (Jonkman 2005). 

 

Rainfall and land use are two important drivers of flash floods and both have been systematically 

changing over the past century in ways that will likely enhance flash flood risks in the Northeast 

US. For example, the frequency and intensity of precipitation events have increased in many 

regions over the last century (e.g. Groisman et al. 2001, DeGaetano 2009) and are expected to 

continue to increase in the future (DeGaetano and Castellano 2013, IPCC 2014). Similarly, 

historical changes in land use, especially converting crop and forest land to urban and built 

landscapes, are also expected to continue into the future (Alig et al. 2004). These land use 

changes will increase impervious areas, requiring additional storm water infrastructure and 

influencing timing, location, and severity of flash floods.  

 

Regional Setting 

This study focuses on flash floods in the Northeast US states, including Connecticut, 

Massachusetts, Maine, New Hampshire, New Jersey, New York, Pennsylvania, Rhode Island, 

and Vermont. The Northeast is part of the Appalachian Highlands physiographic region. Terrain 

ranges from the complex Catskills and the Appalachian range, to coastal plains near the Great 

Lakes and the Atlantic. Land use in the region consists of about 58% forested land, 15% 

agricultural land, and 11% developed land (National Land Cover Database 2011 (Jin et al. 2013). 

The climate is humid; average annual precipitation totals range from 750 to 1500 mm across the 

region. Precipitation intensities (Brooks and Stensrud 2000) and depths (NOAA 2011) are 

highest in the summer months, particularly as a result of convective storms. 
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Flash floods are often studied as a single event (e.g. Petersen et al. 1999), or a few events in a 

local geographic setting (e.g. Smith et al. 2010; Smith et al. 2011). I chose to study flash floods 

over a broad geographic region and temporal scope because this approach can better capture 

interactions and relationships across a wide range of variables in the atmosphere, the landscape, 

and the built environment. 

Meteorology 

Storm properties of interest to a hydrologist when evaluating floods are intensity (rate), amount 

(depth), and duration of precipitation. These properties are controlled by atmospheric physics, 

including the amount of water available and the amount of energy in the storm system. On the 

ground, the areal extent and duration of a storm system over the area of interest determine the 

total amount of precipitation. The atmospheric conditions that lead to floods have been studied 

for several decades, and vary significantly with geography (e.g., Maddox et al. 1979). I will limit 

my discussion of storm properties to what is salient to my Northeast US study region. Flash 

floods often result from a series of convective cells which follow each other in time or space. 

Each cell alone might produce unremarkable rainfall, but in series they can produce sufficient 

precipitation to cause a flash flood (e.g., Doswell et al. 1996; Jessup and Colucci 2012). Another 

common scenario that can create flash flooding is a storm system that remains relatively 

stationary and delivers all of its precipitation to one place (Doswell et al. 1996; Jessup and 

Colucci 2012). Flash floods are often assumed to result from storms with very intense 

precipitation (Gruntfest and Huber 1991) and this has been verified in some locations (e.g. , 

Smith et al. 2002), but it is not clear what role precipitation intensity plays in Northeast US 

floods. Jessup and Degaetano (2008) found that, in the Northeast, storms that resulted in flash 

floods had both higher total depths and higher rates than non-flood storms. On the other hand, 
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Jessup and Colucci (2012) studied some flood-producing storms with relatively low intensity, 

which suggests there are flood-producing mechanisms at work in the region other than high 

intensity rainfall. 

The changing climate could have an impact on the number and severity of flash flood events. 

Increases in the number and intensity of rainfall events have been observed in the Northeast US 

over several decades (Karl and Knight 1998; Groisman et al. 2001; Kleinen and Petschel-Held 

2007; Degatano 2009). The actual impacts of these changes on the hydrologic cycle are uncertain 

(Kundzewicz et al 2013), but a better understanding of the relationships between storm 

properties and flash flooding could help us prepare for changes in precipitation patterns and the 

implications for flooding.  

Watershed Hydrology 

Precipitation is only the first step to producing a flash flood. Some of the precipitation that 

reaches the ground will be converted to overland runoff, if it is of sufficient depth or intensity. 

The amount of storm runoff and the route it takes to a stream depend on the natural properties of 

the landscape as well as human modifications. Two storm runoff mechanisms are likely to 

contribute to flash flooding: saturation excess runoff (e.g., Dunne and Black 1970) and 

infiltration excess runoff, also known as Hortonian runoff (e.g., Horton 1933, 1940). Saturation 

excess runoff occurs when rain falls on soil that has reached or exceeded its water storage 

capacity. Rain that falls on saturated soil will produce runoff, regardless of the rainfall intensity. 

Infiltration excess runoff occurs only when the rainfall intensity (rate) exceeds the infiltration 

capacity of the soil. The differences between these two processes imply that it is possible to have 

different runoff-generating locations within a landscape. Saturated areas are distributed 

throughout a watershed as a function of topography and soil water holding capacity (e.g., Walter 
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et al. 2000). At a given time, their overall extent depends on antecedent wetness conditions. Soil 

infiltration capacity depends largely on soil texture as well as the space- and time-variant soil 

moisture. For a given soil texture, wet soil will have a lower initial infiltration rate than dry soil 

because there is a lower net capillary suction in the soil pores, i.e., wetter soils have a higher soil 

matric potential. Thus, both runoff processes are more likely to occur when soil moisture is high.  

There is no simple “recipe” for a flash flood. Several landscape variables have previously been 

associated with flash-flood runoff including topographic slope, basin size, soil hydraulic 

properties, soil moisture, land use (particularly impervious surfaces) and vegetative cover (Hollis 

1975; Leopold 1991; Davis 2001; Schmittner and Giresse 1996; Droegemeier et al 2000; 

Hapuarachchi et al. 2011). It is important to recognize that these variables are not necessarily 

independent, e.g. soil moisture can correlate to topographic slope. Many of these variables could 

influence either saturation or infiltration excess processes. The dominant runoff process in a 

given storm can vary in space and time and will depend on both the landscape properties and 

storm properties. Even if we understand “typical” runoff processes in an area, it is difficult to 

predict how the landscape will respond to extreme conditions, either in the atmosphere or on the 

ground (Blöschl and Zehe 2005; Collier 2007).  

In the Northeast, saturation excess is the most common storm runoff mechanism, largely because 

the soils have a high infiltration capacity compared to the typical precipitation rates (e.g., Walter 

et al. 2003). Shaw and Riha (2011) showed that the largest peak discharges for Northeast streams 

with stream gages infrequently coincide with the largest or most intense rainfall events. Thus it 

seems floods in this region require a combination of a susceptible watershed (e.g., wet soil 

conditions, extensive impervious surfaces), and a storm with sufficient rain volume and/or 



 

6 

intensity. However, as noted above, flash floods are extreme events and the usual rules might not 

apply. 

Urban areas are particularly interesting for flash flood researchers. When pervious surfaces are 

made impervious, runoff peaks often become higher, especially for more frequent events (e.g., 

Hollis 1975; Rose and Peters 2001). This is partially because runoff moves faster over paved 

surfaces than naturally rough surfaces, so in urban settings there is a shorter time between onset 

of precipitation and a flood (Leopold 1991). Even in less “urban” areas, people modify their 

environment by building road ditches, subsurface drainage, etc. While the intended result of 

these systems is to efficiently remove water from roads and fields, an unintended result is 

increased storm flow peaks in streams (e.g., Buchanan et al. 2013a, 2013b). Urban flooding is 

significant in the Northeast region, where some of the most densely populated and highly 

urbanized areas in the US are located. 

Flood Reporting 

The National Weather Service (NWS) has been tasked with predicting and recording flash floods 

in the US, as well as communicating flash flood risk to the public (US Department of Commerce 

1970; Flood Control Act of 1938). The prediction of flash floods in space and time involves 

models based primarily on natural variables including atmospheric (e.g., rainfall depth) and 

landscape conditions (e.g., soil moisture; see e.g., Georgakakos 2006; Ntelekos et al. 2006). The 

available record of actual flash flood occurrences, however, is of uncertain completeness and 

accuracy. Most flash floods are much more localized than the typical watershed with a US 

Geological Survey (USGS) gauge (Figure 1.1), making it difficult to amass direct hydrological 

measurements. Indeed, extreme floods in small watersheds are often missed by both gage data 

(Javier et al 2010) and radar rainfall coverage (Krajewski and Smith 2002). Currently our best 



 

7 

information about the timing and location of flash floods relies on reports compiled in the Storm 

Events database administered by the National Climatic Data Center (NCDC). This database 

includes the location, date and time of occurrence for flash floods in the US since 1994. 

Information about property damage, injuries and fatalities are included when they are available. 

A narrative can be included, which contains information of varying kind and detail. Some 

narratives are very specific about the storm that caused the flooding, the location and/or the 

aftermath of the event, while others are quite brief and uninformative. Reports only occasionally 

include the kind of information that would be useful for hydrological analysis, such as the exact 

location or areal extent of flooding (Calianno et al. 2013), and the reported events are rarely 

located at or close to USGS stream gauges.  
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Figure 1.1. Comparison between drainage areas of flash floods and gauged watersheds in the 

Northeast US. (a) Spatial extent of a typical flash flood watershed (striped) and a typical gauged 

watershed (light gray): Newtown Creek at Elmira, NY (Station ID 01530500). (b) Histogram of 

gauged watershed areas (light bars) and the watershed areas of a sample of flash floods in the 

same region (dark bars). Flash flood watersheds are from a study by Marjerison et al. presented 

in Chapter 3 of this dissertation. Gauged watersheds are from USGS. 
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Culvert Suitability 

Road culverts are an important part of the storm water infrastructure in suburban and rural areas. 

Culverts have traditionally been designed for maximum efficiency, i.e., the smallest culvert that 

can accommodate the design flow. This approach is driven largely by economics – smaller 

culverts cost less than big ones. The lifetime cost of a culvert, including the societal and 

environmental impacts, are rarely included in design considerations (Ring 1984). As noted 

above, landscapes and climate in the Northeast US are changing, and these changes are likely to 

result in increased storm runoff. If peak storm runoff rates increase, as predicted, then existing 

culverts might no longer meet the needs of the communities for which they were designed. 

Transportation is identified by the IPCC (2014) as an important area of concentration for 

adaptation efforts, but adaptations to infrastructure such as road culverts depend on institutional 

(typically government) means and knowledge (Eisenack et al 2012).  

Chapter 2: Population Bias in Flash Flood Reporting 

This chapter addresses one criticism of the Storm Events database, which is that reports could be 

biased toward populated areas and therefore not represent the actual distribution of flash floods 

in the Northeast US. I analyzed the distribution of flash flood reports as a function of 

environmental variables and human population. The dataset consisted of 422 flash flood reports 

within the Binghamton Weather Forecast Office occurring between 2005 and 2013. The forecast 

area covers 559 minor civil divisions (MCDs), 208 of which had flood reports during the study 

period. I used a spatial conditional autoregressive (CAR) model to test the hypothesis that flood 

reports are made more frequently in areas with higher population, even when other flood 

generating processes are considered (Figure 1.2). The variables in the model were slope, percent 

impervious area, and soil hydraulic conductivity (ksat), and typical (1 year recurrence interval) 
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storm precipitation depth and rate for each MCD. I conclude that the environmental variables 

slope, ksat, and impervious area are significant predictors of flash flood reports, but the model 

improves when population is added as a predictor. It remains unclear whether the bias represents 

an actual increase in flooding where people live, or an increase in reporting because there are 

more people to observe floods. This result suggests that the Storm Events database can be useful 

in identifying the approximate locations of flash flood events. These reported locations are 

related to physical flood generating processes, but the locations are also somewhat biased toward 

more populated areas. The existence of MCDs that are highly flood prone but have no reported 

floods suggests the Storm Events database output should not be used to assume a lack of floods 

in any given location. 
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Figure 1.2  Flood report counts by MCD. Darker tones are higher flood report counts. (a) Actual 

flood report counts. (b) Predicted counts from Model 1, without population. (c) Predicted counts 
from Model 2, with population. All maps are in UTM NAD83 Zone 18 projection. 

Chapter 3: Landscape Properties of Flash Flood Events 

This chapter addresses atmosphere-landscape interactions and explores the dominant runoff 

mechanisms that contribute to flash flooding in the Northeast US. I determined landscape 

properties for 180 flash flood events, for which storm characteristics had previously been 
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analyzed by Jessup and Colucci (2012). For each flood event I delineated a watershed based on 

the most probable location of the flooding. Then, for each watershed I calculated average slope, 

average ksat, average soil moisture deficit, average impervious area and local (within 100 m of 

watershed outlet) impervious area. None of the landscape variables in the flash flood watersheds 

were significantly correlated with rainfall depth or rate. However, using the relationships 

between storm precipitation depth and soil moisture deficit (depth ratio), and between rainfall 

rate and watershed average ksat (rate ratio) I determined that some combinations of landscape 

and storm properties were more likely than others (Figure 1.3). I conclude that there is evidence 

for infiltration excess, saturation excess, and poor drainage flooding in the Northeast US. Space- 

and time-variant landscape variables combined with storm properties can give insight into what 

types of landscapes will be most susceptible to a given storm. 
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Figure 1.3. Map of flash flood events showing all runoff types. Circles represent 

COMBINATION type events, which have high rate ratio and high depth ratio; floods probably 

result from more than one runoff mechanism. Squares represent INFILTRATION type events, 

which have high rate ratio but low depth ratio; infiltration excess runoff is likely dominant. 

Diamonds represent SATURATION events which have high depth ratio and low rate ratio; 

saturation excess runoff is likely dominant. Triangles represent UNCERTAIN type events, which 

have low rate ratio and low depth ratio; flooding could result from poor drainage, or runoff could 

generate in parts of the watershed with properties very different from the average. State 

boundaries are from US Census Bureau Tiger Line data (2012). Map is in North America 

Lambert Conformal Conic projection. 

Chapter 4: Effects of Culvert Suitability on Current and Future Flood Potential 

This chapter focuses on built infrastructure, particularly culverts, as a potential cause of flash 

floods. I determined the suitability of about 900 culverts in 11 study watersheds in the Lower 

Hudson River basin. I calculated the peak flow capacity for each culvert based on field 

measurements and compared this to the predicted runoff for 9 design storms to assign a relative 

capacity to each culvert. That is, the recurrence interval of the largest storm that the culvert could 
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convey without overtopping the road. The 11 study watersheds had varying distributions of 

relative capacity. For each study watershed, and for each town with more than 10 culverts, I 

summarized the suitability as the percent of culverts with recurrence interval greater than or 

equal to 5 years. I compared suitability to several environmental and societal variables. At the 

study watershed level, none of the environmental variables were significant predictors of 

suitability. When analyzed by town, suitability was related to population, with higher population 

towns having higher culvert suitability (Figure 1.4).  

 

Figure 1.4. Town-level culvert suitability by town population. Culvert suitability is the percent of 

culverts than can convert runoff from the 5 year storm or greater. Census data are from the 2012 

Census.  

I selected eight flash flood reports in the Storm Events database for which the narrative field 

names culvert failure as a cause of flooding. Of these eight storms, seven had storm precipitation 

depth less than or equal to the 2 year storm. That is, relatively frequent storms are causing 

culverts to flood. This result corroborates the general findings of the suitability study. I conclude 
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that culverts in the Hudson River Valley are often inadequate to pass the 5-year storm, and 

culverts have already resulted in documented flash flooding in nearby watersheds. Based on the 

results of this study, under the expected future precipitation regime, more culverts will be 

inadequate and flooding is likely to increase.  

