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Abstract

Flooding can cause massive harm to the agricultural sector by flooding fields and
damaging the infrastructure thatis essential foragricultural activities. Crops are often
lostand repairs may be necessary to restore irrigation systems to functional status. This
research aims to quantify the damages and losses experienced from the unprecedented
September 2013 flooding eventin Boulder County Colorado’s Left Hand Ditch Company
service area. Damages are cataloged and Geographic Information Systems (GIS)
technologies were used to estimate economic impactand determine the landscape
characteristics of lands where the highest rates of flooding occurred. Alfalfa and non-
alfalfa hays experienced the greatestlosses with flooding mostcommon in Western
GreatPlains Riparian Woodlands and Shrublands and Agriculturallands. Flooding was
mostcommon in lower elevation areas with shallower slopes. Mantersandy loam,
Calkins sandy loam,and Niwot soils were the soil types forthatexperienced the most
widespread flooding.
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Introduction

Flooding isacommon natural hazard, defined by the United States Geological
Survey (USGS)as “any high flow, overflow, orinundation by waterwhich causes or
threatens damage."(2013). Floods vary in their size, intensity, and the damage they
cause. Floods can develop overthe course ofa few days orrapidly in the case ofa
flash flood. A flood can impacta sizeable area and a large numberofpeople and the

infrastructure they depend on in allaspects of life.

In September 2013, parts of the Colorado Front Range experienced an
unprecedented precipitation event thatcaused widespread flooding and tremendous
damage,warranting a federal disaster declaration by the Federal Emergency
ManagementAgency (FEMA) (2013). Ironically, Colorado had been exceptionally dry
preceding the flood and many were hopeful forrain when the storm was firstforecasted
(Coleman 2014).0n September9,2013 tropical moisture from Mexico's Pacific coast
reached Colorado’s FrontRange and collided with anotherair mass of humid air from
the Gulf of Mexico. As these moisture laden air masses collided, a slowly-circulating low
pressure system bhecame stationary, circulating over Colorado’s Eastern Slope and held
the moisture-rich air over the area formostofthe week, creating a recipe for the perfect

storm forFront Range flooding.

During the week-long period from September 9 through September 16,2013,
heavy rainfall caused flooding affecting 17 counties in Colorado. The mostrainfall fellin
parts of Boulder County and the city of Boulder, where seven-day totals exceeded 17

inches of rain in places (Norman etal 2013). September 12,2013 broke the record for
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mostrain everrecorded in one day in the city of Boulder, with 24-hour rain totals over 9

inches (National Oceanic and Atmospheric Administration 2013). Boulder typically

experiences 20-30 inches of rain annually, leading the National W eather Service to

describe the event as “biblical” (Freedman 2013).

Boulder County’s higher elevation areas in the western partofthe county such as
Nederland and Ward, along the Peak to Peak Highway, experienced even more rain
with totals up to 23 inches, adding to the already large volume of waterthatflooded the
lower elevations as it flowed downstream (Coleman 2014). Some eastern areas where
rainfall totals were insubstantialwere badly flooded simply due to upstream floodwaters
flowing into them (2014). Climate statisticians estimate the September 2013 flooding in
Colorado asaonein 1000 year event(Freedman 2013). Figures 1 and 2 show total
rainfall estimates and totals for daily rainfall for Boulder County for the storm thatlasted

from September 10,2013 to September 16,2013, respectively.

Boulder County, Colorado
September 2013 Flooding

Total Rainfall Estimates

E Left Hand Ditch Company Service Area
~"~—— Left Hand Creek

Total Rainfall Estimate 9/10/13-9/16/13

B ;s inches
I 55 inches
[ s-10inches
[ ] 1012 inches
[ ] 12-15inches
[ 15-18 inches
I 1520 inches

Map Produced February 2015,
Data source: NOAA, Eartn Sysiem Ressarch Laboratory. Physical Science Division, Cliimate Analysis Branch,
Map Scale 1:400,000, Map Projection: Lamaert Conformal Conic

Figure 1:Boulder County, Colorado Total Rainfall Estimates - September 2013 Flood.
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9/10/13 9/11/13

9/12/13 9/13/13

9/14/13 9/15/13

Boulder County, Colorado
9/16/13 Daily Rainfall Totals
September 2013 Flood

[ ] Left Hand Ditch Company Service Area
~A—— | eft Hand Creek
Daily Rainfall Estimate

I <0875 inches

|71 0876-1.75inches

[ 176 - 350 inches
I -3 5 inches

Map Produced February 2015,
Data source: NOAA, Earth System Research Laboratory, Physical Science Division, Climate Analysis Branch,
Map Scale 1:1,000,000, Map Projection: Lambert Conformal Conic

Figure 2:Boulder County, Colorado Daily Rainfall Totals - September 2013 Flood
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Agriculture is essential to human life on Earth;if we cannot produce food, we will
be unable to survive and human life on earth will perish (Simpson and Ogorzaly 2001).
Agriculture is dependent on waterand in the arid westwateris usually the limiting
resource foragriculture. O ftenthe water related agricultural dilemma in dry climates is
droughtlike Colorado was experiencing in 2013 before the flood, when there was not
enough water (Coleman 2014).Inthe case ofthe September 2013 floods, there was too

much water.

Many ditches and irrigation related infrastructure were damaged or destroyed
and thousands ofacres of farmland were flooded, killing crops and furthering losses
(Coleman 2014). Additional losses were experienced in the 2014 growing season due to
damaged infrastructure thatwas still underrepair. 223 irrigation ditches were reported
to the state of Colorado as damaged, with 19 of them notready forwater by the startof
the 2014 irrigation season. This resulted in an estimated 9,000 acres of lostirrigated
land for 2014, Likewise, 76 of the 207 dam s thatrequired inspection in Colorado
following the September 2013 flood raised concern to engineers and 19 of these were

notrepaired by the startofthe 2014 irrigation season.

Much of the destruction thatwas experienced occurred in Boulder County, whose
unique geography provided conditions thatthreatened large areas ofagricultural land
during the flooding (Norman etal 2013). Narrow canyons funneled large amounts of
waterthatfellin the mountains directly to agricultural areas and cities downstream
causing immense damage (Coleman 2014). This research focuses on the LeftHand

Ditch Company (LHDC), whose service area includes areas between the Boulder,
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Lyons,and Niwot (Plummer2014). The LHDC service area experienced massive

damages totheirwater delivery infrastructure, many ofwhich were notrepaired until

afterthe 2014 growing season had started. Figure 3 shows the LHDC service area and

the hydrography ofthe St. Vrain River Basin in Boulder County, Colorado.

] '&;L'T" "