Summary 

Flash floods are an ongoing threat to life and property. Although flash floods are infrequent in 

any given location, they are common enough and severe enough regionally to warrant study. 

Flash floods are difficult to study as physical phenomena for several reasons, not least of which 

is the uncertainty in location and timing of events. Reports in the Storm Events database are 

imprecise, but they can help us understand where flash floods with high societal significance 

occur. My research identified a bias in reporting toward populated areas, but reports are also 

largely aligned with landscape predictors of flooding (e.g., slope). Landscape properties and 

storm characteristics interact to produce flooding, which I show can result from several different 

mechanisms, including saturation excess runoff, infiltration excess runoff, and poor drainage 

flooding. Culverts are an important part of the built landscape that, when undersized, can 

contribute to significant flash flooding.  

  



 

16 

References 

Alig, R.J., Kline, J.D., Lichtenstein, M., 2004. Urbanization on the US landscape: looking ahead 

in the 21st century. Landscape and Urban Planning, 69(2-3): 219-234. 

DOI:10.1016/j.landurbplan.2003.07.004 

Bloschl, G., Zehe, E., 2005. Invited commentary - On hydrological predictability. Hydrological 

Processes, 19(19): 3923-3929. DOI:10.1002/hyp.6075 

Brooks, H.E., Stensrud, D.J., 2000. Climatology of heavy rain events in the United States from 

hourly precipitation observations. Monthly Weather Review, 128(4). DOI:10.1175/1520-

0493(2000)128<1194:cohrei>2.0.co;2 

Buchanan, B., Easton, Z.M., Schneider, R.L., Walter, M.T., 2013a. Modeling the hydrologic 

effects of roadside ditch networks on receiving waters. Journal of Hydrology, 486: 293-

305. DOI:10.1016/j.jhydrol.2013.01.040 

Buchanan, B.P., Falbo, K., Schneider, R.L., Easton, Z.M., Walter, M.T., 2013b. Hydrological 

impact of roadside ditches in an agricultural watershed in Central New York: 

implications for non-point source pollutant transport. Hydrological Processes, 27(17): 

2422-2437. DOI:10.1002/hyp.9305 

Calianno, M., Ruin, I., Gourley, J.J., 2013. Supplementing flash flood reports with impact 

classifications. Journal of Hydrology, 477: 1-16. DOI:10.1016/j.jhydrol.2012.09.036 

Collier, C.G., 2007. Flash flood forecasting: What are the limits of predictability? Quarterly 

Journal of the Royal Meteorological Society, 133(622): 3-23. DOI:10.1002/qj.29 

Davis, R.S., 2001. Flash flood forecast and detection methods. Meteorological Monographs, 28. 

DOI: http://dx.doi.org/10.1175/0065-9401-28.50.481 

DeGaetano, A.T., 2009. Time-Dependent Changes in Extreme-Precipitation Return-Period 

Amounts in the Continental United States. Journal of Applied Meteorology and 

Climatology, 48(10). DOI:10.1175/2009jamc2179.1 



 

17 

DeGaetano, A.T., Castellano, C.M., Annals, N.Y.A.S., 2013. Recent and future changes in 

extreme rainfall in the Catskills region of New York. Effects of Climate Change and 

Invasive Species on Ecosystem Integrity and Water Quality, 1298: 43-51. 

DOI:10.1111/nyas.12245 

Doswell, C.A., Brooks, H.E., Maddox, R.A., 1996. Flash flood forecasting: An ingredients-

based methodology. Weather and Forecasting, 11(4): 560-581. 

Droegemeier, K.K. et al., 2000. Hydrological aspects of weather prediction and flood warnings: 

Report of the Ninth Prospectus Development Team of the US Weather Research 

Program. Bulletin of the American Meteorological Society, 81(11): 2665-2680. 

Dunne, T., Black, R.D., 1970. Partial area contributions to storm runoff in a small New England 

watershed. Water Resources Research, 6(5): 1296-1311. 

Eisenack, K., Stecker, R., Reckien, D., Hoffmann, E., 2012. Adaptation to climate change in the 

transport sector: a review of actions and actors. Mitigation and Adaptation Strategies for 

Global Change, 17(5): 451-469. DOI:10.1007/s11027-011-9336-4 

Flood Control Act of 1938 (33 U.S.C. §706) 

Georgakakos, K.P., 2006. Analytical results for operational flash flood guidance. Journal of 

Hydrology, 317(1-2): 81-103. DOI:10.1016/j.jhydrol.2005.05.009 

Groisman, P.Y., Knight, R.W., Karl, T.R., 2001. Heavy precipitation and high streamflow in the 

contiguous United States: Trends in the twentieth century. Bulletin of the American 

Meteorological Society, 82(2): 219-246. DOI:10.1175/1520-

0477(2001)082<0219:hpahsi>2.3.co;2 

Gruntfest, E., Huber, C.J., 1991. Toward a comprehensive national assessment of flash flooding 

in the United States. Episodes, 14(1): 26-35. 

Hapuarachchi, H.A.P., Wang, Q.J., Pagano, T.C., 2011. A review of advances in flash flood 

forecasting. Hydrological Processes, 25(18): 2771-2784. DOI:10.1002/hyp.8040 



 

18 

Hollis, G.E., 1975. Effect of urbanization on floods of different recurrence interval. Water 

Resources Research, 11(3): 431-435. DOI:10.1029/WR011i003p00431 

Horton, R.E., 1933. The role of infiltration in the hydrologic cycle. Transactions-American 

Geophysical Union, 14: 446-460. 

Horton, R.E., 1940. An approach toward a physical interpretation of infiltration-capacity. Soil 

Sci Soc Amer Proc, 5: 399-417. 

IPCC, 2014: Summary for Policymakers. In: Climate Change 2014: Impacts, Adaptation, and 

Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to 

the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Field, 

C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. 

Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. 

MacCracken, P.R. Mastrandrea, and L.L. White (eds.)]. Cambridge University Press, 

Cambridge, United Kingdom and New York, NY, USA, pp. 1-32. 

Javier, J.R.N., Smith, J.A., Baeck, M.L., Villarini, G., 2010. Flash Flooding in the Philadelphia 

Metropolitan Region. Journal of Hydrologic Engineering, 15(1): 29-38. 

DOI:10.1061/(asce)he.1943-5584.0000148 

Jessup, S.M., Colucci, S.J., 2012. Organization of Flash-Flood-Producing Precipitation in the 

Northeast United States. Weather and Forecasting, 27(2): 345-361. DOI:10.1175/waf-d-

11-00026.1 

Jessup, S.M., DeGaetano, A.T., 2008. A statistical comparison of the properties of flash 

flooding and nonflooding precipitation events in portions of New York and 

Pennsylvania. Weather and Forecasting, 23(1): 114-130. 

DOI:10.1175/2007waf2006066.1 

Jin, S., Yang, L., Danielson, P., Homer, C., Fry, J., and Xian, G. 2013. A comprehensive change 

detection method for updating the National Land Cover Database to circa 2011. Remote 

Sensing of Environment, 132: 159 – 175.  

Jonkman, S.N., 2005. Global perspectives on loss of human life caused by floods. Natural 

Hazards, 34(2): 151-175. DOI:10.1007/s11069-004-8891-3 

http://www.mrlc.gov/downloadfile2.php?file=Preferred_NLCD11_citation.pdf
http://www.mrlc.gov/downloadfile2.php?file=Preferred_NLCD11_citation.pdf


 

19 

Karl, T.R., Knight, R.W., 1998. Secular trends of precipitation amount, frequency, and intensity 

in the United States. Bulletin of the American Meteorological Society, 79(2): 231-241. 

Kleinen, T., Petschel-Held, G., 2007. Integrated assessment of changes in flooding probabilities 

due to climate change. Climatic Change, 81(3-4): 283-312. DOI:10.1007/s10584-006-

9159-6 

Krajewski, W.F., Smith, J.A., 2002. Radar hydrology: rainfall estimation. Advances in Water 

Resources, 25(8-12): 1387-1394. 

Kundzewicz, Z.W. et al., 2014. Flood risk and climate change: global and regional perspectives. 

Hydrological Sciences Journal-Journal Des Sciences Hydrologiques, 59(1): 1-28. 

DOI:10.1080/02626667.2013.857411 

Leopold, L.B., 1991. Lag times for small drainage basins. Catena, 18(2): 157-171. 

DOI:10.1016/0341-8162(91)90014-o 

Maddox, R.A., Chappell, C.F., Hoxit, L.R., 1979. Synoptic and meso-alpha scale aspects of 

flash flood events. Bulletin of the American Meteorological Society, 60(2): 115-123. 

National Oceanic and Atmospheric Administration (NOAA), 2011: Comparative Climate Data 

for the United States through 2011. Available online at 

http://www1.ncdc.noaa.gov/pub/data/ccd-data/CCD-2011.pdf. Accessed March 19, 

2013. 

National Weather Service (NWS), 2011. National Weather Service manual, Definitions and 

general terminology. Available online at 

http://www.nws.noaa.gov/directives/sym/pd01009050curr.pdf, accessed January 8, 

2012. 

NWS, 2014. Hydrologic Information Center - Flood Loss Data. Available online at 

http://www.nws.noaa.gov/hic/index.shtml, accessed September 25, 2014. 

Ntelekos, A.A., Georgakakos, K.P., Krajewski, W.F., 2006. On the uncertainties of flash flood 

guidance: Toward probabilistic forecasting of flash floods. Journal of 

Hydrometeorology, 7(5): 896-915. 



 

20 

Petersen, W.A. et al., 1999. Mesoscale and radar observations of the Fort Collins flash flood of 

28 July 1997. Bulletin of the American Meteorological Society, 80(2): 191-216. 

Ring, G.W., 1984. Culvert Durability: Where Are We? Transportation Research Boards, 

Washington, D.C., pp. 1-9. 

Rose, S., Peters, N.E., 2001. Effects of urbanization on streamflow in the Atlanta area (Georgia, 

USA): a comparative hydrological approach. Hydrological Processes, 15(8). 

DOI:10.1002/hyp.218 

Schmittner, K.E., Giresse, P., 1996. Modelling and application of the geomorphic and 

environmental controls on flash flood flow. Geomorphology, 16(4): 337-347. 

DOI:10.1016/0169-555x(96)00002-5 

Shaw, S.B., Riha, S.J., 2011. Assessing possible changes in flood frequency due to climate 

change in mid-sized watersheds in New York State, USA. Hydrological Processes, 

25(16): 2542-2550. DOI:10.1002/hyp.8027 

Smith, J.A. et al., 2002. The regional hydrology of extreme floods in an urbanizing drainage 

basin. Journal of Hydrometeorology, 3(3): 267-282. 

Smith, J.A., Baeck, M.L., Ntelekos, A.A., Villarini, G., Steiner, M., 2011. Extreme rainfall and 

flooding from orographic thunderstorms in the central Appalachians. Water Resources 

Research, 47. DOI:10.1029/2010wr010190 

Smith, J.A., Baeck, M.L., Steiner, M., 1996. Catastrophic rainfall from an upslope thunderstorm 

in the central Appalachians: The Rapidan storm of June 27, 1995. Water Resources 

Research, 32(10): 3099-3113. DOI:10.1029/96wr02107 

Smith, J.A., Baeck, M.L., Villarini, G., Krajewski, W.F., 2010. The Hydrology and 

Hydrometeorology of Flooding in the Delaware River Basin. Journal of 

Hydrometeorology, 11(4): 841-859. DOI:10.1175/2010jhm1236.1 

  



 

21 

US Department of Commerce, National Oceanic and Atmospheric Administration, 1970. 

Department Organization Order 25-2B. Cited in National Weather Service Operations 

Manual. Available online at 

http://www.nws.noaa.gov/wsom/manual/archives/NA027045.html, accessed October 30, 

2014. 

Walter, M.T. et al., 2000. Hydrologically sensitive areas: Variable source area hydrology 

implications for water quality risk assessment. Journal of Soil and Water Conservation, 

55(3): 277-284. 

Walter, M.T. et al., 2003. Simple estimation of prevalence of Hortonian flow in New York City 

watersheds. Journal of Hydrologic Engineering, 8(4): 214-218. 

DOI:10.1061/(asce)1084-0699(2003)8:4(214) 

  



 

22 

CHAPTER 2 

DOES POPULATION AFFECT THE LOCATION OF FLASH FLOOD REPORTS? 

Chapter Summary 

Flash floods are a threat to human life and property so it is important to understand the 

underlying processes that lead to these infrequent but high consequence events. Accurately 

determining the locations of flash flood events can be difficult, which impedes comprehensive 

research of the phenomena. Flash flood reports are based on human observations, and may not 

reflect the actual distribution of events. We used the Storm Events database maintained by the 

National Climate Data Center (NCDC) to locate reported flash floods within the forecast area of 

the Binghamton, NY Weather Forecast Office between 2005 and 2013. We analyzed the 

distribution of those reports as a function of environmental variables (slope, impervious area, 

saturated hydraulic conductivity, typical precipitation intensity, and typical precipitation depth) 

and human population. We used a spatial conditional autoregressive (CAR) model to test the 

hypothesis that flood reports are made more frequently in areas with higher populations, even 

when other flood generating processes are considered. We conclude that environmental 

variables such as slope, saturated hydraulic conductivity, and impervious area are significant 

predictors of flash flood reports, but the model improves substantially when population is added 

as a predictor.  

  

Introduction 

A good working definition of the term “flood” can be elusive. For example, a flood could refer 

to a situation in which a river’s discharge exceeds its bank-full capacity. However, it is often 

implicitly assumed or explicitly defined that a flood is an event that causes damage to people. 
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An example of this dual meaning of the term is in the 1994 definition developed by the United 

States (US) Executive Office of the President; a flood is a”…temporary condition of … 

inundation of normally dry land… and/or the unusual accumulation of waters … with 

undesirable effects to life and property” (from Bedient et al. 2013). In this study we attempt to 

reconcile the human-centered concept of flood with a more physically-based definition typically 

used by hydrologists. 

 

Flash floods are inundations that occur within a few hours of the onset of precipitation. This 

type of flooding causes, on average, $8.2 billion in property damage, and about 89 fatalities 

each year in the US (National Weather Service [NWS], 2014). The NWS has been tasked with 

predicting and recording flash floods in the US, as well as communicating flash flood risk to the 

public (US Department of Commerce Department Organization Order 25-2B, 1970; Flood 

Control Act of 1938). The prediction of flash floods in space and time involves models based 

primarily on natural variables including atmospheric (e.g. rainfall depth) and landscape 

conditions (e.g. soil moisture; see e.g. Georgakakos 2006; Ntelekos et al. 2006). The available 

record of flash floods, however, is more subjective. Most flash floods are much more localized 

than the typical watershed with a US Geological Survey (USGS) gauge (Figure 2.1), making it 

difficult to amass direct hydrological measurements. Currently our best information about the 

timing and location of flash floods relies on reports compiled in the Storm Events database 

administered by the National Climatic Data Center (NCDC). This database includes the 

location, date and time of occurrence for flash floods in the US since 1994. Information about 

property damage, injuries and fatalities are included when they are available. A narrative can be 

included, which contains information of varying kind and detail. Some narratives are very 
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specific about the storm that caused the flooding, the location and/or the aftermath of the event. 

Other narratives are quite brief and uninformative. Location information prior to 2005 is often 

vague. For example, a flash flood location might be listed as “countywide” with no more 

specific information to pin-point where flooding occurred. Beginning in 2005, latitude and 

longitude coordinates, often corresponding to a town or other geopolitical feature, were 

included for nearly all flood reports. Reports only occasionally include the kind of information 

that would be useful for hydrological analysis, such as the exact location or areal extent of 

flooding, and the reported events are rarely located at USGS stream gauges. Sources of flash 

flood reports include emergency managers, state officials, trained observers, private citizens, 

and media. The NWS and NCDC do not guarantee the accuracy of data included in the database 

(NCDC 2015). 
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The objective of this study was to examine the role of population in flash flood reporting. We 

hypothesize that flood reports are made more frequently in areas with higher population, even 

when other flood generation processes are considered. The difference between a model based 

only on physical processes and one that includes population could help determine a bias in flash 

flood reporting. 

 

  

Figure 2.1. Comparison between drainage areas of flash floods and gauged watersheds in 

the Northeast US. (a) Spatial extent of a typical flash flood watershed (striped) and a 

typical gauged watershed (light gray): Newtown Creek at Elmra, NY (Station ID 

01530500). Streams, flood location, and gage location are shown for reference (b) 

Histogram of USGS (2011) gauged watershed areas (light bars) and the watershed areas of 

a sample of flash floods in the same region (dark bars). Flash flood watersheds are from a 

study by Marjerison et al. presented in Chapter 3 of this dissertation. 
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Methods 

The study area was comprised of 25 counties in New York and Pennsylvania (Figure 2.2) that 

fall within the forecast area of the Weather Forecast Office at Binghamton, NY. There are 

potential differences between forecast offices in local conventions or reporting style (e.g., 

number of database records per flood event), so we limited our study to an area covered by a 

single forecast office to avoid any such discrepancies. We chose the temporal scope of this 

study as 2005-2013 because after 2005 latitude and longitude coordinates were more 

consistently recorded in each report.  

 

Four hundred and twenty-two (422) flash flood reports were obtained from the NCDC Storm 

Events database (NCDC 2014). We aggregated the flash flood reports using the US Census 

political boundaries at the minor civil division (MCD) level from the 2010 census (US Census 

Bureau 2012). These geopolitical units are described by the US Census Bureau as “the primary 

subcounty governmental or administrative units; they have legal boundaries and names as well 

as governmental functions or administrative purposes specified by State law” (US Census 

Bureau 1994) There were 559 MCDs (e.g. towns, cities, villages) in the study area. Their 

populations ranged from 98 to 145,170 people, with a median of about 2,000 people (Figure 

2.3).  
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The location name recorded in the Storm Event database did not often coincide with an MCD, 

so we assigned each flash flood report to an MCD based on the latitude and longitude 

coordinates in the report. Most storms that generated a flash flood resulted in more than one 

report in the Storm Events database. For the purposes of this study, multiple reports on the same 

day in the same MCD were counted as one. Thus the response or dependent variable, F, for 

each MCD refers to the number of days on which at least one flood report was recorded with 

coordinates within the boundaries of that MCD. Of the 422 flash flood events in the study 

period, 369 reports remained when redundant reports were removed. Reports occurred in 208 of 

the MCDs (i.e. about 37% of MCDs had at least one flash flood report in the study period).  

 

 

Figure 2.2. Study area (dark outline) with point locations of flash flood reports 

for the 2005-2013study period (left, black dots). County boundaries (left) and 
state boundaries (right) are shown for reference. Political boundaries obtained 
from 2012 TIGER/Line Shapefiles prepared by the US Census Bureau (2012). 

Projection: UTM NAD83 Zone 18. 
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We tested the influences of selected environmental variables potentially relevant to flash flood 

generation (Figure 2.4). To represent the physical processes underlying flash floods, we chose 

landscape variables of slope, percent impervious area, and soil hydraulic conductivity (ksat). 

Basins with high average topographic slope (e.g. Schmittner and Giresse 1996) and high 

developed impervious area (e.g. Hollis 1975; Leopold 1991; Rose and Peters 2001) are more 

susceptible to high runoff that can lead to flooding. Flash floods can result from either 

infiltration excess (Horton 1940) or saturation excess (Dunne and Black 1970) processes, and 

soil hydraulic conductivity affects both of these processes. Other factors that have been 

associated with flood risk (e.g. vegetative cover) were not included, since their role is less well 

defined in the literature. Storm-specific factors such as rainfall intensity and total storm 

precipitation depth are important ingredients in producing flash floods (e.g. Maddox et al. 

 

Figure 2.3. (a) Population from the 2010 census for MCD political units in the study area. 

Darker MCDs have higher population. MCD polygons obtained from 2012 TIGER/Line 

Shapefiles prepared by the US Census Bureau (2012). Projection: UTM NAD83 Zone 18. 

(b) Histogram of population for MCDs in the study region. See table 1 for summary 

statistics. 
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1979; Doswell et al. 1996). Time- and space-variant antecedent soil moisture conditions have 

been shown through modeling and statistical analysis to be higher when flash floods occur 

(Jessup and DeGaetano 2008; Javelle et al. 2010, Nikolopoulos et al. 2011). While these 

dynamic variables are clearly important in determining where and when a given flash flood 

event will occur, in this study we focused on the relatively static variables as indicators of 

general landscape susceptibility.  

 

It was not clear how to represent precipitation characteristics in our analysis but, based on the 

often cited recurrence interval for river “bank-full flow” of 1-2 years (e.g., Dunne and Leopold 

1978), we chose to consider the 1-year return period storm as a “typical” storm. Typical storm 

precipitation depth for each MCD was represented by the areal average 24-hour 1-year storm 

precipitation depth (mm). Typical storm intensity for an MCD was represented by the 5-minute 

1-year precipitation depth, converted to a rate in mm per hour. Other storm recurrence intervals 

(e.g. the 10 year storm) were tested, but the outcomes were similar with all recurrence 

intervals. The values for each storm duration and return period were obtained from Northeast 

Regional Climate Center (NRCC) data (NRCC 2014).  
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Figure 2.4. Landscape and precipitation variables (averaged over each MCD) that were 

significant predictors in Model 1, without population. (a) Impervious area (percent) (b) 
Topographic slope (percent) (c) Storm intensity (mm h-1) represented by 1-year, 5-minute storm 

(d) Saturated hydraulic conductivity (ksat, mm h-1). Data sources are described in the text. All 
maps are in UTM NAD83 Zone 18 projection. 
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Average slope (percent change with elevation) was derived from the USGS National Elevation 

Dataset 10m digital elevation models (Gesch 2007; Gesch et al. 2002). Impervious area 

(percent) was determined from the 2011 National Land Cover Database (Xian et al. 2011). The 

average saturated hydraulic conductivity (mm h-1) in the surface layer was derived from the 

soil database, STATSGO, from the Natural Resources Conservation Service (NRCS 2010). 

The surface layer depth varies with soil series; in the study region it is typically around 10 to 

20 cm. 

We modeled the number of flash flood reports (F) in a given MCD as a function of slope (S), 

impervious area (I), saturated hydraulic conductivity (K), typical rainfall depth (D), and typical 

rainfall intensity (R) (Figure 2.4, table 2.1). The second model included the effect of 

population (P) of each MCD, derived from the 2010 census, in addition to the environmental 

predictors from Model 1. We used a Bayesian spatial Poisson model within the CARBayes 

package (Lee 2013) in R (R Core Team 2013). The conditional autoregressive (CAR) model 

adds random spatial effects to account for spatial structure that might not be totally explained 

by the model covariates. Using a Bayesian approach allows us to make inferences about the 

regression parameters while including the random spatial effects. The basic structure of this 

model is:  

 

 𝐅|λ ~ Poi(f|λ) Eqn. 2.1 

 log(λ) = Xβ  + Φ  
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where F is the set of responses (count of flood reports) and f is an element of F (the number of 

flood reports for a given MCD), λ is the expected mean of F, β is the vector of regression 

parameters, X is the vector of predictor variables (P, S, I, K, D, and R), and Φ  is a set of random 

spatial effects based on assigned neighborhood weights. Thus, we assume that the count variable 

F follows the Poisson probability distribution, that there is a linear relationship between the 

predictor variables and the natural log of the expected values of F, and that there is spatial 

information, modeled by Φ , which is not accounted for by the predictors. We assigned a sphere 

of influence (SOI) graph weighting scheme with binary weights. All neighbors are weighted 

equally and non-neighbors have no influence (Bivand et al. 2008). 

 

We used a Gaussian prior distribution for spatial regression parameters, Φ , suggested by Leroux 

et al. (2000) (as described in Lee 2013). The prior distribution includes a spatial autocorrelation 

parameter, ρ, which indicates the degree of spatial influence: where ρ= 0 there is no spatial 

autocorrelation and as ρ approaches 1 the amount of spatial autocorrelation increases. 
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Table 2.1. Summary statistics for response variable F and predictor variables P, S, I, K, D, and R. 

Variable Symbol Minimum Median Mean Maximum SD 

Flash flood reports  F 0 0 0.65 7 1.129 

Population (1000s) P .098 1.97 4.51 145 9.6 

Slope (%) S 0.8 7.1 6.9 14.3 2.6 

Impervious area (%) I 0.05 0.7 4.7 56 9.5 

ksat (mm h-1) K 33 51 105 495 99 

Precip. depth (mm) D 48 54 55 66 4 

Precip. rate (mm h-1) R 89 97 99 117 6 

 

Results 

Predicted flood report counts for each MCD were derived from the two models (Figure 2.5). In 

model 1, based only on environmental predictors, slope, impervious area, ksat and typical 

precipitation intensity were significant at the 5% level, but typical precipitation depth was not 

(Table 2.2). Slope and impervious area were positively correlated with flood reports, meaning 

an increase in either of these factors correlates with an increase in expected count of flash flood 

reports. Hydraulic conductivity and typical precipitation rate are negatively correlated with 

flood reports. The Deviance Information Criterion (DIC) was used to compare the models, with 

a lower DIC implying better fit. When population is included as a predictor, model fit improves 

(model 2 DIC = 1110; model 1 DIC = 1123). In model 2, only slope remains significant among 

the environmental variables. The parameter estimates (β) indicate the increase in log ratio of 

the response (F) for a unit increase in the predictor variable. For example, in model 2 an 

increase of 1% slope increases flood report count by about 0.1, and an increase of 1000 people 

increases expected flood reports by about 0.03 flood reports. The spatial correlation parameter, 
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ρ, is significant for both models, meaning the properties of neighboring MCDs had significant 

effect on the expected count. Model 2, which includes population, shows stronger spatial 

autocorrelation (ρ = .73 vs. ρ = .68 for model 1).  

 

 
Figure 2.5. Flood report counts by MCD. Darker tones are higher flood report counts. (a) 

Actual flood report counts. (b) Predicted counts from Model 1, without population. (c) 
Predicted counts from Model 2, with population. All maps are in UTM NAD83 Zone 18 
projection 
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Table 2.2. CAR-Poisson model outputs: posterior median regression parameters (β). Difference in 

Deviance Information Criteria (DIC) indicates significant improvement in the model with the inclusion 

of population.  

 Model 1 

no population 

Model 2  

with population 

Predictor Posterior median β  

Intercept (β0) 3.019 1.839 

Population (1000s) --- 0.030* 

Slope (percent) 0.108* 0.106* 

Impervious area (percent) 0.053* 0.026 

Sat. hydraulic conductivity (mm h-1) -0.003* -0.002 

Precipitation depth (mm) 0.106 0.100 

Precipitation rate (mm h-1) -0.106* -0.092 

ρ 0.68 0.73 

DIC 1110 1123 

* significant at the 5% level 

 

Discussion and Conclusions 

If flash flood reports are a reflection of actual flash floods, we would expect to see reports 

concentrated in MCDs with high slope, high imperviousness, low saturated hydraulic 

conductivity, high rainfall depth and high rainfall intensity. With these environmental variables 

as model predictors we found approximately this pattern. The typical rainfall variables were the 

exception, where typical depth was not significantly correlated and typical precipitation 

intensity was negatively correlated with flood report count. This unexpected result might be 

attributed to human adaptation to the rainfall characteristics of an area. For example, storm 

water systems are designed to manage runoff from a storm with a certain probability for the 
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area, so a “typical” storm would not be expected to cause a flash flood (e.g. Homa et al. 2013). 

Additionally, typical precipitation values did not vary much over the study area which could 

diminish the significance of their contribution to variation in flood report counts compared to 

other variables. The depth and intensity of any given storm would be a better indicator of the 

influence of precipitation. Gathering these data for all 369 flash flood events was not within the 

scope of this study. However, these data were obtained for a small sample of events (N=11) in 

the study area and only one event had maximum precipitation depth and intensity less than the 

10-year storm. In other words, flash floods are extraordinary events and the typical rainfall 

regime might not be a good predictor of where they will happen. 

 

Including population as a predictor significantly improved the model fit and changed the level 

of significance of most of the other variables, with slope being the only exception. Higher 

populations might increase the number of flood reports simply because people are present to 

observe the flood and make a report. Alternatively, if we accept “undesirable effects to life and 

property” as part of the definition of a flood, then we might conclude the increase in flood 

reports results from an increased concentration of human capital, i.e. flash floods are reported 

when property is damaged. Distinguishing between these two explanations with currently 

available information is difficult because damage reports in the Storm Events database are 

neither accurate nor precise. Damages, when reported, are estimates, and the full extent of 

damages might not be determined until well after the report has been recorded. 

 

While most of the environmental variables were significant in the model without population, 

only slope remained significant in the second model. This supports the finding of Schmittner 
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and Giresse (1996) that slope is the most important landscape variable in predicting runoff 

rates in extreme events.  

 

We tested the influence of particularly large events by omitting flood reports from the two 

tropical storm systems that caused catastrophic flooding in the area in 2011. Together these 

events produced 55 flood reports, about 13% of the total number of flood reports in the study 

period. Excluding these events did not disproportionately affect the results of the models. Both 

models (with and without population) fit better with the 2011 events omitted, but the parameter 

estimates were very similar to the models with the complete dataset. More environmental 

predictors (ksat and impervious area, in addition to slope) remained significant in the model that 

included population.  

 

It is not possible with the currently available data to determine, for a given MCD with zero 

flood reports, whether that zero value results from a true lack of flash floods or merely a lack of 

reports. However, in the subset of this dataset with zero flood reports, places with higher 

susceptibility based on higher slopes tend to have lower population. Some of these high-slope, 

low-population places might have experienced unreported floods.  

 

The results of this study suggest the Storm Events database can be useful in identifying the 

approximate locations of flash flood events, but these locations are somewhat biased toward 

more populated areas. Additionally, the records in the database cannot be relied on as 

identifying negative controls, i.e. locations where floods did not happen. 

 



 

38 

References 

Bedient, P.B., Huber, W.C., Vieux, B.E., 2013. Hydrology and Floodplain Analysis. Pearson 

Education Inc., New York, 801 pp. 

Bivand, R.S., Pebesma, E.J., Gomez-Rubo, V., 2008. Applied Spatial Data Analysis with R. Use 

R! Springer, New York. 

Doswell, C.A., Brooks, H.E., Maddox, R.A., 1996. Flash flood forecasting: An ingredients-based 

methodology. Weather and Forecasting, 11(4): 560-581. 