Left Hand Ditch Company
Service Area
Boulder County, Colorado

(:5 St. Vrain River Basin Boundary
|:| Boulder County Boundary

—— Highways

Major Roads
~~~— Rivers and Streams
E:E) Lakes and Reservoirs

Ditch Company

Map Progection: Lambert Conformal Conic
Map Diaturn: Morth American Daturm 1883
Map Produced by Nick Ludolph May 2014

Left Hand Ditch Company Service Area

Data Sources: The Matural Resources Conservation Service
The US Census Bureau, Boulder County and the Left Hand

Figure 3: The LeftHand Ditch Company Service Area

This research identifies the landscapes and their characteristics where flooding
was mostcommon within the service area of the Left Hand Ditch Company in Boulder

County, Colorado following the September 2013 flooding. Italso assesses the damages

T

incurred to agriculturallands and to the ditch irrigation infrastructure. Geographic
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Inform ation Systems (GIS)technologies have been utilized to catalog and measure
these damages and GIS techniques in polygon overlay were employed to analyze

landscape characteristics.

Project Definition

The USDA's National Resources Conservation Service (NRCS) has classified
the entire country into different divisions of hydrologic units (n.d.). Hydrologic units that
intersectthe United States bhutcontain portions of Mexico and Canada are also
designated using this system because they are geographic featuresand do not follow
arbitrarily established political boundaries. These NRCS hydrologic units are described
by hydrologic unit codes abbreviated HUC. This hydrologic unit classification system
contains severalscales of differentiation between hydrologic units including regions,
subregions, basins, subbasins, watersheds, and subwatersheds in decreasing size

relative to each other.

The entirety of the LeftHand Ditch Company service area is contained within the
MissouriRiver Region, the South Platte River Subregion, the Upper South Platte Basin,
and the St. Vrain Subbasin. The LeftHand Ditch Company Service Areais contained
entirely within two watersheds, LeftHand Creek and Boulder Creek-St. Vrain. Five
subwatersheds overlap with the LHDC service area, Indian Mountain-St. Vrain Creek,
Mcintosh Lake-St. Vrain Creek, Dry Creek, Lower LeftHand Creek, and Boulder
Reservoir. Figure 4 shows the watersheds and subwatersheds of the LHDC service

area using the NRCS hydrologic unit classification system .
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Figure 4: W atersheds and Subwatersheds ofthe Left Hand Ditch Company Service Area

Agriculture is critical to humans' existence on this planet. In 2012, the United
States Departmentof Agriculture National Agricultural Statistics Service (USDA NASS)
estimated Colorado’s agricultural sectorto be worth almost $8 billion annually with
Boulder County's agricultural sales estimated ataround $34 million annually.
Additionally, the agriculture industry is estimated to supply $40 billion to the State’s
economy in directand indirect contributions annually and employs an estimated
173,000 people yearly, making it Colorado’s second largestindustry aftertourism (The

State of Colorado 2014). The agricultural sectoris also the largest wateruser in
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Colorado and uses on average 20% more waterthan otherareas perfoming the same

type of agricultural activities due to Colorado's dry clim ate.

Boulder County and much of Colorado have a rich agricultural heritage dating
back to early pioneer settlements in the 19" century (Wolfenbarger 2006). Left Hand
Ditch was Boulder County’s firstirrigation ditch and is one of the oldest irrigation
systems in Colorado, with its first diversion dating to the 1860's. Unlike mostirrigation
ditch systems, Left Hand Ditch is notactually a ditch, buta naturalcreek, LeftHand
Creek, with a flow rate thathas been greatly increased by anthropological diversion
projects. The Left Hand Ditch Company service area feeds fourteen ditch systems
(Plummer2014). A large amountofBoulder County’s AgriculturalLand lies within the

Left Hand Ditch Company service area.

Left Hand Ditch is an extremely important ditch system in the history of water
rights in the western United States. In 1882, the landmark Colorado Supreme Court
Decision Coffin v. Left Hand Ditch granted the Left Hand Ditch Company enough water
to irrigate approximately 20,000 acres and established the Colorado Doctrine, also
known as Prior Appropriation, which has become the basis forwater law in the western
United States (Black 2009). W aterrights based on Prior Appropriation existin most of
the western U.S. and differ from Riparian W ater Rights which govern water in most
eastern states, where waterrights are associated with land ownership and users are
considered to have equal rights to water (The State of Colorado 2014; Energy and
Environmental Research Centern.d.). Prior appropriation, established in response to

the limited waterresources in the West, is often described using the phrase “firstin time
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- firstin right." Itignores the relationship hetween land and waterand allows the first
person orcorporation to divert water for beneficial use, the right to that water, giving
those who hold older ormore senior water rights preference often even over the

landowners who have thatwater flowing through their properties.

Since wateris governed in the Westusing the Prior Appropriation Doctrine, ditch
and reservoircompanies such as the LeftHand Ditch Company have been established
to privately manage these waterresources and to provide a medium forcooperation
between water users (The State of Colorado 2014). Many of the agricultural water
activities in Colorado would nothbe possible without such infrastructure and organization
in place. Ditch companies operate and maintain ditches and manage the legal
implications of water use in Colorado while making sure waterusers in their service
areas receive the waterthey have legalrights to (The State of Colorado 2014;

McKenzie 2014; Plummer2014).

Ditch companies oversee the water rights held by theirmembers and utilize ditch
irrigation infrastructure such as head gates and laterals to controlthe flow of water to
different waterusers and channelwater to the right locations (McKenzie 2014; Plummer
2014).In Colorado these waterusers are primarily farmersand municipalities with some
industrial waterusers (The State of Colorado 2014). Without ditch companies such as
the LHDC, accurately maintaining and governing who gets what waterunder the Prior
Appropriation Doctrine would be nearly impossible (Plummer2014). LeftHand Ditch
Company and its membershold some ofthe earliest estahlished waterrights in the

west, giving them priority overmore junior waterrights holders.
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Agriculture utilizes a large area of land in Boulder County. In 2012 Boulder

County had an estimated 855 farms with over 132,000 acres in farms (USDA NASS

2012). Farmland is estimated to be steadily increasing in Boulder County where farmers

grow a range of crops with the vast majority of agricultural land established forforage
agriculture. Forage is defined as “any partofthe plantthatcan be consumed by a
grazing animal orthatcan be harvested for feeding” and refers to “any pasture, hay
silage orgreen-chop” (The University of Georgia 2012). Othermajor crops grown in
Boulder County include wheat, corn, barley, and vegetables. Additionally, overone
fourth of farmsin Boulder County are estimated to have livestock and/or poultry
operations (USDA NASS 2012). Figure 5 shows cultivated lands in the LHDC service

area thatwere inundated by floodwaters in the September 2013 flooding.

Ludolph
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g Cultivated Area Inundated by Floodwaters
Left Hand Ditch Company Service Area
Boulder County, Colorado September 2013

[//7] Flaaded Area Within LHDC Service Area
| =— Highways
T = £ LeftHand Ditch Company Service Area
Cultivated Land Non-Cultivated Land Totals ~r~— Rivers and Streams
Total Acres 1718 20229 21947 §% Lakes and Reservoirs
Data Sourcas: The Natioal

Agricusural
Acres Flooded 158 1602 1760 Class_Name gratsts Servoe. The US Cencus Burea.
Percentage

Cultivated
Map Lamaert Ganformal Ganle
Flooded 10.9 126 [ Non-cultivated ::mm Ludolpn nayiﬁﬁi

Figure 5: Cultivated Land Inundated by floodwaters within the Left Hand Ditch Company Service Area,
September 2013

Boulder County and the Left Hand Ditch Company Service Area contain a
relatively large area of agricultural lands thatare classified as significant (Boulder
County Government(BCG) 1997). These levels of significance are outlined in the
Boulder County Comprehensive Plan and have been identified since the early 1980°'s
(BCG 1983). Significant agriculturallands of national importance were identified by the
Soil Conservation Service, now called the Natural Resources Conservation Service
(NRCS). Significant Agricultural Lands of statewide importance were identified by the
State Soil Conservation Board, a division of the Colorado Departmentof Agriculture and

Natural Resources. Lastly, Significant AgriculturalLands of Locallmportance were
Ludolph 13



identified by Boulder County and the Boulder Soil Conservation District. There are over

88,000 acres of significant agriculturalland in Boulder County (BCG 1997).

W ateris often a limiting factorwhen growing cropsin the arid western United
States and irrigation has proven to be an essentialaspectofsuccessfuland productive
farming in Colorado’s dry climate (Colorado State University (CSU) 2011). The United
States Departmentof Agriculture National Agricultural Statistics Service (USDA NASS)
defines irrigated land as “allland watered by an artificial or controlled means, such as
sprinklers, flooding, furrows or ditches, sub-irrigation, and spreader dikes" (2012). W ater
and irrigation are extremely importantto agriculture in western states such as Colorado
where in the exceptionally dry climate water brings notonly beauty, butproductivity and

stability to the land (CSU 2011).

In 2012, the Agricultural Census estimated that Boulder County irrigates over
30,000 acreson 547 farms (USDA NASS 2014). That means thataround two thirds of
farms and the area covered by farmland in Boulder County are irrigated, making
irrigation an essential aspect of the agricultural process and infrastructure. Ditch
irrigation is the main method used to transportwater from naturalsources such as rivers
and lakes to farms foruse forirrigation (CSU 2011).In Boulder County and across the
State of Colorado, elaborate systemsof ditches such as the LeftHand Ditch system
exist to distribute waterto farms. Figure 6 shows the headgates and laterals that make
up the LeftHand Ditch Company Service Area. This infrastructure can easily become
damaged in extreme flood events such as the FrontRange September2013 Floods

(Coffman 2013).
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Figure 6: Headgates and laterals of the LeftHand Ditch Company Service Area

Flooding often has a substantial effecton the agricultural sector because of the
large area thatagricultural lands cover and their often close proximity to water
(Colorado Foundation for Water Education 2013). Irrigation ditches utilized by
agriculturaloperations may make them even more susceptible to damage from flooding
by actually funneling floodwaters directly to farms.In Boulder County, many of these
irrigation ditches and laterals are over 150 years old and difficult to maintain during
normalstream flow conditions making them easily damaged during large flood events

(Wolfenbarger2006). Left Hand ditch system was no exception; due to its unique
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geography and the lack of headgates to close along the creek itself, the ditch system
experienced widespread damage from the September 2013 Flooding (McKenzie 2014,

Plummer 2014).

In 2014, the State of Colorado estimated the damages to waterconveyance
systems tobe at$42,129,284, over 75% of the totalestimated economic impact to
agriculture. Otheragriculturalimpacts included crop loss, private farm clean up, and
pasture and range loss. The Colorado Water Conservation Board (CWCB) reported
approving over $40 million in emergency loan funding to ditch and reservoircompanies
in Colorado including a $3.3 million loan to the LeftHand Ditch Company to repair
damages tothe LHDC irrigation infrastructure (2013). This loan was the largest
approved by the CWCB fora ditch and irrigation company because the damages to the
LHDC irrigation infrastructure were so catastrophic. The damage to these irrigation and
waterdelivery systems may never fully be documented due to the complexity of natural

disasters from flooding although this research strives to quantify these damages.

The farms mostaffected by the September 2013 flooding took the steps
immediately necessary toremove contaminated produce and animalfeed. Despite the
measures taken immediately following the flood, pollutants carried by the floodwaters
could affectsoils and therefore potential crop safety and yields foryearstocome
(Franzen 2010). This will not be quantifiable for severalyears untiimore growing

seasons have passed and the results of lost topsoil can be measured.

Forage makes up mostofthe agriculturalland in Boulder County (USDA NASS

2012). Non-harvested forage lands are often recoverahble if they have notcome in
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contactwith contaminants carried by the floodwaters (UFIFAS 1998). Itsclose proxim ity
to the mountains and upstream position from many anthropological activities prevented
LHDC's service area from becoming extremely contaminated. LHDC's service area was
spared from much ofthe contam ination experienced furthereastfrom the September
2013 flooding, where floodwaters picked up contaminants from cities and other
anthropological activities as they inundated areas and destroyed much ofwhat were in

theirpaths (McKenzie 2014, Plummer 2014).

Literature Review

Immediate concerns typically threaten agriculturalareas inundated by flood
waters (Hellevang 2011). Alderman etal explain thatflood waters can carry
contaminants that make food unsafe forconsumption (2012). Some crops can be
salvaged afterflooding butpropersteps musthbe taken to testwaterand remove
contaminated produce from farms affected by floods containing contaminants (The
Produce Safety Alliance 2013; Kandel 2010). Hay and other food sources forlivestock
mustalso be removed to prevent livestock from getting sick (Cotton and McBride 2010).
Harvested forage such as hay bales which have been submerged in flood waters are
unusable and musthbe disposed of immediately, before livestock feed on them (Norman

etal 2013).

Flooding also affects crops thathave notyetheen harvested. Submersion has a
range of effects on different species of plants (The University of Florida Institute of Food

and Agricultural Sciences (UFIFAS) 1998). Warmertemperaturescause damage to
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occurmuch quicker to waterlogged plants because dissolved oxygen in the soil water
typically depletes ata fasterrate from increased respiration (Drew 1983). Because the
2013 flooding in Colorado occurred late in the growing season afterhotmid-summer
temperatureshad mostly ended, the rate of damage canbe expected to be lower than a
flood of the same magnitude in the middle of the summer. Seminalresearch on flooded
crops suggests thatin generalwaterlogged plants tend to have reduced shoot and fruit
weights and are notas productive with some species facing mortality (Justin and

Armstrong 1987).

Ina 1990 review in the journal Aquatic Botany, Ernst explains the effectof
waterlogged soils on plants. The article describes thatthe primary effectofwaterlogging
is reduced soil oxygen. As soils are waterlogged fora longer period of time, speciation
occurswhere elements in the soilbecome isolated and change from an oxidized to a
reduced state, making regular plant function more difficult. Ernstexplains that a
reduction in photosynthesis will occur almostimmediately following waterlogging but
also acknowledges the strong relationship between waterlogging duration and degree of

damages.

Ernstalso stresses thatwaterlogging will affectglycolysis, the process by which
a plantbreaks down glucose touse as energy (1990). The extentofthese effects
depends on how widespread anoxia orlack of oxygen is in the soil. Notsurprisingly, the
longer the soil is flooded, the more infiltration of waterinto the soil, causing more anoxia
and thus greaterdamage to waterlogged plants. Adaptations are common in plants that

are waterlogged frequently but since the LHDC service area rarely floods, especially not
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atthis magnitude, plants possessing adaptations to waterlogging are not expected to he

common in the study area if they existed at all.

In 1993, Castonguay etal found thatalfalfa, a majorcrop grown in the LHDC
service area, experiences a reduction in yields underwaterfogged conditions. They
found thatwhen alfalfa is waterlogged, itundergoes significant decreases in its
production due to reduction in rootgrowth. Concentration of nitrogen, phosphorous, and
potassium, major minerals elements used by plants, were reduced dram atically in
leaves and potassium was reduced inroots. Notsurprisingly, the study also found that