Dunne, T., Black, R.D., 1970. Partial area contributions to storm runoff in a small New-England 

watershed. Water Resources Research, 6(5): 1296-1311. 

Dunne, T., Leopold, L.B., 1978. Water in Environmental Planning. Macmillan, San Francisco, 

818 pp. 

Flood Control Act of 1938 (33 U.S.C. §706) 

Georgakakos, K.P., 2006. Analytical results for operational flash flood guidance. Journal of 

Hydrology, 317(1-2): 81-103. 

Gesch, D. et al., 2002. The National Elevation Dataset. Photogrammetric Engineering and 

Remote Sensing, 68(1): 5-11. 

Gesch, D.B. (Ed.), 2007. The National Elevation Dataset. Digital Elevation Model Technologies 

and Applications: The DEM Users Manual. American Society for Photogrammetry and 

Remote Sensing, Bethesda, Maryland, p. 99-118 pp. 

Hollis, G.E., 1975. Effect of urbanization on floods of different recurrence interval. Water 

Resources Research, 11(3): 431-435. 

Homa, E.S., Brown, C., McGarigal, K., Compton, B.W., Jackson, S.D., 2013. Estimating 

hydrologic alteration from basin characteristics in Massachusetts. Journal of Hydrology, 

503: 196-208. 



 

39 

Horton, R.E., 1940. An approach toward a physical interpretation of infiltra tion-capacity. Soil 

Sci Soc Amer Proc, 5: 399-417. 

Javelle, P., Fouchier, C., Arnaud, P., Lavabre, J., 2010. Flash flood warning at ungauged 

locations using radar rainfall and antecedent soil moisture estimations. Journal of 

Hydrology, 394(1-2): 267-274. 

Jessup, S.M., DeGaetano, A.T., 2008. A statistical comparison of the properties of flash flooding 

and nonflooding precipitation events in portions of New York and Pennsylvania. Weather 

and Forecasting, 23(1): 114-130. 

Lee, D., 2013. CARBayes: An R Package for Bayesian Spatial Modeling with Conditional 

Autoregressive Priors. Journal of Statistical Software, 55(13): 1-24. 

Leopold, L.B., 1991. Lag times for small drainage basins. Catena, 18(2): 157-171. 

Maddox, R.A., Chappell, C.F., Hoxit, L.R., 1979. Synoptic and meso-alpha scale aspects of flash 

flood events. Bulletin of the American Meteorological Society, 60(2): 115-123. 

National Climatic Data Center (NCDC), 2014. Storm Events Database. Available for download 

at http://www.ncdc.noaa.gov/stormevents, accessed April 15, 2014.  

NCDC, 2015. National Climatic Data Center Storm Data FAQ Page. Available online at 

http://www.ncdc.noaa.gov/stormevents/faq.jsp, accessed January 12, 2015 

Natural Resources Conservation Service, 2010. United States Department of Agriculture. U.S. 

General Soil Map (STATSGO2). Available online at http://sdmdataaccess.nrcs.usda.gov, 

accessed March 9, 2010. 

National Weather Service (NWS), 2014. Hydrologic Information Center - Flood Loss Data. 

Available online at http://www.nws.noaa.gov/hic/index.shtml, accessed September 25, 

2014. 

Northeast Regional Climate Center (NRCC), 2013. Extreme Precipitation in New York and New 

England. Available online at http://precip.eas.cornell.edu/. Accessed June 10, 2011. 

http://sdmdataaccess.nrcs.usda.gov/


 

40 

Nikolopoulos, E.I., Anagnostou, E.N., Borga, M., Vivoni, E.R., Papadopoulos, A., 2011. 

Sensitivity of a mountain basin flash flood to initial wetness condition and rainfall 

variability. Journal of Hydrology, 402(3-4): 165-178. 

Ntelekos, A.A., Georgakakos, K.P., Krajewski, W.F., 2006. On the uncertainties of flash flood 

guidance: Toward probabilistic forecasting of flash floods. Journal of Hydrometeorology, 

7(5): 896-915. 

R Core Team (2013). R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. URL http://www.R-project.org/. 

Rose, S., Peters, N.E., 2001. Effects of urbanization on streamflow in the Atlanta area (Georgia, 

USA): a comparative hydrological approach. Hydrological Processes, 15(8). 

Schmittner, K.E., Giresse, P., 1996. Modelling and application of the geomorphic and 

environmental controls on flash flood flow. Geomorphology, 16(4): 337-347. 

US Bureau of the Census, 1994. Geographic Areas Reference Manual. p 8-1. Available online at 

https://www.census.gov/geo/reference/pdfs/GARM/GARMcont.pdf, accessed October 

30, 2014. 

US Bureau of the Census, 2012. Tiger/Line Shapefiles joined with demographic data. Available 

online at http://www.census.gov/geo/maps-data/data/tiger-data.html, accessed March 7, 

2014. 

US Department of Commerce, National Oceanic and Atmospheric Administration, 1970. 

Department Organization Order 25-2B. Cited in National Weather Service Operations 

Manual. Available online at 

http://www.nws.noaa.gov/wsom/manual/archives/N A027045.html, accessed October 30, 

2014. 

US Geological Survey, 2011. GAGES-II: Geospatial Attributes of Gages for Evaluating 

Streamflow, version II vector digital data. Available online at 

http://water.usgs.gov/GIS/metadata/usgswrd/XML/gagesII_Sept2011.xml accessed 

August 12, 2014.   



 

41 

Xian, G., Homer, C., Dewitz, J., Fry, J., Hossain, N., and Wickham, J., 2011. The change of 

impervious surface area between 2001 and 2006 in the conterminous United 

States.Photogrammetric Engineering and Remote Sensing, Vol. 77(8): 758-762.   

http://www.mrlc.gov/downloadfile2.php?file=Preferred_NLCD11_Impervious_Surface_Citation.pdf
http://www.mrlc.gov/downloadfile2.php?file=Preferred_NLCD11_Impervious_Surface_Citation.pdf
http://www.mrlc.gov/downloadfile2.php?file=Preferred_NLCD11_Impervious_Surface_Citation.pdf


 

42 

CHAPTER 3 

THE COMBINED EFFECTS OF STORM PROPERTIES AND SURFACE CONDITIONS ON 

FLASH FLOOD SUSCEPTIBILITY IN THE NORTHEAST US. 

Chapter Summary 

Flash floods in the Northeast US can be difficult to study because both meteorological and 

hydrological characteristics are highly variable in space and time. The objective of this study was 

to identify how different storm and landscape characteristics interact to generate flash floods. We 

considered 180 flash flood events, grouped by a previously defined storm categorization scheme. 

Among the different storm types, rainfall depth, rate, and duration all showed significant 

differences, but of the landscape variables only the extent of impervious area was significantly 

different. We combined precipitation depth and rate with soil properties to classify events 

according to the runoff mechanism that was most likely to be dominant in each event. Watershed 

average slope and impervious areas were significantly different among the runoff types. We 

conclude that saturation excess runoff, infiltration excess runoff, and poor drainage flooding are 

all likely mechanisms contributing to flash flooding in the Northeast US. Further, flash floods are 

often the result of unremarkable storm conditions. We found no conclusive evidence of 

combinations of storm type with space- and time-variant landscape variables that are particularly 

likely to cause a flash flood.  
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Introduction 

Flash floods are a major problem, in terms of loss of human life and property, throughout the 

Northeast US. Flash floods are defined by the National Weather Service (NWS) as “a rapid and 

extreme flow of high water into a normally dry area … beginning within six hours of the 

causative event (e.g., intense rainfall, dam failure, ice jam)” (NWS 2011). Hundreds of flash 

floods are reported each year in the Northeast US, ranging from minor road floods to severe 

inundations of towns (National Climatic Data Center 2012). The reports in the National Climatic 

Data Center (NCDC) Storm Events database (formerly Storm Data) (NCDC 2012) indicate an 

average of 5 fatalities per year and property damages averaging $254 million per year in the 

Northeast U.S. between 2001 and 2011. 

  

Flash floods arise from a combination of atmospheric and landscape factors. The climate of the 

Northeast is humid, with average annual precipitation totals ranging from 750 to 1500 mm across 

the region. Precipitation amounts are highest in the summer months, particularly as a result of 

convective storms (Brooks and Stensrud 2000). Increases in the number and intensity of rainfall 

events have been observed in the region over several decades (Karl and Knight 1998; Groisman 

et al.. 2001; DeGaetano 2009). Although less apparent, there is some recent evidence of 

concurrent increases in the frequency of low-magnitude floods, i.e., flows slightly above bank-

full conditions for a given location (Armstrong et al. 2012). Climate change predictions for the 

region include further increases in precipitation (IPCC 2014), which have the potential to impact 

regional hydrology, including flood frequency and magnitude.  

 

Storms that produce heavy precipitation and, potentially, flash floods, have been described and 

categorized previously (e.g., Schumacher and Johnson 2006; Lombardo and Colle 2010). Jessup 
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and Colucci (2012) categorized flash flood-producing storms in the Northeast US based on the 

morphology, evolution, and movement of the storm systems. In this study we consider five storm 

types based on their classification system: back-building, linear, training, large-scale, and small 

scale (Table 3.1). Back-building events are quasi-stationary, with new convection cells forming 

behind and replacing the old cells. These storms tend to have high rainfall intensity and, since 

they move slowly, they tend to have a small but high-impact footprint. The linear type includes 

linearly organized convective systems, with accompanying stratiform precipitation. The linear 

features produce intense precipitation and can result in high rainfall totals when the direction of 

motion is along the long axis of the storm system (Doswell et al. 1996). The training events were 

a continuous line or a series of storm cells that cross an area in succession. Large storms are 

nonlinear systems with scale greater than 150 km. These can produce high amounts of 

precipitation over a large geographic area due to their size and long duration, despite relatively 

moderate to low precipitation intensity. The small scale type includes storms with areas of 

precipitation less than 50 km, as well as other, nonlinear storms that did not otherwise fit into the 

other types. These events typically have high precipitation intensity, but short duration. Like 

back-building events, they are relatively slow-moving, and tend to deliver all of their 

precipitation in one place. These storm groupings differ slightly from Jessup and Colucci (2012).   
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Table 3.1. Summary of storm characteristics, adapted from Jessup and Colucci (2012). 

Storm type Description 

Back-building Quasi-stationary; new storm cells form behind the old; can combine 

with other systems, Size is typically <50 km. 

Linear  Narrow line of intense convection in conjunction with stratiform 

system; duration and intensity depend on the direction of movement 

relative to the line and the speed of the system. Size is ~50 to 150 km. 

Training Continuous line or series of cellular features moving over the area, 

often with bordering stratiform precipitation. Size is ~50 to 150 km. 

Large-scale Nonlinear systems, greater than 150 km. 

Small-scale  Smaller, (generally <50km) relatively slow moving events; short 

duration and high intensity (often isolated thunderstorms). 

 

In addition to precipitation amount and rate (intensity), certain landscape factors have been 

shown to contribute to flash flooding. Basins with high topographic slopes (e.g. Schmittner and 

Giresse 1996) and/or with substantial developed impervious area (e.g. Hollis 1975; Leopold 

1991; Rose and Peters 2001) are more susceptible to rapidly accumulating runoff that can lead to 

flooding. High antecedent soil moisture conditions also seem to make the landscape more 

susceptible to flash flooding (e.g. Davis 2001, Jessup and DeGaetano 2008). Slope and 

impervious area are likely to vary spatially, even over small watersheds. Soil moisture varies 

substantially over time as well as space.  
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The Northeast U.S. contains some of the most densely populated and highly urbanized areas in 

the United States. The area covered by developed land has been increasing for the last several 

decades, and it is projected to continue expanding in the future (Alig et al. 2004). When pervious 

surfaces are made impervious, as in an urban area, runoff peaks become higher, especially for 

more frequent events (Hollis 1975; Rose and Peters 2001). Additionally, because runoff flows 

more rapidly over paved surfaces than most natural or vegetated surfaces, in urban settings there 

is a shorter time between onset of precipitation and a flood (Leopold 1991). This effect is 

intensified by the concurrent expansion of man-made drainage systems, including road ditches, 

culverts, and storm drains. While these features were designed to protect our infrastructure by 

channeling storm runoff, an unexpected outcome can be an increase in the magnitude of the 

flood peak at some location downstream from the features (e.g., Buchanan et al. 2013a, 2013b). 

Poor drainage floods, also called urban floods or drainage problems, are those floods caused or 

exacerbated by inadequate drainage infrastructure (Jonkman 2005, NWS 2014). 

 

The storm runoff mechanisms that generate runoff, which can lead to flash flooding, are 

saturation excess runoff (e.g., Dunne and Black 1970), and infiltration excess (or Hortonian) 

runoff (e.g., Horton 1933, 1940). Saturation excess runoff occurs when rain falls on soil that has 

reached or exceeded its effective water storage capacity, regardless of the rainfall intensity. Note 

that although we use the term “saturated,” a soil does not need to be fully saturated to initiate this 

type of storm runoff (see Lyon et al. 2006; Dahlke et al. 2012). Thus, a landscape that is already 

relatively wet will result in a larger fraction of the watershed being susceptible to saturating 

during rainfall. In contrast, infiltration excess runoff occurs when and where the rainfall intensity 

(rate) exceeds the infiltration capacity of the land surface. For a given soil texture, the initial soil 

infiltration capacity is lower for wetter soils than dry soils because there is a lower net capillary 
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suction in the soil pores, i.e., wetter soils have a higher soil matric potential. Both runoff 

processes are therefore more likely to occur when soil moisture is high. Although saturation 

excess is the most common regional storm runoff mechanism (e.g., Walter et al. 2003), flash 

floods are relatively infrequent in any given location, so both runoff mechanisms are possible 

contributors to flash floods. 

 

Saturation excess is the most common storm runoff mechanism in the Northeast largely because 

the soils have a high infiltration capacity compared to the typical precipitation rates (e.g., Walter 

et al. 2003). However, flash floods are extreme events and the conditions that generate common 

storm runoff might not apply. Shaw and Riha (2011) showed that the largest gauged peak 

discharges for Northeast streams infrequently coincide with the largest or most intense rainfall 

events. It is therefore probable that flash floods in this region often require a combination of a 

susceptible watershed (e.g., impervious land cover or wet antecedent conditions) and a storm 

with sufficient rain volume and/or intensity.  

 

Flash floods are controlled by the interrelationships of hydrological (landscape) and 

meteorological variables, so it is difficult to find simple explanations of flash flood processes. 

Our hypotheses are: H1. In the Northeast US, saturation excess runoff, infiltration excess runoff, 

and poor drainage flooding all contribute to flash floods. H2. Combinations of space- and time- 

variant storm and landscape characteristics make some watersheds more susceptible than others 

to different storm types. To test the first hypothesis (H1) we divided the watersheds into 

categories (runoff types) based on soil properties and storm characteristics. We evaluated 

impervious area and topographic slope within these runoff types. To test the second hypothesis 

(H2) we evaluated storm properties (rate, depth, and duration) within the previously established 
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storm types of Jessup and Colucci (2012). We also evaluated slope, impervious area, and soil 

hydraulic conductivity (ksat) within the storm groups.  

 

Methods 

We used a set of 180 flash flood events previously studied by Jessup and Colucci (2012). The 

events were selected from reports in the NCDC Storm Events database (Figure 3.1). The flash 

floods occurred between 2003 and 2007, in the months of May through September, i.e., non-

snow periods. Storms associated with tropical cyclones and their remnants were excluded. We 

delineated a watershed for each flash flood based on the location description in the storm report 

and characterized average landscape conditions in that watershed. We define an event as the 

coincidence of a flood-producing storm and the watershed contributing to the flash flood 

location. 