alfalfa plants'resilience forregrowth after waterlogging declined with the duration of
waterlogging. An increase in free abscisic acid and large accumulations of starch in the
leaves of waterlogged plants was observed, the resultofabnormalplant function from
the anoxic conditions. A decline in leaf stomatalconductance, orintake of carbon
dioxide, was also observed;in otherwords, the alfalfa could not breathe. We can expect

othercrops to experience similar effects to alfalfa in waterlogged soils.

Ina 2011 article from the Journalof NaturalHazards, Qiand Altinakar examine
the complexity surrounding flood damage assessmentand indicate thatflood damage
assessmentreaches beyond solely measuring exposure to flood waters. Otherfactors
come into play such as the value of whatwas affected by floodwaters. For example,
agriculturallands could be regarded as highly valuable to society because of their role
in food production, therefore,a loss of agricultural land could be considered more
destructive than a loss of the same area of open space land. Similarly, quantifying

economic crop loss due to flooding easily becomes complex due to varying stages of
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crop production and varying marketvalues between crop species and even the same
crop at differenttimes of the year. Many variables can be assessed when analyzing a
flood with GIS. Westen suggests taking severalflood characteristics into account
including depth of water, flood duration, velocity, rate of rise and decline and frequency
offloods in the area (2002). This data was unavailable in a usable form for this research

hutthis has been identified as an area for furtherresearch.

Ina 2008 article in Applied Geography, severaltechniques are employed to
assess damages incurred southern France from flash flooding events in November
1999 and September2002 (Vinet 2008). Vinet stresses the importance ofconsidering
agriculturalassets such as farm houses and greenhouses thatwere damaged as well
as damaged irrigation infrastructure and lost crops to conducta more accurate analysis.
Vinet analyzed damages from two differentfloods, one occurred before the harvestand
the other aftercrops had already been harvested. Not surprisingly, he found thatthe
economic impactwas much higherin the 2002 flood which occurred prior to the harvest

because crop losses, mostly grapes in this case, were so much higher.

W hile reporting damages assessed in floods experienced in Illinois in 1996,
Changnon suggests flooding caused a reduction in crop yields and high rates of soil
erosion, washing away many of the land’s nutrients (2002). Both of these articles and
theirtechnigues in flood damage assessmentemphasize the importance of utilizing
reliable and precise agriculture loss data and accounting forcrop type in an econom ic
analysis. Meyeretal. suggestassessing notonly directcosts and costs due to business

interruption forfarms, butalso indirect both monetarily tangible and non-tangible costs
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(2013). Forexample, a complete economic analysis would take non-tangible effects into
consideration such as fluctuations in commodity prices as a result of flood affected
cropsnotgoing to market (Downton 2005). To conduct this analysis precisely is of
course very difficult suggesting inherent bias and inaccuracy to some degree in any

economic disaster analysis (Smith and Katz 2013).

Scientists and emergency managers have long improved methods of mapping
flood damages butrecentadvances in remote sensing technology and Geographic
Inform ation Science technology have made more accurate methods of impact
assessmentmuch more readily available (Jeyaseelan 2003). Flood loss modeling is an
importantcomponentofthe rebuilding process following a major flood eventbecause it
helps officials determine where to send resources. Still, assessing damages to
agriculturalland and infrastructure have nothbeen heavily emphasized (Tapia-Silva et al.
2011).In 2011 CWCB released its Risk MAP program in collaboration with FEM A to
quantify the flooding risk in one of these analytical models for pre-flood risk assessment
(The State of Colorado 2011). Many areas thatwere flooded in September2013 were
classified as high flood risk under this modelbutdue to the magnitude of this particular

flood event, many areas thatflooded were notconsidered atrisk.

Analytical models to perform flood damage assessments have been developed
for several differentgeographic areas following major flooding events. This research
utilizes some of these models forreference and direction butacknowledges limitations
from differences between the unique geographies of both our area of interest, the Left

Hand Ditch Company service area, in Boulder County, Colorado, and the areas of
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interestforthese other geographic areas. Some case studies in flood damage
assessmentexamine a specific crop, some ofwhich donotexistin Colorado but can

still provide an excellent framework for quantifying agricultural flood losses.

Spatial data overlay is a common GIS technigue thatwhen implemented
correctly can be a powerful spatial analysis tool(Burrough and McDonnell 1998; Bolstad
2008). By combining spatial and attribute data in an overlay, the GIS scientist can
generate new data and analyze the spatialrelationship between thematically different
data. This is the main technique used in this research to assess crop losses and
determine the landscapes and their characteristics where flooding was mostcommon.
Bolstad describes overlay as “the vertical stacking and mergerofspatial data” (2008).
Whenoverlaying data, new geometry is often formed. For this research, a geometric
outputwas notnecessary so the Tabulate Area (Spatial Analyst) toolwas utilized, which

outputs a table.

Choosing an appropriate coordinate system is an extremely importantaspect of
accurate overlay operations. Bolstad stresses the importance of using a common
coordinate system between inputs to produce a meaningfuland accurate output in
overlay operations and suggests firstdetermining what the overlay operation is being
used for (2008). In this case we are using the overlay to calculate area so itis important
thatwe use an equalarea projection. Zeiler and Murphy describe how equal area
projections are designed to maintain area measurements and are ideal formiddle

latitudes (2010).
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Zeiler and Murphy suggestthatan Albers Equal Area Conic Projection is often
bestsuited forarea calculations because itminimizes distortion to area measurements
by utilizing two standard parallels which add com plexity and reference to the coordinate
system (2010). These standard parallels are places where the conic shape of the
projection touches the globe’s surface. Inthe ArcGIS 10.1 Help, Earth Systems
Research Institute (ESRI) suggests using 29°30" and 45°30" as standard parallels for

maps thatlie in the conterminous United States (2013).

Design and Implementation

The primary methods of this research catalog irrigation infrastructure and
integrate vectorand raster data overlay analysis to estimate agriculturalresources lost
and determine the landscapes and their characteristics where flooding was most
common. The results of this analysis illustrate which areas were more susceptible to
agriculturallosses and irrigation infrastructure damage from flooding. The intent is that
they can ultimately be utilized for future planning in the LeftHand Ditch Company

service area, Boulder County, Colorado’s FrontRange, and in other geographic areas.

This research utilizes publically available GI1S data from Federal State, and Local
Governmentagencies and collects additional data using in person interviews with the
executive directorand contractorresponsible forrepairs on the Left Hand Ditch
Company’s service area. The Environmental Systems Research Institute (ESRI) ArcG IS
10.1 software suite with was used forall analyses and in the production of allmaps.

Many steps of the analysis utilize tools available in the Spatial Analyst Extension.
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Initially, flood extent data was acquired from severalsources such as the Federal
Emergency ManagementAgency (FEMA), The University of Colorado Hydrology
Department, The Colorado Departmentof Emergency Management, and Boulder
County GovernmentG IS Department. When utilized, the data acquired from FEMA
portrayed the flooding extentin significantly more detail than othersources and was
therefore deemed to be the mostaccurate representation of the flooding extentin the
LHDC service area. Although the FEMA data was mostdetailed in its spatial
representation of the flooding, none of the acquired flood data described depth, flood
duration, velocity, orrate of rise accurately ata reasonable scale forthe study area.
These flood characteristics were not taken into consideration and this has been

identified as an area requiring furtheranalysis.

Hydrologic unit data was acquired from the National Resources Conservation
Service's National Hydrography Dataset. Land cover data were acquired from the
National Gap Analysis Program (GAP). Agricultural land, building footprintand storm
rainfall estimate data were allacquired from the Boulder County Government G IS
Department. Irrigation infrastructure and the LHDC service area boundary were
acquired from the City of Boulder. The accuracy ofthe City of Boulder's irrigation
infrastructure data forthe LHDC service area were confirmed by Terry Plummer, the
Executive Director of LHDC, and Scott Aschenbrenner, the contractorresponsible for
repairs to the ditch system following the flooding. Crop data was acquired from the

United States Departmentof Agriculture’'s National Agriculture Statistics Service.
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Landscape characteristic data were also obtained foranalysis. Soil characteristic
datawere acquired from the United States Departmentof Agriculture National Resource
Conservation Service (USDA-NRCS)'s Soil Survey Geographic Database known as
SSURGO . Itcontains data collected over more than a century by the National
Cooperative Soil Survey and covers mostofthe United States (USDA-NRCS 2015).
The soil survey data contains a large amountofinformation aboutthe soil. This
research examines some of these characteristics: known flood frequency, water storage
capacity atseveraldepths, drainage class, and hydrologic class, as they are described
in the soil survey data. Some soil characteristics were om itted such as bedrock depth
and watertable depth because they were incomplete forsome map units in the study
area. Othercharacteristics such as farmland suitability, and erosion potentialwere

initially analyzed butomitted due to relative homogeneity within the study area.

Soil characteristics can greatly impacthow a flood affectsan area and how much
damage is caused.In their 2010 Flash Flood Early Warning System Reference Guide,
the University Corporation for Atmospheric Research (UCAR) describes how different
soil compositions can behave very differently under flooding conditions. They explain
considering three main factors, soil moisture, soil permeability, and soil profile. Soil
moisture played a large role in the September2013 floods in Colorado because with the
large volume of water falling as rain, the soileventually became completely saturated

and did notallow water to infiltrate, forcing it to flow on the surface (Coleman 2014).

Soil permeability is another soil characteristic that affects flooding (UCAR 2010).

Permeability can be described using texture or the relative proportion of different sizes
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of particles in the soil. UCAR explains how sandy soils allow forthe quickest infiltration
because ofthe larger particles that make up the soil, with more space in between the
particles for water, making them less susceptible to flooding. Silty soils have more
medium-sized grains thatofferan intermediate rate of infiltration, while clay soils have
the smallest particles and are therefore more susceptible to flooding because water
cannot infiltrate as quickly. This is described in the soils survey data qualitatively in the

soil unitnames (USDA-NRCS 2015).

UCAR suggests also considering soil profiles but stresses thatprofiles can have
a minimal affectonce the soilbecomes saturated (2010). This was the case with the
September 2013 flooding due to the duration of the storm and abnormally large volume
ofwater thatfelloverthe area as rain. The bedrock depth and water table depth are two
crude measurementsused to understand profiles. Unfortunately due to incomplete data
forthese characteristics in the soil survey data, bedrock depth and water table depth
were nottaken into consideration. W aterstorage capacity can also be used to
understand soil profile. W ater storage capacity refersto how much water the soil can
store and is measured in centimeters cubed of water (USDA NRCS 2015). The NRCS
data measures water storage capacity at severaldepths, 0-25¢m,0-50 ¢m,1-100 cm
and 0-150 cm . Notsurprisingly, soils with a greaterwater storage capacity and water
storage capacities thatextend deeperinto the soil profile are less susceptible to

flooding.

Known flood frequency is another characteristic described in the soil survey data

indicates how frequently an area has been known to flood overtime. Drainage class
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describes and quantifies the naturaldrainage condition of the soil, indicating the degree,
frequency, and duration of inundated water on the soils overtime. The soil survey data
also indicates hydrologic group, a classification system thatis used to determine the
potential forrunoff over a particular soil type, ranging from A to D, increasing in the
amountofrunoff. UCAR explains thatland covergreatly affects flooding and runoffover
the landscape (2010). Forexample urbanization creates more impermeable surfaces
and compacted soils which decrease infiltration and increase runoff drastically

influencing how water interacts with the landscape.

Forthisresearch, elevation data was acquired in a digital elevation model (DEM)
raster from the USGS ata 10m resolution, the highestresolution publically available in
the study area. To utilize the DEM, firstit was projected appropriately foranalysis
involving area calculations in the Left Hand Ditch Company service area. Then the
spatial analysttools in ArcGIS 10.1 were used to generate slope and aspectdata from
the projected raster DEM. The elevation, slope, and aspect data were then clipped to
the study area, the LHDC service area, using the Extract hy Mask (Spatial Analyst) tool
and a polygon feature class representing the LHDC service area, acquired from the city

of Boulder.

To utilize the elevation, slope and aspect data the Integer,orint(Spatial Analyst)
tool, had to be used to convert the floating point rasterdatasets into integer raster
datasets thatcould be used in an overlay operation. Classes also had to be established
forarea tabulations. Using this methodology, five classes were established for

elevation, using equal interval spacing, measured in metersabove sea level: <1550,
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1550-1600, 1600-1650, 1650-1700, and >1700. Aspect utilized the classes created in
the data's generation thatdescribe the cardinal directions N, NE, E, SE, S, SW, W, NW
and flatground, butthe Int(Spatial Analyst) toolwas stillnecessary to convertto an
integer raster. The generated slope data was reclassified to use the USDA-NRCS’ slope
classes described in the National Soil Survey Handbook: Nearly Level (<2% ), Gently
Sloping (2-6% ), Strongly Sloping (6-14% ), Moderately Steep (14-25% ), and Steep

(>25%) (2015).

The USDA NRCS describes how elevation can play a role in how soils develop,
theirchemical composition, and can also affectdrainage within the landscape (2015).
Aspect,another importantsoil characteristic, defines which direction the land faces and
can affectthe way soil behaves in various conditions because differentaspects interact
with their surrounding environment differently. Slope has a large effecton soils during a
flooding event. As expected, steeperslopes do nothave as high rates of infiltration
making shallower slopes more susceptible to flooding and leading to higher rates of

runoff for steeperslopes (UCAR 2010).

For this research an Albers Equal Area Conic Projection thatis ideal forarea
calculations in the Left Hand Ditch Company service area was created by utilizing
appropriate standard parallels and centering the projection on the study area. Following
ESRI's guidelines, standard parallels were setat29°30"and 45°30' (or29.5 and 45.5in
decimaldegrees). Then the Feature to Point (Data Management)toolwas used in
ArcGIS to convertthe polygon feature representing the LHDC service area to a point,

representing the centerpointorcentroid ofthe LHDC service area. Next, new fields
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were created for latitude and longitude and the “Calculate Geometry” feature was used
in the attribute table to calculate these values forthe LHDC service area centerpoint in
decimaldegrees. The centerpointwas found to he at40.126161 N, 105.221139 W . The
centroid’s coordinates were then used to centerthe new Albers Equal Area Conic
Projection on the LHDC service area by setting 105.221139 W or-105.221139 as the