 

The National Weather Service (NWS) basins are the geographic unit for which the radar-based 

precipitation values were calculated. These basins were defined by either the Pittsburgh, PA 

Forecast Office (for events in that forecast area) or by the National Basin Delineation Project for 

all other forecast areas (Arthur et al. 2005; Jessup and Colucci 2012). These basins have areas of 

approximately 1 to 10 km2. 
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For each event we determined the watershed area and slope using ArcGIS spatial analysis tools 

(Jensen and Domingue 1988) and the 10 m digital elevation model (DEM) obtained from the US 

Geological Survey (Gesch et al. 2002; Gesch 2007). Storm reports had inconsistent spatial 

precision: some reports identified a specific intersection, bridge, or other identifiable point in the 

landscape while others reported only the town in which the flooding occurred. When reports 

were specific we placed the watershed pour-point (outlet) at the reported location, otherwise we 

placed the pour-point at the outlet of the NWS basin with the highest total rainfall depth in the 

report area.  

 

 
Figure 3.1. Map of study area and flash flood events. Open circles are flash flood events 
(N=180). State boundaries are from US Census Bureau Tiger Line data (2012). Map is in 
North America Lambert Conformal Conic projection. 
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The National Land Cover Database 2006 (NLCD) provides a measure of imperviousness from 

human development (e.g. pavement, buildings as opposed to rock outcrops). In the NLCD, each 

30 m pixel is assigned a value from 0 to 100 representing the percent of that pixel that is 

impervious (Xian and Homer 2010). We used a spatial average of the values of pixels within a 

watershed to estimate the average percent impervious area for each watershed. We also 

calculated impervious area within 100 m of the flood location (local impervious area). 

 

Precipitation intensity and depth were calculated from radar data using the Areal Mean Basin 

Estimation of Rainfall (AMBER) program (Davis 1993). We determined the maximum rain rate 

for an event as the maximum precipitation rate for a 15-minute period for any NWS basin in the 

watershed. Precipitation depth was calculated as the maximum cumulative (whole event) depth 

of rainfall for any NWS basin in the watershed. The precipitation recorded by the radar software 

is influenced by a “hail cap,” which is a radar reflectivity threshold above which all precipitation 

is assumed to be hail. Maximum rain rate (intensity) and the calculated depth of precipitation are 

both potentially underestimated by this hail cap for some events. 

 

We calculated the return period (also known as the recurrence interval) of the flood-producing 

storms by comparing the actual precipitation values to the statistically likely precipitation values 

for the event area. We used extreme precipitation products from the Northeast Regional Climate 

Center (NRCC) as measures of expected precipitation values for a given duration and return 

period (NRCC 2011). The six-hour duration expected values for Pennsylvania (PA) and New 

Jersey were obtained from the Precipitation Frequency Atlas of the United States (Bonnin et al. 

2006). These products have a spatial resolution of approximately 1 km. We compared each 

event’s precipitation depth to the watershed averaged depth of the six-hour storm duration in the 
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event location, and we compared the maximum rain rate for an event to the watershed average 

15-minute precipitation (converted to a rate, mm h-1). The maximum return period that an event 

storm exceeded was considered the return period for that event. 

 

Runoff types (H1) 

Soil data including saturated hydraulic conductivity (ksat, mm h-1), depth to bedrock (mm), depth 

to water table (mm) and soil bulk density (g cm-3) were derived from the Natural Resources 

Conservation Service (NRCS) State Soil Geographic database, STATSGO database (NRCS 

2010). Porosity was calculated from bulk density as: 

 

 𝜑 = 1 −
𝜌𝑏

𝜌0
   Eqn. 3.1 

 

where φ is porosity (-), ρb is bulk density (g cm-3), ρ0 is the soil particle density, assumed to be 

2.65 g cm-3.  

 

We estimated antecedent soil moisture values using the North American Land Data Assimilation 

System (NLDAS) Noah land surface model (Mitchell et al. 2004). Daily averaged values of soil 

moisture were retrieved using the Giovanni tool (Acker and Leptoukh 2007). The soil moisture 

(kg m-2) in the first 10 cm of the 1/8 degree (~4 km) grid cell containing the centroid of the event 

watershed was used. Soil moisture deficit was calculated as: 

 

 𝜃𝑑 = 𝐷(𝜑 − 𝜃)   Eqn. 3.2 
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where θd is soil moisture deficit (mm), D is the minimum soil depth (mm) either to the water 

table or to bedrock, φ is the porosity (-) from Eqn. 3.1, and θ is soil moisture (-). 

 

We defined the depth ratio as the ratio of precipitation depth to θd and used this as a measure of 

susceptibility to saturation excess runoff. We defined the rate ratio as the ratio of maximum rain 

rate to ksat, and used this as a measure of susceptibility to infiltration excess runoff. We 

developed categories to describe the dominant type of runoff expected in a given flash flood 

event. We classified the events based on the type of runoff generating mechanisms that we 

expect for each combination of soil and storm properties. We considered ratios greater than one 

(i.e., the maximum rainfall rate exceeded ksat or the maximum depth exceeded θd) “high” for the 

purpose of our classification, and ratios less than one were classed as “low.” Based on the 

expected dominant runoff process in each case, high rate ratio, low depth ratio events were 

classified as INFILTRATION and low rate ratio, high depth ratio events were classified as 

SATURATION. Where both rate ratio and depth ratio were high we classified the event 

COMBINATION, meaning a combination of saturation excess and infiltration excess is likely. 

Events with both low rate ratio and low depth ratio were classified as UNCERTAIN; it is likely 

that many of these events resulted from poor drainage flooding, but the dominant runoff 

mechanism was not clear from the evidence available. We compared the runoff types to the 

landscape variables of slope, impervious area, and local impervious area. 

 

Differences among runoff types were determined with analysis of variance (AOV) F-tests and 

Tukey Honest Significant Difference ([HSD] Tukey 1949) pairwise tests. 
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Storm types (H2) 

Differences among storm types were determined for storm properties of maximum rain rate, 

precipitation depth, and storm duration, and watershed average landscape properties slope, 

impervious area, ksat, and local impervious area. These differences were tested for significance 

with AOV and Tukey HSD (Tukey 1949).  

 

Results 

Runoff type analysis 

The INFILTRATION runoff type had the most events (47%) followed by UNCERTAIN 

(37%), COMBINATION (13%) and SATURATION (3%) (Figure 3.2). When grouped by 

runoff type, there were significant differences in impervious area and watershed average slope. 

Slope was highest for INFILTRATION type events, and lowest for COMBINATION runoff 

type events. Watershed impervious area was highest for the UNCERTAIN runoff type and 

lowest for the COMBINATION runoff type. Although the AOV analysis gave a significant 

result at the 90% level, the more conservative follow-up test (Tukey HSD) did not indicate 

significant differences between any pair of runoff types. 
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Figure 3.2. Graph of runoff types. Rate ratio is the ratio of maximum rain rate to watershed 

average ksat. Depth ratio is the ratio of precipitation depth to watershed average soil moisture 
deficit. Solid diamonds are events with reference to poor drainage or culvert flooding in the 

report narrative. Points with open squares have higher depth ratio than illustrated in this 
compressed chart. The actual depth ratio is listed next to the points. All other events are 
represented by open circles. 

Storm type analysis 

The study events had a wide range of landscape and storm characteristics (Table 3.2). The 

typical watershed was on the order of 10 km2, had average slope of around 10%, and had less 

than 10% impervious area. The typical storm had a precipitation depth of 66 mm, a maximum 

rain rate of 86 mm h-1, and duration of about 5 hours. 
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Table 3.2. Summary statistics for event watershed and storm characteristics 

 Min. Median Mean Max. 

Watershed landscape properties     

Watershed area (km2) 0.4 16 78 851 

Average topographic slope (%) 0.8 9 10 27 

Watershed mean imperviousness (%) 0 3 10 78 

Local imperviousness (%) 0 9 19 96 

Soil moisture deficit (mm) 1.3 14 14 35 

Saturated hydraulic conductivity (mm h-1) 27 67 91 299 

Storm properties     

Max. 15-minute precip. rate (mm h-1) 7.7 86 83 127 

Storm total precipitation depth (mm) 7.6 63 69 230 

Storm duration (h) 0.6 5 5 24 

 

Storm types are different from each other in rate, depth, and duration. There were statistically 

significant (α = 0.1) differences in maximum rain rate, precipitation depth, and storm duration 

among the storm groups (Figure 3.3). As expected, the large-scale storms were longer and lower 

intensity that other storm types. Large-scale and back-building storms had the highest 

precipitation depths. Back-building and linear storms had the highest maximum rain rates. There 

were no significant differences in intensity, duration, or precipitation depth between linear and 

small-scale storms, but we considered them separately in this analysis because their spatial 

morphologies are distinctly different (Table 3.1), which could influence their interactions with 

different watershed types to generate floods. For example, the shape of the watershed and the 

orientation of the storm with respect to the watershed probably influence whether or not a 
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watershed/storm combination will produce a flash flood, in ways that are not captured by total 

depth and rate measurements (Figure 3.4).  

 

 
 

Figure 3.3. Boxplots of storm characteristics, grouped by storm type: a. maximum rate (storm 

intensity) for a fifteen minute period, mm h-1 b. maximum storm total depth for the watershed 
(mm) c. storm duration in hours. Boxes show median, first and third quartiles. Whiskers show 
maximum and minimum values. Open circles are outliers, greater than 1.5 times the inter-

quartile range. Storm types with different capital letters have significantly different means (α= 
0.1).  
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Impervious area was the only landscape variable with a significant difference when factored by 

storm type (Figure 3.5). Large and linear events had the highest average impervious area; back-

building and small events had the lowest. As with the runoff type analysis, overall difference in 

 

Figure 3.4. An example of how other storm characteristics might contribute to interactions 

between watersheds and storms of various types. Streams are shown as light gray lines. USGS 

Hydrologic Unit Code, 8-digit (HUC-8) watersheds are medium gray lines, heavy line is the 

boundary of the watershed for the example flood. The star marks the flood location. a. Storm 

total depths (mm) for the affected region. b. Rainfall rate at 16:16 EDT, showing the 

orientation of the storm with the long, narrow watershed. c. Reference map of Northeast US. 

Maps are in North America Lambert Conformal Conic projection. 
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means was indicated by the AOV, but pairwise differences were not detected by the Tukey HSD 

test. Average slope, ksat, and local imperviousness were not significantly different among the 

storm types. 

  

Return period of flood-producing storms 

Many of the events had relatively low return period for depth and/or rate: 32% of events had 

precipitation depth and 19% of events had maximum rain rate at least as frequent as the 1 year 

storm (Figure 3.6). Precipitation depths were generally more extreme than rates. For example, 

10% of events had maximum rain rate higher than the 25 year storm rate, while about 26% of 

events had precipitation depth higher than the 25 year precipitation depth. This is a significant 

 
Figure 3.5. Boxplot of impervious area, grouped by storm type. Boxes show 
median, first and third quartiles. Whiskers show maximum and minimum 
values. Open circles are outliers, greater than 1.5 times the inter-quartile 

range. Overall AOV showed significant difference among types at the 90% 
level, but no significant pairwise differences were indicated by the Tukey 

HSD test. 
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result, even considering the hail cap, which is at approximately the 50-year storm for most 

locations for the 15-minute duration considered here.  

 

Discussion  

Runoff type analysis 

Our hypothesis (H1) that saturation excess runoff, infiltration excess runoff, and poor drainage 

flooding all contribute to flash floods in the Northeast US is supported by the presence of all 

runoff types in this data set (Figure 3.7). The prevalence of high rate ratio events (60% of total 

events) indicates that infiltration excess runoff is very often a contributing mechanism in 

Northeast US flash flood events. Fewer events (16% of total events) had high depth ratio, but the 

presence of even a few events with high depth ratio, low rate ratio, and relatively low impervious 

area indicates saturation excess runoff is a contributing mechanism to flash floods in the region.  

 

 

 
Figure 3.6. Percent of events with a given return period. Light bars are precipitation depth 

return periods, dark bars are rate return periods.   
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We found evidence of poor drainage flooding in the report narratives. The narratives of 11 events 

mention culverts that contributed to flooding, either because they were clogged or because they 

could not efficiently convey the floodwaters. Engineered stormwater structures are generally 

designed for storm runoff based on a design precipitation depth, not for any particular rate 

(Natural Resource Conservation Service 1986). An additional 8 event reports mention “poor 

drainage” flooding specifically. Some of these storms had a relatively typical total depth (e.g. the 

 

Figure 3.7. Map of flash flood events showing all runoff types. Circles represent 
COMBINATION type events, which have high rate ratio and high depth ratio; floods 

probably result from more than one runoff mechanism. Squares represent INFILTRATION 
type events, which have high rate ratio but low depth ratio; infiltration excess runoff is 

likely dominant. Diamonds represent SATURATION events which have high depth ratio 
and low rate ratio; saturation excess runoff is likely dominant. Triangles represent 
UNCERTAIN type events, which have low rate ratio and low depth ratio; flooding could 

result from poor drainage, or runoff could generate in parts of the watershed with properties 
very different from the average. State boundaries are from US Census Bureau Tiger Line 

data (2012). Map is in North America Lambert Conformal Conic projection. 
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1 year storm) but a high maximum rate (e.g. the 25 year storm). The total depth of rain could be 

well within the design parameters of local infrastructure but the rapid delivery of runoff due to 

high intensity rainfall could have overwhelmed culverts and storm drains. Flood risk assessments 

do not typically include stormwater systems (Ntelekos 2010), so even if the natural landscape is 

well characterized, we do not have complete information about flood risk in developed areas. 

The 19 “poor drainage” floods represent all of the runoff types (Figure 3.2), thus the runoff type 

might not be informative where inadequate infrastructure is a major source of flooding.  

 

Watershed average slope is higher in UNCERTAIN and INFILTRATION type events than 

SATURATION and COMBINATION type events. This reflects the different influences that 

slope has on the different runoff mechanisms: saturation excess runoff tends to be generated in 

low slope areas (e.g., Walter et al. 2000), but storm runoff tends to move more rapidly over high 

slope areas (e.g., Schmittner and Giresse 1996).  

 

Storm type characteristics 

The differences in storm properties (i.e. rate, depth, and duration) among the storm types of 

Jessup and Colucci (2012) suggest some storm types could pose more of a problem for some 

types of landscapes, i.e., those that are more susceptible to intense rain vs. extreme rain depth. 

These differences seem to support the hypothesis (H2) that the storm types could interact 

differently with different landscapes. For example, we would expect storm types that tend to 

produce high intensity rainfall (e.g. back-building, linear) to cause more flooding problems in 

areas with low soil infiltration capacity. However, of the landscape variables, only watershed 

impervious area was significantly different among the storm types. Large scale events and linear 

events had relatively high average watershed impervious areas. These storm types are quite 
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different from each other: large scale events tend to have relatively high precipitation depth and 

low maximum rain rate, while linear events tend to have relatively high maximum rain rate and 

moderate precipitation depth. From these results it is not clear whether watersheds with high 

impervious area are strongly susceptible to any particular storm property. No clear interactions 

between storm type and landscape properties emerged from this analysis. 