Central Meridian and 40.126161 N as the Latitude of Origin. This ensures thatarea
calculations are calculated mostaccurately. The Albers projection thatwas created

utilizes the North American Datum from 1983 (NADB83).

The nextstep in the overlay analysis was to project all feature classes involved in
the analysis into the newly created LHDC Albers projection. Raster datasets were also
projected into the Albers Equal Area projection designed forarea calculations in the
LHDC service area. Formostof this analysis, the Tabulate Area (Spatial Analyst) tool
was used to determine whatcrops were lostas a resultof the flooding as well as the
landscapes and theircharacteristics where flooding was mostcommon within the Left

Hand Ditch Company service area.

Results

Geographic Information Systems technologies, using techniques in polygon
overlay analysis were used to determine the area within the LeftHand Ditch Company
service area thatwas inundated by floodwaters. Using flood inundation data from the

Federal Emergency ManagementAgency (FEMA)itwas found thatover 1,700 acres of
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the approximately 22,000 acres in the LeftHand Ditch Company service area were

flooded equaling approximately 12.5% of the totalservice area of the ditch company.

Polygon overlay analysis was also used to determine significant agricultural
lands within the Left Hand Ditch Company service area. The LHDC service area
contains a large area of significant agricultural lands with over 3,000 acres of national
importance, over 10,000 acres of statewide importance, and over 1,000 acres oflocal
importance together totaling over 14,000 acres. These significant agriculturallands
coverabouttwo thirds of the totalLeft Hand Ditch Company service area. Figure 7
shows lands in the LHDC thatare classified as significant and the area thatwas

inundated by floodwaters in the September 2013 flooding.
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Figure 7: Significant Agricultural Lands Inundated by floodwaters within the Left Hand Ditch Company
Service Area, September 2013.

*Acreage calculated with polygon overlay using ArcGIS 10.1 software. Data Sources foroverlay: the
Federal Emergency Management Agency (FEMA), the Boulder County Government, and the Left Hand
Ditch Company.

Terry Plummer, Executive Director of the LeftHand Ditch Company, took
preventative measures into his own hands before the peak of the flood to protect farms
and landowners’ buildings in the LHDC service area (Zaffos2014). On September12,
2013, he puthis own life in danger in the directline of rising floodwaters, racing to build
berms to protectfrom rapidly rising flood waters and divert wateraway from precious
irrigation infrastructure and homes. Despite his arguahly heroic efforts, hundreds of

buildings in the LHDC service area were flooded.
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Utilizing the Boulder County Government's building footprintdata and using G IS
technigues in overlay with FEMA’s flood inundation data, itwas found that663 known
buildings in the LHDC service area were flooded during the September 2013 flood.
Some experienced minor damages while others were completely destroyed (Plummer
2014). Figure 8 shows known buildings and the inundation extentofthe September
2013 flooding in the LeftHand Ditch Company service area. There are map insets for

severalareas thatexperienced the greatestconcentrations of flooded buildings.
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Figure 8: Flooded buildings in the LeftHand Ditch Company Service Area
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Many crops hecame waterlogged before being harvested following the
September 2013 flooding in Colorado. Results ofan overlay analysis using G1S
software determined thatthe majorcrops grown in the LHDC service area are hays
otherthan alfalfa, alfalfa, corn, winter wheat, sorghum, and barley. Ofthese crops, the
USDA's National Agricultural Statistics Service reports thatall types of these crops
would still be in the ground and therefore face damages and losses from flood waters,
excluding winter wheat which is typically harvested by the end of July. See table 1 for
harvestdates of majorcrops grown in the Left Hand Ditch Company service area.

Crops are listed in orderof mostto leastacres grown in the LHDC service area.

Colorado Harvest Dates
Beginning . End of
of harvest Most Active Harvest
Hay (non-
alfalfa) 616 415-7710 9/15
Alfalfa 5123 5/30-101/6 1119
Corn 9/28 10/8-11/13 11122
Winter W heat* 6127 712-7121 7129
10/11-
Sorghum 9/29 11/18 11129
Barley 7120 7129-91/6 9/14

Table 1: Harvest dates of majorcrops grown in the Left Hand Ditch Company service area.

Data source: United States Departmentof Agriculture National Agricultural Statistics Service (USDA
NASS), 2010.

*The winterwheat crop was not affected by the September 2013 flooding because ithad already been
fully harvested in Colorado (USDA NASS 2010).

The time forideal harvestofthe winter wheatcrop had already passed so 2013’s
winter wheat crop in the Left Hand Ditch Company service area was notaffected (USDA
NASS 2010). Despite this, the 2014 crop may have experienced some effects from the
flooding. Winter wheat is typically planted in the fall for the following growing season

(USDA NASS 2010). The Colorado Crop Progress Reportfrom September 22,2013
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suggests thatsome farmersmay have wanted to replantwinter wheat as a resultofthe

flooding (USDA NASS 2013).

The September 2013 flooding occurred at the very beginning of the range of
when winter wheatis typically planted in Colorado (September1-0October11)so itis
difficult to determine how much of the winter wheatin the LHDC service area had
already been planted (USDA NASS 2010). The range of winter wheat planting dates for
Colorado provided by the USDA NASS takes all ofthe state’s geography into account,
including much higher elevations than the LHDC service area, where winter wheat
needs to be planted earlier. This research assumes minimalimpactto the 2014 winter
wheatcropin the LHDC service area because itis likely thatnone oronly a small
amounthad been planted already because ofthe relatively lower elevations.
Additionally, if winter wheat thathad been planted for 2014 was affected, the cost to
replantwould be significantly less than the value of the othercrops thatwere affected

since the winterwheat hadn't started growing yet.

The waterconveyance systems within the LeftHand Ditch Company service area
experienced immense damages thattook severalmonths to repair. Miraculously, due to
Executive Director, Terry Plummer, and Contractor, Scott Ashcenbrenner's efforts and
promptresponse, allmajorrepairs in the Left Hand Ditch Company service area were
completed prior to the startofthe 2014 irrigation season (St. Vrain and LeftHand W ater
Conservancy District (SVLHW CS), 2014). This was notthe case forall ditch companies
in Colorado and was made possible largely due to the $3.3 million dollar low interest

loan thatwas made available to LHDC from the Colorado W ater Conservation Board
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(CWCB 2013). Table 2 shows damages tothe ditches and irrigation infrastructure in the
LeftHand Ditch Company service area, their repair status, and estimated cost for the
repairs. Repair costis underestimated here due to missing repair estimate data from
severalditches and laterals in the system. Even with this underestimate in cost, repairs
are estimated atalmost $4.3 million forthe Left Hand Ditch and associated laterals and

ditches thatitfeeds.
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Ditchor Measuring Repaired by Repair
Irrigation Diversion structure Headgate Structure Structure 2014 Irrigation Estimate (if
Infrastructure Damages Damages Damages Season available)*
Allen's Lake Filler | Destroyed Destroyed Buried Yes $84,000
Allen's Lake (with | Diversiondestroyed (no
Diversion) damage to lake) Destroyed Destroyed Yes $436,123
BaderDitch Destroyed Destroyed Intact Yes $4,000
Busch Ditch notdamaged
CrockerDitch Destroyed Destroyed Buried Yes $25,000
CRO-John Ditch notdamaged
Dry Creek notdamaged

MMor REepans

needed After
Gold Lake Filler Startof
Canal Damaged Intact Damaged irrigation $10,000
HaldiDitch Buried Destroyed Yes $480,000
Hinman "0 ld
Hinman"Ditch Buried Buried Buried Yes $1,000
Holland Ditch notdamaged** $1,000
James Ditch notdamaged** $1,000
Johnson Ditch notdamaged
Lake Ditch notdamaged
Lake Valley Golf
Course Diversion notdamaged
LeftHand Ditch Destroyed Destroyed Destroyed Yes $3,250,000
LeftHand Valley
Reservoir Damaged Damaged Yes Unknown
New Hinman
Ditch Damaged Damaged Damaged Yes Unknown
New Table
Mountain Ditch Destroyed Damaged Yes Unknown