 

Return period of flood-producing storms 

Flash floods are often considered to be the result of extreme storm events. However, many of the 

events in our dataset resulted from storms with low return period for depth and/or rate. In other 

words, some landscapes are apparently susceptible to even relatively common storms. Poor 

drainage flooding is likely to be involved in these cases, and indeed we find that events with 

lower return period for precipitation depth tended to take place in more developed areas. For 

example events with return period less than or equal to 10 years had average impervious area of 

about 11%, while events with return periods greater than 10 years had average impervious area 

of about 7%. Some watersheds with more “natural” landscapes (e.g. below 10% impervious area) 

were also affected by less extreme storms. These events typically had moderate to high slopes 

and/or soil moisture. The landscape characteristics of watersheds flooded by low return period 

storms help demonstrate how some runoff mechanisms, or combinations thereof, can lead to 

flash flooding even under less extreme storm conditions.  

 

Tradeoffs and future research 

The NCDC Storm Events database, from which the study events were drawn, has limitations. 

Report locations are often inaccurate and/or imprecise. There is no consistent record of the 

spatial extent or severity of flooding, although this information is sometimes provided in the 
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narrative section. However, we think our focus on a sample of events from the database allowed 

us to study flash floods that certainly happened, and certainly had an impact on people. The 

database does not allow us to define negative controls, (places there was no flood) but we are 

able to state with confidence that a flood occurred under certain landscape and atmospheric 

conditions. 

  

The assumption of a dominant runoff mechanism for an event does not preclude contributions 

from the other sources of runoff. The determination of runoff type in this analysis was made 

based on simplifications (e.g. average, maximum) of space and/or time-variant properties. These 

simplifications might mask runoff production from smaller areas in the watershed where the 

properties are quite different from the average. As an example, the overall properties of a 

watershed (e.g., average soil moisture deficit) and storm (e.g., watershed maximum precipitation 

depth) might not indicate a particular runoff mechanism (e.g., saturation excess runoff), but in 

some portion of the watershed the soils might be particularly shallow and the soil moisture 

deficit much lower than the watershed average. In this case some fraction of the flood-producing 

runoff could come from saturation excess. 

 

Soil ksat, is particularly sensitive to scale. The values for ksat we used came from soil surveys and 

were derived from soil samples analyzed in a laboratory setting. These survey values are known 

to underestimate ksat in the field by as much as two orders of magnitude (Troch et al. 1993). This 

underestimation is, in large part, due to the presence of macropores (e.g. root channels, animal 

tunnels) in the field. Knowing that ksat is typically much higher than the values we used in our 
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calculations, it is likely that the prevalence of infiltration excess runoff mechanism is 

overestimated by our INFILTRATION and COMBINATION categories.  

 

In this study we chose to characterize many events in a simplified way, rather than choosing one 

or a few events to characterize in greater detail. The advantage to this approach is that we can see 

how landscape and atmosphere interact over a wide range of each variable. It is likely that a 

finer-scale analysis would reveal interactions in parts of the watershed that are missed by the 

simplifications and assumptions we made.  

 

The categorization developed in this study could help guide future research at other geographic 

or temporal scales. Additionally, a closer look at the landscape characteristics of flash flood 

events that result from relatively common storms is warranted. 

 

Conclusions 

Watershed and storm characteristics cannot easily be reduced to a few variables that explain 

flash flood mechanisms. Although the majority of events in this study had properties indicative 

of infiltration excess runoff processes, many of the events had evidence of poor drainage 

flooding, and some had characteristics of saturation excess runoff processes. Understanding 

more about the dominant runoff processes can help us predict which landscapes will be most 

susceptible to different kinds of storms. Given the results of this study, a local or regional flash 

flood risk assessment should include the slope, soil depth and porosity, soil ksat, and impervious 

area of a watershed. These variables could be combined with time-variant soil moisture data to 

help determine whether a watershed is susceptible to saturation excess runoff, infiltration excess 
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runoff, or both under a given set of storm conditions. This kind of analysis could help forecasters 

decide when and where to issue flood warnings. Regardless of the natural landscape, developed 

impervious area and built infrastructure are likely to influence the timing and location of flash 

floods. Careful design of storm water systems could help mitigate flash flood problem areas. 
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CHAPTER 4 

ROAD CULVERT CONVEYANCE SUITABILITY IN THE LOWER HUDSON VALLEY 

Chapter Summary 

We assessed the suitability of road culverts to convey storm flows in eleven study sub-

watersheds in the Lower Hudson River watershed by comparing culvert capacity to estimates of 

peak runoff. Runoff was calculated for design storms of 1 - 500 year return periods using 

standard engineering methods. Culverts were considered “suitable” if they could convey the peak 

storm runoff associated with a storm with 5 year or greater return period. The analysis was 

repeated for 2050 rainfall predictions to assess future suitability. Under current climate 

conditions, 62% of the culverts were deemed suitable. However, this varied among watersheds 

from 38% to 78%. Peak storm runoffs in 2050 will exceed the current capacities of about 25% of 

the culverts. We were unable to identify environmental variables that correlated significantly to 

conveyance suitability of culverts at the watershed level. When culverts are grouped by town, 

higher population is significantly correlated with higher fractions of culvert suitability. Road 

ownership is also a significant predictor of culvert suitability; culverts on state-owned roads are 

more likely to be able to convey the 5 year storm than culverts on local or county-owned roads. 

We examined culvert failure associated with eight flash flood events and these events were 

nearly all associated with storms with less than a 5 year return period, suggesting that culverts 

may be contributing to flash flooding. This analysis will help prioritize limited stormwater 

infrastructure maintenance funds to target culverts with high risks of causing flooding problems. 

Assessing the overall suitability of culverts in an area, including identifying specific problem 

culverts, can be a valuable first step in improving a community’s climate resilience.  
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Background 

Road culverts are ubiquitous. When formally designed, they have traditionally been designed for 

maximum efficiency, i.e., the smallest culvert that can accommodate a given design flow (Schall 

et al. 2012). This approach is driven largely by economics, that is, smaller culverts cost less. 

Informal discussions with local highway department personnel suggest engineering design does 

not always inform the size of culverts that are installed, especially in exurban and rural areas 

(personal communications).  

 

Because landscapes and climate are dynamic, even when culverts are properly designed for one 

situation, they may not remain adequate to convey peak storm runoff rates under future 

conditions. Changes in land use and precipitation regimes in recent decades appear to be 

increasing peak storm flows and are likely to continue to do so for the foreseeable future (e.g. 

Alig et al. 2004; IPCC 2014). For example, with increasing human populations there is an 

associated increase in development and an expansion of impervious surfaces. In the absence of 

effective stormwater management systems, this generally results in increased storm runoff. 

Recent research suggests that human re-plumbing of watersheds (e.g. drainage ditches), even in 

the absence of impervious surfaces, can significantly increase peak storm runoff rates (Buchanan 

et al. 2013a, b). In the Northeast US, current trends in precipitation patterns indicate more 

frequent high- intensity rainfall in the future (e.g., DeGaetano 2009). These changes to rainfall 

patterns could also cause increased runoff and decreased culvert adequacy.  

 

Inadequate culvert conveyance capacities can lead to flooding, often referred to as “poor 

drainage” floods. Poor drainage floods can make roads temporarily impassable or even destroy 
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sections of a road system. Poor drainage floods tend to cause fewer fatalities than other types of 

floods (e.g. river floods, coastal floods), but they generally impact more people and result in 

significant property damage (Jonkman 2005).  

 

We use the term relative capacity to describe the ability of a culvert to convey the peak storm 

runoff rate from a given design storm. Culverts with higher relative capacity can convey higher 

peak runoff rates. Design storms are typically characterized by their return period (also known as 

recurrence interval) and duration, the latter of which is generally associated with the runoff-

response time of a particular watershed (e.g., Chin 2013). In this study, a culvert associated with 

a return period of 100 years would be able to convey the peak runoff rate from the 100 year 

storm (or any smaller, more frequent storm), i.e., this would be its relative capacity. While there 

is variation in the recommended design storm depending on road type and traffic volume, the 

Cornell Local Roads Program in New York State (NYS) recommends that all culverts should be 

designed to convey the peak runoff rate associated with the 5 year storm or greater (Orr 2003). 

With this recommendation in mind we used the percent of culverts, e.g. within a given study 

watershed, with relative capacity greater than or equal to 5 years as the response variable 

suitability. 

 

The objectives of this study were to determine the suitability of culverts in the study area and 

explore potential causes and effects of the distribution of culvert sizing. Specifically, we 

examined some potential influences on culvert suitability, analyzed how culvert suitability is 

likely to change under future precipitation conditions, and explored the potential effects of 

culvert suitability on flash flooding. 
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Methods 

Study Sites and Data Collection 

We selected 11 study watersheds in the Lower Hudson River (Figure 4.1, Table 4.1). Field 

surveys in 2013 and 2014 were conducted to measure and record the following culvert 

properties: diameter, slope (or difference in elevation between the culvert inlet and outlet), 

length, material, inlet shape and type, and distance from culvert invert at the inlet to road surface. 

The latter measurement provides the maximum headwater depth for the culvert under inlet 

control conditions. The location of each culvert inlet was recorded by GPS. A total of 959 

culverts were characterized for this analysis. Where multiple culverts served a crossing, the 

culverts were treated as one, which left 911 culvert crossings. The data were collected by staff 

from Soil and Water Conservation Districts, the Hudson River Estuary Program, and the NYS 

Department of Environmental Protection. Some culvert surveying groups did not have access to 

survey levels so they measured the culvert slope using high precision GPS or a construction level 

or inclinometer. When the slope was too small to detect with these devices we assumed the slope 

was negligible. We also made this assumption if a lack of access to the culvert prohibited a slope 

measurement and the field technician either noted that the slope was small or left the field on the 

form blank. 
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Table 4.1. Summary of study watershed characteristics. Watershed area is derived from the National 

Hydrography Dataset (NHD) HUC-12 watersheds. Percent “suitable” refers to the percent of culverts in 

that study watershed with associated return period greater than or equal to 5 years. Sources of average 

landscape and rainfall characteristics are presented in the text. 

 
 

Watershed 

Watershed 

code 

Watershed 

Area (km2) 

Number 

of 

culverts 

Percent 

“suit-

able” 

Avg. 

imper-

vious 

area 

(%) 

Avg. 

slope 

(%) 

5 y 

24h 

storm 

depth 

(cm) 

Black/Kinderhook 

Creek 
BK 81 66 45 0 12 8.6 

Cedar Pond Brook CP 46 38 47 5 17 10.6 

Hollowville Creek HC 46 72 54 2 11 9.2 

Catskill/ Lake 

Creek 
LC 145 146 77 0 16 8.2 

Normans Kill NK 104 40 78 11 9 8.2 

Punch Brook PB 124 153 59 1 12 9.6 

Rochester Creek RC 87 71 55 0 14 9.9 

Saw Kill SA 68 119 68 3 9 9.6 

Shekomeko Creek SC 76 53 38 1 13 9.7 

Shingle Kill SK 82 57 70 1 12 9.0 

Woodbury Creek WC 57 96 75 5 16 10.4 
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Culvert capacity calculation  

Volumetric flow capacities of culverts were determined by solving standard hydraulic design 

equations (Schall et al. 2012). Because we generally did not have information about the 

hydraulics above and below the culverts, we always assumed a submerged inlet with water level 

at but not above the road surface. We calculated capacities for three conditions (Figure 4.2): (I) 

submerged outlet, (II) free outlet but full culvert barrel, and (III) orifice inlet control (Appendix 

A). For condition I, we assumed the pressure head (H), i.e., the differences in the water elevation 

between the culvert inlet and outlet, was equal to the product of the culvert length and the culvert 

 

Figure 4.1. Map of study area with outlines of 11 study watersheds. Political boundaries 
and city locations are from US Census data (2012). Watershed boundaries are from 
NHD HUC12 watersheds (USGS 2011). Projection: North America Lambert Conformal 

Conic. 
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slope. For condition II we assumed H was equal to H for condition I plus 40% of the culvert 

diameter (adopted from Mavis 1943 as reported in Schwab et al. 1993, p. 184). For condition III 

we assumed H was the distance between the culvert invert (i.e., bottom of the culvert) and the 

road surface. To determine whether culverts would undergo outlet control (pipe flow) or inlet 

control  (orifice flow) we compared the actual slope sa (percent) to the neutral slope sn (percent) 

where neutral slope is defined by Schwab et al. (1993) as:  

 𝑠𝑛 = 𝑘𝑐
𝑣2

2𝑔
 Eqn. 4.1 

where kc is a friction loss coefficient (Appendix A), v is the flow velocity at the barrel exit, g is 

acceleration due to gravity (9.81 m s-2), and 

 𝑣 =
𝑞

𝐴𝑐
 Eqn. 4.2 

where q is the flow rate in the barrel ( i.e., the calculated capacity; m3 s-1) and Ac is the cross-

sectional area of the culvert (m2). In culverts for which sa > sn, a culvert is expected to undergo 

inlet control (orifice flow); these culverts are considered hydraulically short. This condition held 

for all of the culverts with non-zero slopes, so we used the inlet control capacity for the rest of 

the analysis. 



 

78 

 

Storm runoff calculation 

Peak storm discharge at each culvert was calculated for current and future precipitation 

conditions using the Natural Resources Conservation Service’s (NRCS) graphical peak discharge 

method (TR-55, NRCS 1986). This method is commonly used for small watersheds like those 

 
Figure 4.2. Illustration of flow conditions considered in this study. a. Outlet control, 
submerged outlet (Type I). b. Outlet control, unsubmerged outlet (Type II). c. Inlet control 

(i.e., orifice flow, Type III). Equations for head loss (H) and peak flow for each flow 
condition are shown in Appendix A. Adapted from Schall et al. (2012). 
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typical of the culvert drainage areas in this study (culvert drainage areas ranged from about 140 

m2 to 262 km2). The TR-55 method uses a unit peak discharge factor to adjust the 24-hour runoff 

volume such that the peak storm runoff rate accounts for the drainage area’s runoff response time 

(NRCS 1986). The TR-55 runoff calculation requires 24-hr precipitation depth, drainage area, 

time of concentration, and curve number.  

 

A series of nine (9) 24-hour design storms for each study watershed were considered: 1, 2, 5, 10, 

25, 50, 100, 200, and 500 year return periods. These return periods are typical in engineering 

design, i.e., it is uncommon to design a culvert for, say, the 27-year return period. So, in our 

analysis, these represent threshold or maximum return periods associated with each culvert, e.g., 

a culvert that is categorized as conveying the peak runoff from a 25 year storm would be too 

small to convey the peak runoff from a 50 year storm – its relative capacity would be somewhere 

between the peak runoff rates from these two storms but reported here as the 25-year storm. 

Precipitation values for these design storms were obtained from Northeast Region Climate 

Center (NRCC) Extreme Precipitation download tool (NRCC 2011, Table 4.2). Precipitation 

depths for 2050 were estimated as 110% of current precipitation based on predictions for 

extreme precipitation in the region (DeGaetano and Castellano 2013). Design storms were 

assumed to be uniform over a study watershed. 
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Table 4.2. 24-hr precipitation depths used for runoff calculations (cm). Present precipitation amounts 

were obtained from Northeast Regional Climate Center (NRCC 2011). The 5 year 24-hour storm, the 

basis for “suitability” in this study, is highlighted.  