Main Headgate

North TollG ate Destroyed;Other
Ditch Headgates Intact Yes Unknown
Old StarDitch Destroyed Destroyed Destroyed Yes Unknown
Peck Ditch
Recorder Station Destroyed Destroyed Destroyed Yes Unknown
South Toll G ate
StarDitch Unknown
W illiamson Cavey
Ditch Damaged Damaged Yes $6,000
Total $4,298,123*

Table 2: Damages, repair status, and estimated repair cost to ditches and laterals in the Left Hand Ditch
Company service area.
Data Source: St. Vrain and LeftHand W ater Conservancy District,2014.
*This totalcost estimate in underestimates actual cost due to missing data for several ditches in the

system

**Some ditches listed as not damaged stillincurred cleanup costs to reach usable status
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Utilizing spatial data from the USDA NASS' cropland data layer an overlay
analysis was performed to determine what crops grow in the LHDC service area and
which cropswere flooded (2010). Using the acreages found in the overlay and non-
spatial data describing the economic value of various cropsin Colorado, also from the
USDA NASS, acrude economic analysis was performed (2014). Table 3, shows the
results of this analysis. Winterwheatwas notincluded because itis assumed thatall
winter wheat for 2013 had already been harvested (USDA NASS 2010). Hay other than
alfalfa was found to have experienced the mostflooding with almost 470 acres of the

5191 acresgrown in the LHDC service area inundated with floodwaters.

Approxim ate

Total Acres Harvest Date Price Estimated
Crop Acres |Flooded |in Colorado* Per/Acre** |Harvested*** |Profit Lost
Other Hay (non-
Alfalfa) 51914 469.7 15-Sep $364.80 [No $171,345.53
Alfalfa 666.5 99.9 9-Nov $687.30 | No $68,630.43
Corn 309.6 4.2 22-Nov $603.91 [No $2,551.82
Winter Wheat*** 59.4 3.3 29-Jul $174.75 | Yes N /A
Sorghum 49.8 1.8 29-Nov $183.84 [No $327.08
Barley 30.5 6.7 14-Sep $762.09 | No $5,084.54
Other Crops 7.3 0
Fallow Idle Cropland 64 1.3
Total 6378.5 586.9 $247,939.40

Table 3: Crops grown and estimated crops lostto flooding in the LeftHand Ditch Company Service area
due to the September 2013 flooding.

*Source: United States Department of Agriculture, Agricultural Statistics Service, AgriculturalHandbook
628.

**Source: United States Departmentof Agriculture, Agricultural Statistics Service, Colorado State
Agriculture Review 2013.

¥**The winter wheat crop had already been harvested by the time of the flood.

Using these measurements and 2013 commodity prices for Colorado, it is
estimated thatfarmersin the LHDC service area experienced $171,345 of lost profits

due to the flooding non-alfalfa hay (USDA NASS 2014). Almost 100 acres of the 666
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acres of alfalfa grown was inundated by floodwaters, resulting in an estimated $68,630
loss of profit. Othermajor crops grown in the LHDC service area include corn, winter
wheat, sorghum, and barley but this analysis found impacts to these crops’ harvest to
be insubstantialin numbers compared to alfalfa and non-alfalfa hay. Overall this basic
economic analysis found thatalmosta quarter million dollars in profits were lost due to
flooded agriculturallands in the Left Hand Ditch Company service area. Mostcrops had
notyetbeen harvested and many were faralong in theirgrowing cycles, almostready

forharvest, maximizing the economic impact (USDA NASS 2010).

A similar overlay operation was used to determine what land covertypes existin
the LHDC service area and which were affected mostheavily by the September 2013
floods. This portion of the analysis used data from the USG S’ National GAP Analysis
Program.Table 4 shows the results of this overlay listed in orderof mostflooded to
least flooded land covertype. When land cover data were overlaid with the study area
and the area inundated by floodwaters within the study area, it was found thatland
classified as agricultural land experienced by farthe mostflooding with 1,099 acres
flooded of the 12,135 totalacresin the LHDC service area, around 9% of the total area

covered by land classified as agricultural.
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Percentage
Total Acres of Total

Land cover Type Acres Flooded | Flooded
Invasive Annual
Grassland 18.89 15.48 81.98
Western Great Plains
Riparian Woodland and
Shrubland 1278.91 451.60 35.31
Agriculture 12135.50 | 1099.09 9.06
Developed Open Space 943.41 81.69 8.66
Western Great Plains
Floodplain Herbaceous
Wetland 518.84 41.28 7.96
Invasive Perennial
Grassland 3245.67 66.48 2.05
Rocky Mountam
Ponderosa Pine
Woodland 59.14 1.19 2.02
Developed 333.31 4.82 1.45
Western Great Plains
Foothill and Piedmont
Grassland 1329.85 4.93 0.37
Western Great Plains
Shortgrass Prairie 894.53 1.07 0.12
Rocky Mountain Lower
Montane Foothill
Shrubland 398.51 0.00 0.00
Western Great Plains
Sandhill Shrubland 20.48 0.00 0.00
Recently Burned 1.78 0.00 0.00
Open Water 627.95 | N/A N /A

Table 4: Land cover types of the LeftHand Ditch Company Service Area and the area of land cover
flooded by type
Data Source: National GAP Analysis Program Land Cover Data

Western GreatPlains Riparian Woodlands and Shrublands also had high rates of
flooding with 451 acres flooded of the 1278 totalacres in the LHDC service area, over
35% ofthe totalarea covered by thatland covertype.Developed open space and
Western Great Plains Floodplain Herbaceous Wetland land covertypes also
experienced high rates of flooding with around 8% of their totalareas inundated by

floodwaters, although theiracreages are insignificant when compared to agricultural
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lands and Western GreatPlains Floodplain Herbaceous Wetlands. Conversely, Invasive
Perennial Grasslands, Western GreatPlains Foothill and Piedmont Grassland, and
Western GreatPlains Shortgrass Prairie cover largerareas of the study area butwere
found to be more flood-resistant than otherland covertypes, with relatively small

portions of theirareas inundated by floodwaters.

The nextportion of the overlay analysis involved soil characteristics provided by
the USDA NRCS' national soil survey data. Results of this portion of the analysis are
shown in tables 5 and 6. Figure 9 shows the various soil types identified by the soil
survey and their extents across the LHDC service area. Niwot soils experienced the
mostflooding with 386 of the total450 acres inundated by floodwaters, over 85% of
theirtotalarea in the LHDC service area. Calkins sandy loam also experienced high
rates of flooding with around 320 acres flooded in each slope class, 0 to 1 percentand 1
to 3 percent, totaling 640 acres inundated with water. Mantersandy loam also
encountered widespread flooding with 226 of the 243 acres in the study area flooded,

over93% ofthe totalarea covered by thatsoiltype.
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Figure 9: National Soil Survey Unitsinand around the LeftHand Ditch Company Service Area
Data source: National Soil Survey (SSURGO)
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! Hiveot soits
| Munn diay loam, 0 o 1 percant slopes

. Nunn day loam, | to 3 percent slopes
[T Munn oy losm, 3 1o 5 percent shopes
I naunn iy loam, 5 1o @ percent siopes
I tiunn sandy clay loam, Ota 1 percent siapes
[ Munn sandy clay loam, 110 3 percert skapes
I #unn-Kim cormgles:
IR Feyion-Juget very gravelly lnamy sands, 5 to 20 pevcent siopes
I Pinsta-Flock outerop complex, § to 55 percent sopes
I e
I Renohil loam, 3 to 8 percent slapas
I enohil sity clay loam, 1 to 3 percent slopes
I Renohil sity clay loam, 3 to 8 percent siopes
- Rozk outerap.

I Fem Ciift-Allens Pask-Rock outcrap cormples, 15 10 60 percent siopes [l Samsi clay. 310 12 percert slopes

I Gaynoe sity clay laam, | to 3 percent siapes
I Gaynor sity clay loan. 3 tn 8 percent stopes.
I Godvale-Rock outcrop complex, 1o 55 percent slopes:
I Gravel pits and mine dumps
0 Hargreave fine sardy loam, | to 3 percent slopes
B0 Hargeave fine sandy loam, 3t 9 percent slopes
I Heldr clirg, 00 3 percent sopes
U Heldtclzy, 3o & percent sioges
0 Juges.Riock outcrop complex, 8 to 55 parcent siopes
| Wuteh clay loam, 3 to 9 percent slopes
| Laporte very fine sandy loam, 510 20 percent siopes
Lengrrant clay, U to 3 percent siopes
Leveland soils
MLRA BTE - Ascalon sandy loam, 0 10 3 percent slopes
Made land
Marter sandy kam, 0 ta 1 percent spes.

I =it Shingle comalex, 5 to 25 percent slopes
B shingie-Gaynor complex. 3 to 20 percent stopes
I <crile story loam, 10 to 50 percent slopes
B Terace escamments

- almant clay loam, 1 to 3 percent slopes.

B oot clay loam, 310 5 percent siopes

I vt cobibly iy bam, 110 5§ percent skapes
I v2imant cobibty clay oam, 5 to 25 percent siopes
[ water

I el e sandy loam, 1 to 3 percent opes
Weld foarm, 010 | percent sopes

[ i iosm, 1 to 3 percent siopes