 

 

We calculated drainage area for each culvert using ArcGIS® spatial analyst tools (Jensen and 

Domingue 1988) and 10 meter Digital Elevation Models (DEM) from the US Geological Survey 

([USGS], Gesch et al. 2002; Gesch 2007). The highest concentration of flow in a 15 m radius of 

a culvert GPS point (snap radius) was considered the outlet or pour point of the drainage area for 

that culvert. About 120 points required some adjustment to align the pour point with the derived 

flow accumulation. Usually this meant increasing or decreasing the snap radius, but a few points 

were moved manually. 

  

Time of concentration is a measure of the response time of a drainage area. Low time of 

concentration indicates a short travel time (rapid response) for storm runoff generated from the 

Return 

Period (y) 
BK CP HC LC NK PB RC SA SC SK WC 

1 5.97 6.96 6.25 5.69 5.66 6.4 6.58 6.45 6.48 6.2 6.83 

2 6.96 8.43 7.37 6.63 6.63 7.59 7.92 7.67 7.72 7.21 8.28 

5 8.61 10.59 9.17 8.2 8.15 9.55 9.93 9.63 9.68 9.04 10.41 

10 10.13 12.6 10.85 9.65 9.58 11.33 11.73 11.4 11.51 10.72 12.4 

25 12.6 15.82 13.56 11.99 11.84 14.3 14.81 14.38 14.53 13.49 15.57 

50 14.88 18.44 16.1 14.22 13.94 16.99 17.42 17.09 17.27 16.33 18.06 

100 17.4 21.82 18.87 16.56 16.26 19.91 20.5 20.12 20.29 19.13 21.36 

200 20.47 25.86 22.3 19.48 19.08 23.62 24.23 23.85 24.1 22.68 25.32 

500 25.43 32.33 27.79 24.18 23.57 29.59 30.2 29.85 30.23 28.47 31.67 
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parts of the drainage area farthest from the culvert. We used a modification of the formula 

proposed by Kirpich (1940):  

 

 𝑡𝑐 = 0.000325 𝐿0.77  𝑠𝑤
−0.385   Eqn. 4.3 

 

where tc is time of concentration (h), L is the longest flow path in the drainage area (m), and sw is 

the average slope of the drainage area (percent). 

 

The curve number CN is a parameter in the TR-55 runoff calculation method which represents 

likelihood to produce surface runoff. We combined land use data from the 2006 National Land 

Cover Database ([NLCD], Fry et al. 2011) and soil characteristics from the State Soil 

Geographic database ([STATSGO], NRCS 2010) to determine the CN for each culvert drainage 

area. Curve numbers were based on TR-55 tabulated values (Appendix B, Table B.1). For some 

soils, the hydrologic soil group was listed in the soils database as A, B, or C for artificially 

drained soils and D for natural soils. In these cases, the hydrologic soil group was assumed be to 

“D.” If a range of curve numbers for a land use and soil type was provided, a central value was 

selected as representative of that land use/soil combination. We assumed average antecedent soil 

moisture conditions (i.e., CN = CNII). 

 

The average storage for a drainage area was calculated based on the average CN for that drainage 

area. Storage is calculated as (e.g., NRCS 1986):  

 

 𝑆 =
2540

CN
− 25.4   Eqn. 4.4 



 

82 

where S is storage (cm) and CN is average curve number. Runoff depth, Q, for the whole storm 

is then calculated as (e.g., NRCS 1986): 

 

  𝑄 =
(P-0.2S)2

P+0.8S
     Eqn. 4.5 

 

where P is precipitation depth (cm). The peak runoff for a given storm over a given drainage area 

was calculated with the graphical unit hydrograph method (e.g., NRCS 1986): 

 

 𝑞𝑝 = 𝑞𝑢𝐴𝑤𝑄    Eqn. 4.6 

 

where qp is the peak runoff (m3 s-1), qu is a unit peak discharge factor (m3 s-1 km-2 cm-1), Aw is the 

drainage area (km2), and Q is the total runoff depth (cm) calculated in Eqn. 5. The unit peak 

discharge factor, qu, is calculated as (Chin 2013):  

 

 log(𝑞𝑢) = 𝐶0 + 𝐶1 log(𝑡𝑐) + 𝐶2[log (𝑡𝑐)]2 Eqn. 4.7 

C0, C1, and C2 are constants that are functions of rain ratio and rainfall type. These constants are 

tabulated in the TR-55 method, but for this analysis a curve-fit polynomial expression was used 

to calculate interpolated constants for each drainage area (Appendix B). Rain ratio is defined as: 

 

  
𝐼𝑎

𝑃
     Eqn. 4.8 
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where 𝐼𝑎 is the initial abstraction (assume Ia = 0.2S), or the amount of rain required to initiate 

storm runoff according to the TR-55. Rainfall Type II was assumed, because that is applicable to 

most of NYS.  

 

Peak runoff was calculated for both present and predicted future conditions at each culvert 

location and for the nine design-storm return periods. We assumed zero baseflow, in other words 

the runoff generated by the storm was assumed to be the only water the culvert needed to 

convey. Although only 5% of the culverts were at “blue-line” or perennial streams, about half of 

the culverts were reported to have some water running through them at the time they were 

surveyed.  

 

We compared the peak flow capacity of each culvert to the predicted peak discharges for current 

and future design storms. The relative capacity of each culvert was determined as the return 

period of the maximum design storm which a culvert could convey. 

 

Study region-scale analysis 

Road ownership was analyzed for all culverts in the study (Table 4.3). Ownership was derived 

from the NYS Streets layer from the NYS Office of Cyber Security (NYS 2013). Culverts were 

assigned an ownership category based on the jurisdiction of the road closest to the culvert GPS 

point: state, county or local. City, village, and private roads were combined into the “local” class.  
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Table 4.3. Road ownership by watershed. Ownership data  

were derived from the NYS Streets_Public vector dataset  

(NYS OCS 2013). 

Watershed code State County Local 

BK 4 23 39 

CP 1 18 19 

HC 11 9 52 

LC 27 20 99 

NK 14 6 20 

PB 5 49 99 

RC 0 9 62 

SA 16 24 79 

SC 8 9 36 

SK 7 16 34 

WC 0 38 58 
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Watershed-scale analysis 

We assessed the importance of selected environmental variables on culvert suitability in each 

study watershed: average topographic slope, average impervious area from the 2011 NLCD 

(Xian et al. 2011), and the 5 year, 24-hour storm (NRCC 2011). These variables are implicitly or 

explicitly included in the culvert design process, so significant influences of these variables on 

culvert suitability could help identify design problems. 

 

Town-scale analysis 

Given the economic realities of culvert design and installation, we anticipated that population 

and economic variables could affect the suitability of culverts. These variables could not be 

directly assessed at the watershed-scale because the study watersheds do not line-up with US 

Census boundaries, so the distributions of population and income within watershed boundaries 

were not available. Instead we used the US Census Minor Civil Divisions boundaries (in this 

case, towns) as a second scale of analysis (Table 4.4). Towns were included in the analysis if at 

least 10% of the town area was in a study watershed and the town had at least 10 culverts. One 

town (Broome) was excluded because the field survey was not completed in that town. A total of 

18 towns were included, with watersheds having between 1 and 5 intersecting towns. Some 

towns had area in more than one watershed, in which case all of the culverts in the town were 

combined for the town-level analysis. Political boundaries and associated economic and 

population data were obtained from the US Census (2012; 2014).  
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Table 4.4. Summary of characteristics for towns within watershed boundaries. Area is the intersection 

of town and watershed area, i.e., the region in which culverts were analyzed. As in the watershed 

summary, percent “suitable” refers to the percent of culverts in that study watershed with associated 

return period greater than or equal to 5 years. Sources of remaining variables are described in the text. 

Note this table only includes towns with more than 10 culverts and where at least 10% of the culvert 

area was covered by a study watershed. 

Town name 

Water-

sheds 

Area of 

intersection 

(km2) 

Number 

of 

Culverts 

Percent 

“suitable” Population 

Median income 

(US Dollars) 

Ancram PB, SC 88 108 57 1,573 63,056 

Berlin BK 20 20 40 1,880 59,961 

Bethlehem NK 33 13 85 33,656 88,717 

Cairo SK 73 48 71 6,670 42,023 

Claverack HC 46 72 54 6,021 50,023 

Cornwall  WC 12 26 73 12,646 83,074 

Gallatin PB 36 40 60 1,668 65,901 

Milan SA, SC 24 46 59 2,370 65,821 

New Scotland NK 40 20 80 8,648 75,950 

North East SC 21 10 50 3,031 62,464 

Olive RC 32 37 57 4,419 59,511 

Pine Plains PB, SC 37 31 42 2,473 64,647 

Red Hook SA 38 71 75 11,319 67,424 

Rensselaerville LC 56 134 75 1,843 65,083 

Rochester RC 50 29 59 7,313 62,257 

Stephentown BK 58 44 50 2,903 65,938 

Stony Point CP 36 32 47 15,059 96,821 

Woodbury CP,WC 48 72 75 11,353 112,708 
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Statistical Analysis 

We tested linear relationships between culvert suitability in each study watershed and average 

slope, average percent impervious area, and 5 year 24-hour rainfall depth. At the town scale we 

considered population and median income as predictors of suitability, also using linear regression. 

The overall influence of road ownership was assessed with a contingency table and chi-square test. 

We used α = 0.1 to determine significance in all tests. 

 

Flash Flood Analysis 

We examined a sample of eight (8) flash flood event reports from the National Climatic Data 

Center (NCDC) Storm Events database (NCDC 2014) that mentioned culverts as a contributing 

cause of flash flooding. Flash flood reports in eastern NYS were selected that had the word 

“culvert” in the narrative portion of the database record. None of these events were in the study 

watersheds but were in nearby counties, and the exact location of the culverts was not specified. 

The flood reports were generated as a result of six (6) storms; two storms resulted in reports at two 

separate locations with the mention of culverts and these were treated as separate events. For each 

flood event, we determined the maximum total storm precipitation depth for an area within a 10 

km radius around the reported flash flood location using data from National Weather Service 

(NWS) Advanced Hydrologic Prediction Service (NWS 2014). We determined the typical 24-hour 

storm for the same return periods from the NRCC extreme precipitation dataset described above. 

We compared the maximum measured storm precipitation depth for each flood event to the 

extreme precipitation values to determine the maximum return period exceeded by each storm at 

the location of the flood report. 
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Results and Discussion 

Study region-scale 

Roads owned by local entities and counties had lower overall culvert suitability than roads owned 

by the state (p = 0.06, Figure 4.3). Approximately 74% of state-owned roads had relative capacity 

greater than or equal to the 5 year storm (i.e., were suitable), while only about 60% of town and 

county roads were suitable. Federal and state highway programs recommend or require different 

design storms for different types of road (i.e., roads with higher traffic should be designed to 

withstand a larger storm), so it is somewhat unsurprising that our results show culverts under state 

roads are associated with higher return periods than local and county roads. 

 

Across all study watersheds, approximately 25% of culverts are expected to have lower relative 

capacity in the future as a consequence of higher precipitation. For example, a culvert that can 

currently pass the 10 year storm would be able to pass only the 5 year storm under 2050 climate 

conditions. These changes varied across watersheds and towns (Table 4.5). The change in 

 
Figure 4.3. Suitability of culverts by road ownership. Dark bars are unsuitable, that 
is they cannot convey the runoff from the 5 year, 24-hour event. 
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suitability under future precipitation conditions for many culverts indicates the importance of 

considering future precipitation during the culvert design process. If a culvert is designed for a 

recommended precipitation depth (e.g. the 25 year storm) the culvert could become inadequate to 

convey the peak runoff from that storm as precipitation patterns change. In NYS, a recent law 

requires that government organizations consider future climate conditions when planning public 

works (Community Risk and Resiliency Act of 2014). This law does not specifically refer to land 

use changes, but an analysis by Stack et al. (2010) suggests that increasing urbanization will have a 

more certain and perhaps larger impact on culvert relative capacities than climate change. These 

authors also note that low-impact development measures can have a strong mitigating effect on the 

reduction in culvert relative capacity, which is consistent with other evidence that stormwater 

management strategies are reducing peak storm runoff in some urban settings (Homa et al. 2013).  
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Table 4.5. Distribution of future (2050) changes in relative suitability. Towns are aligned with the 

watershed in which the majority of the town area is situated. 

Watershed 

code 

Watershed 

percent change Town 

Town 

percent 

change 

BK 21 
 

Berlin 20 

   
Stephentown 20 

CP 32 
 

Stony Point 31 

HC 32 
 

Claverack 32 

LC 26 
 

Rensselaerville 25 

NK 45 
 

Bethlehem 62 

   
New Scotland 30 

PB 18 
 

Ancram 21 

   
Gallatin 8 

RC 21 
 

Olive 11 

   
Rochester 31 

SA 31 
 

Milan 24 

   
Red Hook 37 

SC 17 
 

North East 20 

   
Pine Plains 10 

SK 25 
 

Cairo 27 

WC 27 
 

Cornwall town 42 

   
Woodbury 21 

 

  



 

91 
 

Watershed-scale 

The distribution of relative capacities of culverts varied substantially among study watersheds 

(Figure 4.4). For example, in the Shekomeko Creek (SC) watershed, 38% of the culverts had 

relative capacity greater than or equal to the 5 year storm (i.e., were deemed suitable), whereas 

77% of the culverts in Normanskill (NK) watershed were suitable (Figure 4.4; Table 4.1). The 

study-wide distribution of relative capacity is bimodal, with peaks at less than 1 year and greater 

than the 500 year storm. We could not identify any environmental variables that could explain 

these differences in suitability (Table 4.6).  

 

Table 4.6. Results of linear regressions. No relationships were significant at the watershed scale. Population 

was significant at the town scale.  

Predictor variable  p-value r2 

Watershed scale   

Average slope (percent) 0.87 0.00 

Average impervious area 

(percent) 

0.20 0.17 

Precipitation depth (5y 

24-h storm) 

0.32 0.11 

Town scale   

Population 0.02* 0.31 

Median income 0.19 0.10 

* significant at the 10% level 
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Town-scale 

At the town scale, there was a significant relationship between population and suitability (Figure 

4.5). Median income was negatively correlated with culvert suitability, but the correlation was not 

significant. The significant relationship between population and suitability at the town scale 

suggests potential political or economic reasons for better culverts. For example, larger 

populations could place higher priority on infrastructure than a less populated area. Both the town 

and watershed analyses were hindered by small sample size. The relationships we found warrant 

further investigation with a larger sample size. 

 
 
Figure 4.4. Distribution of culverts based on the maximum rainfall-runoff event that 

could be conveyed (i.e., relative capacity). Darker shades indicate a lower relative 
capacity. Watershed codes are defined in Table 1. Lines indicate “suitable” 
threshold of 5 year return period. 
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Flash floods 

Of the eight case study floods, all had storm precipitation depths equal to or less than the 5 year 

storm at the location of the flood report. Half of the events had storm precipitation depths less than 

the 1-year storm for the location of the flood report (Table 4.7). In this study we are considering 

the peak runoff from the 5 year storm to be the threshold for suitability, so it is apparent that the 

culverts resulting in flash floods were mostly unsuitable for their respective drainage areas. 

 

  

 
Figure 4.5. Plot Town-level culvert suitability by town population. Culvert 
suitability is the percent of culverts than can convert runoff from the 5 year storm 
or greater. Census data are from the 2012 Census. 
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Table 4.7. Case study storms. Local storm total depth is the maximum rainfall depth for the date of the 

flood, within 10 km of the coordinates in the flood report, derived from National Weather Service 

Advanced Hydrologic Prediction Service (NWS 2014). Return period is the largest design storm exceeded 

by the storm that caused the flood. 

Event 

date 

Location 

(Town, County) 

Local storm total  

depth (cm) Return Period (y) 

7/23/2008 Cranesville, Montgomery 7.7 2 

7/23/2008 Schenectady, Schenectady 5.4 <1 

8/11/2008 Glen, Montgomery 7.1 2 

4/28/2011 Hale Eddy, Delaware 2.4 <1 

7/8/2011 Carlisle, Schoharie 7.8 5 

5/29/2013 West Davenport, Delaware 5.3 <1 

5/29/2013 Bolgeville, Herkimer 4.2 <1 

 

 

Limitations 

We recognize that our analyses have some important shortcomings that warrant acknowledgement 

and discussion. First, the automated delineations of culvert drainage areas that we used are 

dependent on the resolution of the DEM and the precision and accuracy of the GPS used to locate 

the culverts. We suspect that the somewhat bimodal distribution of culvert relative capacity is 

probably due to the under- or over-estimation of drainage areas. For example, if a culvert is located 

on a small drainage ditch, but the GPS point is near a perennial stream, the automated watershed 

delineation might connect the drainage area of the stream with the ditch culvert. The relative 

capacity assigned to the culvert would then be much lower than if the actual culvert drainage area 

had been delineated. High resolution DEMs might improve this process but, currently, they are not 

consistently available; in this study, 2-m DEMs were available for only two and part of another of 

the study watersheds. However, the higher resolution DEMs have their own sources of error, 
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particularly that roads may appear as barriers to flow even if there is an culvert or bridge allowing 

storm runoff to flow under the road. To correct this problem, all such conduits allowing water to 

cross a road would need to be identified and “burned” into the DEM before performing the 

delineation steps. This level of field monitoring was not possible for the scope of this project.  

 

Similarly, we used a very simple engineering approach to estimating peak storm runoff rates that 

did not account for explicit runoff routing or retention. These can be highly modified by humans, 

often at scales that are difficult to accurately characterize using readily available data (e.g., DEMs) 

but we recognize that they alter storm runoff responses substantially by either increasing (e.g., 

Buchanan et al. 2013 a, b) or decreasing (e.g., Homa et al. 2013, Loperfido et al.2014) peak runoff 

rates. Indeed, a whole network evaluation is needed to assess the relative capacity of specific 

culverts because an undersized up-system culvert could retain runoff such that a down-system 

culvert would not need to be as large as our analysis would suggest. But to do this we would need 

to ground-truth each culvert drainage area on a case-by-case basis, which would be infeasible for 

such a large number of culverts (at least within the time-limits of this study).  

 

Finally, the TR-55 or curve number method has many well-documented short-comings (e.g., Garen 

and Moore 2005, Walter and Shaw 2005), which we will not enumerate in detail here. One serious 

short-coming is that we have not considered antecedent moisture conditions, which can play an 

important role in storm runoff response (e.g., Shaw and Walter 2009). However, by focusing our 

study on relatively large storm events (large return periods) and considering average antecedent 

conditions, we believe our analysis is accurate as a 1st-order approximation of runoff values. 

Furthermore, given the relatively coarse precision of our DEM-based analyses and culvert 
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characterizations, it is not clear that more precise storm runoff estimations are warranted. The 

results of this analysis are intended as a starting point for more detailed assessments.  

 

Conclusions 

This study demonstrated that culverts can be assessed in small watersheds or communities using 

relatively widely adopted engineering analyses. In general, the suitability of culverts appears to be 

most strongly related to road ownership and population of towns, but not significantly predicted by 

the landscape or general precipitation characteristics. While median income at the town level was 

not found to be significant in this analysis, the correlation was compelling enough to warrant 

additional analysis with a larger sample size. About 30% of the culverts in this study could not 

pass runoff from the 2 year storm. These culverts could be involved in poor drainage flooding, 

even under relatively common or frequent storm conditions. Indeed, half of the case studies of 

culvert-related flash flood events in near-by counties had return periods less than the 2 year storm. 

It is important to acknowledge that culverts are an aspect of flood risk over which people have 

significant influence. The kind of analysis we performed here can help communities identify the 

locations of less suitable culverts and can guide policy decisions on which culverts to replace or 

upgrade. Communities that recognize the likelihood of increased runoff resulting from changing 

precipitation patterns can make decisions about designing or replacing specific culverts as one way 

to increase their resilience to climate change and extreme precipitation events. 
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CHAPTER 5 

CONCLUSION 

My research has shown some new ways to perform large-scale analyses of flash flooding in the 

Northeast US. Rather than focus on one flood in detail I studied many flash floods in a variety of 

settings and geographic scales. I used the lenses of flash flood reporting, atmosphere-landscape 

interactions, and one element of built infrastructure, i.e. road culverts, to add to the current 

understanding of how human and natural systems interact with respect to flash floods. 

Flash flood reports are more likely to occur in more populated areas. This could mean that more 

floods are happening in more populated areas, or floods are more likely to be reported where 

there are more people to observe and report them. Either way, this finding should be considered 

when assessing the locations of flash flood based on reports in the NCDC Storm Events 

database. Further research could more closely examine whether the bias is in flooding or 

reporting by using additional sources, such as road repair records, newspaper reports, or public 

surveys to determine all of the locations that flooded during a sample of storms. Analysis of 

these locations could help establish whether floods in less populated areas were underreported, or 

if they actually occurred less frequently than floods in more populated areas. 

I have demonstrated that flash floods in the Northeast US can result from infiltration excess, 

saturation excess, poor drainage due to inadequate infrastructure, or a combination of these 

mechanisms. This result shows that we cannot limit our focus to any one runoff mechanism 

when studying or modeling flash floods in this region. Risk assessments and models should 

include information about the elements of landscape, storm properties, and built environment 
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that increase the likelihood of flooding. I also found that different types of storms cause flash 

floods under a wide range of landscape conditions. This also has implications for risk 

assessments, as many of the storms and landscapes fell outside of what is traditionally thought of 

as “high risk” for floods (e.g. some storms were not especially intense; floods occurred where 

soils had low antecedent moisture conditions). Future studies along these lines could include a 

spatial analysis of storm types, landscape properties, and runoff types. More specific 

relationships might emerge if, for example, the properties of nearby storms or watersheds are 

included in the analysis. Another interesting study would be a detailed exploration of a few 

events, looking at each landscape and storm in more detail spatially and temporally to identify 

runoff processes that were not captured by my methods.  

Flash floods are rare, but the storms that cause them are not necessarily so. Certainly heavy 

rainfall can cause flash floods, but I also presented evidence that shows how storms with 

relatively low intensity and low total precipitation depth can lead to flash flooding. Further work 

is warranted to learn about landscapes that are susceptible to these more frequent storms. Future 

research into flash flooding could be greatly aided by a higher density of observations of events, 

their timing and spatial extent, particularly in areas that are most vulnerable. 

Inadequate storm water infrastructure is one source of vulnerability to flash flooding. Road 

culverts are a ubiquitous and important part of the built infrastructure, and I showed that many 

culverts in the Lower Hudson Valley are undersized. The fraction of culverts that are undersized 

varies with watershed, town, and road ownership. Culverts often cause problems during extreme 

rainfall, but I also presented evidence of some small storms, with less than the 5-year return 
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period, in which culverts were a contributor to flash flooding. My work on culverts has been 

used to make recommendations to local government agencies regarding their infrastructure (i.e., 

which culverts to prioritize replacing).  

Some aspects of flash flooding cannot be changed and must be adapted to, but there are things 

we can do to mitigate the human impacts of flash flooding. We can design better culverts and 

storm water systems that will convey relatively frequent storms, and use development practices 

that optimize the amount and timing of runoff that reaches our stormwater infrastructure. Soil 

properties and topography are relatively static, though, and we cannot control the effects of 

extreme storms on natural landscapes. There is a trade-off between the costs of stormwater 

infrastructure and the extremity of the storm for which we are planning.   

Flash flooding will continue to a problem of interest in the Northeast US. My work has drawn 

connections between human populations and infrastructure, the natural landscape, and 

atmospheric processes. These findings will benefit the people who are living, traveling, and 

working in locations that are susceptible to flash floods. 
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APPENDIX A 

Culvert capacity calculations 

Outlet control 

The flow capacity of a culvert under outlet control was calculated using a mechanistic pipe 

flow equation: 

 𝑞 =
𝐴𝑐√2𝑔𝐻

√1+𝑘𝑒+𝑘𝑐𝑙
 Eqn. A.1 

Where:  

 q culvert peak flow capacity (m3 s-1)  

 Ac culvert cross-sectional area (m2) 

H head loss (m), calculated differently for submerged and unsubmerged outlet (Figure 4.2):  

Submerged (Flow condition I)   HI = lsa   Eqn. A.2 

Unsubmerged (Flow condition II)   HII = lsa + 0.4 D   Eqn. A.3 

 ke  unitless entrance loss coefficient (Table A.1) 

 kc  unitless pipe frictional loss coefficient  

 l pipe length (m)  

s  culvert slope (percent) 

D  culvert diameter (m). 

 

The frictional loss coefficient (kc) was calculated as: 

  

 kc =
2g n2

 R
4
3

  Eqn. A.4 

Where:  

n  Manning’s n (Table A.2)  

g  gravitational acceleration (9.81 m s-2)  

R  hydraulic radius (m)  
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Inlet control (flow condition III) 

The flow capacity under inlet control was calculated with an orifice flow equation from Schall 

et al. (2012):  

 𝑞 =  𝐴𝑐√𝐷√
𝐻𝐼𝐼𝐼

𝐷
−𝑦−𝑘𝑠𝑠𝑎

𝑐
  Eqn. A.5 

Where: 

 

q  culvert peak flow capacity (m3 s-1)  

Ac  culvert cross-sectional area (m2) 

D  culvert diameter (m) 

HIII headwater depth, from culvert invert to top of road (m) 

Y,c  tabulated constants (Table A.3) 

ks  slope adjustment constant; -0.5 (mitered inlets +0.7) 

sa  culvert barrel slope (percent) 
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Table A.1. Entrance loss coefficients used for calculating culvert peak flow capacity. Adapted from 

Schall et al. (2012).  

Culvert 

Shape 

Culvert 

Material 

Inlet 

Type 
ke 

Arch Concrete Headwall 0.5 

  Mitered 0.7 

  Wingwall 0.5 

 Metal Headwall 0.5 

  Mitered 0.7 

   Projecting 0.9 

Box Concrete Headwall 0.5 

  Wingwall 0.5 

  Plastic Headwall 0.5 

Circular/Oval Concrete Headwall 0.5 

  Projecting 0.5 

  Wingwall 0.2 

 Metal Headwall 0.5 

  Projecting 0.9 

  Mitered 0.7 

  Wingwall 0.5 

 Plastic Headwall 0.5 

  Mitered 0.7 

  Projecting 0.9 

   Wingwall 0.5 
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Table A.2. Manning coefficient used to calculate friction coefficient k c. Adapted from Schall et al. (2012). 

 

Bottom material Manning's n 

Culvert Concrete 0.012 

 Metal 0.024 

 Plastic 0.012 

Stream Bed  0.024 

 

Table A.3. Constants for inlet control equation, A.5. Adapted from Schall et al. (2012) 

Culvert Shape Culvert material Inlet type C Y 

arch concrete, stone headwall 0.041 0.570 

  
mitered 0.040 0.480 

  
wingwall 0.040 0.620 

  
wingwall and headwall 0.040 0.620 

 
metal, plastic headwall 0.043 0.610 

  
mitered 0.054 0.500 

  
projecting 0.065 0.120 

  
wingwall and headwall 0.043 0.610 

box concrete, stone headwall 0.038 0.870 

  
wingwall 0.038 0.870 

  
wingwall and headwall 0.038 0.870 

 
metal, plastic headwall 0.038 0.690 

 
wood wingwall 0.038 0.870 

ellipse concrete, stone headwall 0.048 0.800 

  
wingwall and headwall 0.048 0.800 

 
metal, plastic headwall 0.048 0.800 

  
mitered 0.048 0.800 

  
projecting 0.060 0.750 

  
wingwall 0.048 0.800 

  
wingwall and headwall 0.048 0.800 

embedded ellipse concrete, stone headwall 0.043 0.610 

  
mitered 0.054 0.500 
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Table A.3 (cont.) 

    Culvert Shape Culvert material Inlet type C Y 

 
metal, plastic headwall 0.043 0.610 

  
mitered 0.054 0.500 

  
other 0.065 0.120 

  
projecting 0.065 0.120 

  
wingwall 0.043 0.610 

  

wingwall and 
headwall 0.043 0.610 

embedded round concrete, stone headwall 0.040 0.650 

  

other 0.057 0.480 

  

projecting 0.057 0.480 

  

wingwall 0.040 0.650 

  

wingwall and 
headwall 0.040 0.650 

 

metal, plastic headwall 0.040 0.650 

  

other 0.057 0.480 

  

projecting 0.057 0.480 

  

wingwall 0.040 0.650 

  

wingwall and 
headwall 0.040 0.650 

round concrete, stone headwall 0.029 0.740 

  
mitered 0.029 0.740 

  
other 0.032 0.690 

  
projecting 0.032 0.690 

  
wingwall 0.029 0.740 

  

wingwall and 

headwall 0.029 0.740 

 
metal, plastic headwall 0.038 0.690 

  
mitered 0.046 0.750 

  
other 0.055 0.540 

  
projecting 0.055 0.540 

  
wingwall 0.038 0.690 

  

wingwall and 

headwall 0.038 0.690 
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APPENDIX B 

Runoff calculation 

Coefficients for the graphical peak discharge method (Eqn. 4.7 in text; NRCS 1986) were 

calculated as: 
 

 C0  =  −2.2349 (
Ia

P
)

2

 +  0.4759
Ia

P
 +  2.5273 Eqn. B.1 

 C1  =  1.5555 (
Ia

P
)

2

−  0.7081
Ia

P
− 0.5584 Eqn. B.2 

 C2  =  0.6041(
Ia

P
)

2

 +  0.0437
Ia

P
− 0.1761  Eqn. B.3 
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Table B.1. Curve numbers for land use-soil group combinations. Adapted from NRCS (formerly SCS) 

Technical Report 55 (NRCS 1986). 

LU code land use Soil CN 

11 Water A, B, C, D 0 

21 Developed, open space A 46 

  B 65 

  C 77 

  D 82 

22 Developed, low intensity A 56 

  B 71 

  C 81 

  D 86 

23 Developed, medium intensity A 77 

  B 85 

  C 90 

  D 92 

24 Developed, high intensity A 89 

  B 92 

  C 94 

  D 95 

41 Deciduous forest A 36 

  B 60 

  C 73 

  D 79 

42 Evergreen forest A 36 

  B 60 

  C 73 

  D 79 
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Table B.1. (Cont.) 
  LU code land use Soil CN 

43 Mixed forest A 36 

  B 60 

  C 73 

  D 79 

52 Shrub land A 35 

  B 56 

  C 70 

  D 77 

71 Grassland A 30 

  B 58 

  C 71 

  D 78 

81 Pasture A 49 

  B 69 

  C 79 

  D 84 

82 Row crops A 72 

  B 81 

  C 88 

  D 91 

90 Woody wetlands A, B, C, D 0 

 