I =i ioamy sand, | o 4 percent Sapes

B 4 Colty corrples, Dto 3 percent slopes
I i Caiby carrplex, 310 5 percent siapes
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Soil Typeand
Slope

SoilComposition

WaterStorage Capacity

0-25
cm

0-50
cm

0-100
cm

0-150
cm

Acres
in
LHDC

Acres
Flooded

Percent
Flooded

Mantersandy
loam,1to 3
percentslopes

Sandy Loam

3.4

6.47

11.97

17.47

243.79

226.81

93.04

Niwotsoils

Loam

3.75

6.1

8.6

11.1

450.59

386.62

85.8

Calkinssandy
loam,1to 3
percentslopes

Sandy Loam

12

18

417.4

319.53

76.55

Calkinssandy
loam,0to 1
percentslopes

Sandy Loam

12

18

627.14

321.15

51.21

Gravelpitsand
minedumps

N /A

0.5

58.32

10.08

17.28

Nunnsandy clay
loam,0to 1
percentslopes

ClayLoam

17.61

27.11

832.53

62.06

7.45

Valmontclay
loam,1to3
percentslopes

ClayLoam

14.35

17.85

1991.52

138.34

Nunnsandy clay
loam,1to 3
percentslopes

ClayLoam

17.81

27.31

990.98

59.97

Valmontcobbly
clay loam,1to5
percentslopes

ClayLoam

11.84

15.34

1883.08

97.36

Heldtclay, 0 to
3 percentslopes

Clay

16.96

26.46

533.51

24.42

Ballerstony
sandy loam, 9 to
35 percent
slopes

Sandy Loam

35.67

1.5

Nunnclay loam,
1to3percent

slopes

ClayLoam

16.96

26.46

1776.04

48.49

Renohill silty
clay loam,3t09
percentslopes

ClayLoam

14.08

14.08

403.96

1.41

Nederland very
cobbly sandy
loam,1to 12
percentslopes

Sandy Loam

1.64

3.64

6.66

9.66

2230.07

29.03

1.3

Table 5: Soil characteristics of soil types thatexperienced the mostflooding in the September 2013

Flooding.

Data Source: United States Departmentof Agriculture National Resources Conservation Service Nationa

Soil Survey

Ludolph
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Soil Type and Known

Slope and Flood Drainage | Hydrologic [Acres in | Acres Percent

Abbreviation Frequency | Class Class LHDC Flooded | Flooded

Manter sandy loam,

1to3 percent slopes Well

(MdB) None drained B 243.79 226.81 93.04
Poorly

Niwotsails (Nh) Occasional | drained C 450.59 386.62 85.80

Calkins sandy loam,

1to3 percent slopes Poorly

(CaB) Occasional | drained C 417.40 319.53 76.55

Calkins sandy loam,

0tol percentslopes Poorly

(CaA) Occasional | drained C 627.14 321.15 51.21

Gravel pitsand mine

dumps (GP) None A 58.32 10.08 17.28

Nunn sandy clay

loam, 0 to 1 percent Well

slopes (NnA) None drained C 832.53 62.06 7.45

Valmont clay loam, 1

to 3 percent slopes Well

(VaB) None drained C 1991.52 138.34 6.95

Nunn sandy clay

loam, 1 to 3 percent Well

slopes (NnB) None drained C 990.98 59.97 6.05

Valmont cobbly clay

loam, 1 to 5 percent Well

slopes (VcC) None drained C 1883.08 97.36 5.17

Heldt clay, 0 to 3

percent slopes Well

(HeB) None drained C 533.51 24.42 4.58

Baller stony sandy

loam, 9 to 35 Well

percent slopes (BaF) | None drained D 35.67 1.50 4.20

Nunn clay loam, 1 to

3 percentslopes Well

(NuB) None drained C 1776.04 48.49 2.73

Renohill silty clay

loam, 3 to 9 percent Well

slopes (ReD) None drained C 403.96 5.71 1.41

Nederland very

cobbly sandy loam,

11t012 percent Well

slopes (NdD) None drained B 2230.07 29.03 1.30

2013 Flooding Il

Table 6: Soil Characteristics of soil types thatexperienced the most flooding in LHDC in the September

Data Source: United States Departmentof Agriculture National Resources Conservation Service National

Soil Survey
Ludolph
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The lastportion of the landscape characteristic overlay analysis involved
elevation, slope, and aspect. Results of this portion of the analysis are shown in tahle 7.
The lowest elevation class, <1500 meters,had 586 acres thatflooded, over 19% of the
totalarea covered by this elevation class. Similarly elevations in the 1500-1550 meter
class experienced 616 acres of flooding, over 8% ofthe totalarea covered by this
elevation class. The amountof area within the study area flooded decreased with
increasing elevation. North and northeastfacing slopes were found to have higher rates
of flooding. Lastly, the relationship between slope and flooding was observed. Shallower
slopes experienced the highest rates of flooding with nearly level slopes (<2%)
experiencing over 10% oftheir area flooded, and gently sloping areas (2-6%)
experienced over 8% flooding in the LHDC service area. Areas with a slope steeper

than 6% experienced significantly less flooding thatdecreased with increasing slope.

Elevation Class | Total Acresin | Acres Flooded | Percent

(meters) LHDC in LHDC Flooded

<1550 2934.12 586.28 19.98
1550-1600 7599.33 616.55 8.11
1600-1650 5512.12 303.65 5.51
1650-1700 4628.74 238.03 5.14
>1700 1152.28 23.85 2.07

Total Acresin | Acres Flooded | Percent

Aspect LHDC in LHDC Flooded
Flat 296.44 0.00 0.00
North 2406.22 251.89 10.47
Northeast 4714.53 431.46 9.15
East 6271.18 471.26 7.51
Southeast 4250.71 322.53 7.59
South 2300.92 200.81 8.73
Southwest 525.37 23.13 4.40
West 368.62 8.74 237
Northwest 692.60 58.54 8.45
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Total Acresin | Acres Flooded | Percent

Slope Class LHDC inLHDC Flooded
Nearly Level

(<2%) 9868.27 1069.96 10.84
Gently Sloping

(2-6%) 7644.60 631.51 8.26
Strongly

Sloping

(6-14%) 3136.70 60.53 1.93
Moderately

Steep

(14-25%) 827.44 5.50 0.66
Steep (>25%) 349.58 0.87 0.25

Table 7: Elevation, slope and aspect and theirrelationship to flooding in the Left Hand Ditch Company
service area during the September 2013 floods

Discussion and Areas for Further Research

The overlay analyses performed in this research provide new insights on the
landscape conditions thatallow forthe mostdamage to agricultural lands and irrigation
infrastructure in a flooding event. Although this analysis does notaccountforall factors,
this research is stillimportant for simply cataloging the damages incurred to irrigation
infrastructure and agriculturallands in Boulder County Colorado's Left Hand Ditch
Company’s service area. Itwill also aid in the future design of irrigation ditches for storm

waterconveyance in extreme flooding events.

Notsurprisingly, the areas inundated by floodwaters were found to be clustered
around the LeftHand Creek itself and the systems water conveyance such as ditches
thatare designed to deliver water to farmers. Field s of hay otherthan alfalfa were

found to have experienced the mostflooding ofany of the crops grown in the LHDC
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service area. Thisis not surprising considering hay other than alfalfa is by farthe most
commonly grown crop in the LHDC service area with between 8 and 9 times as much

area covered as alfalfa, the nextmostcommonly grown crop.

Ofthe soil types thatexperienced the mostflooding, sandy loam and loam soils
tended to be more likely to flood than clay loam soils. This is surprising because in
UCAR's Flash Flood Early Warning System Reference Guide, they reportthatsandy
soils tend to allow more infiltration and flood less easily (2010). This illustrates thatsoil
permeability and therefore infiltration rate were less importantfactorsin determining
whatareas were more likely to experience flooding in September 2013 because the soil
had already become saturated. This is consistent with the magnitude of the precipitation
eventand large volume of rain thatfell.

Also surprising, there was no discernable correlation between water storage
capacity and areas where flooding was mostlikely to occurand no substantial
relationship between the USDA’s hydrologic class, used to describe infiltration rate, and
flooding. This is another indication thatthe soil had become completely saturated,
making the infiltration rate and permeability insubstantial factors in flooding extent. In a
smaller flood eventwe could expectthese factorsto have a greater affectas they
probably did at the beginning of the flood, before soils had become saturated, forcing
waterto flow on the surface.

The USDA's soil survey data also describes known historical flooding frequency.
All soil units in the study area are classified as having a flood frequency of “occasional’
or“none.” Notsurprisingly, soil types thatexperienced the mostflooding have a known

flooding frequency classified as “occasional” while soils thatexperienced less flooding
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tended to have theirknown flooding frequency classified as “none.” The low statistical
probahility of this particular flood, estimated ata 1in 1000 yearevent, meantthat
severalareas classified as having no known flood frequency were still inundated by
floodwaters (Freedman 2013). Similarly and not surprisingly, soils classified as “poorly
drained” under the USDA’s drainage class experienced much more widespread flooding
than those classified as ‘well drained.”

Using the equalintervalelevation classes, the lower elevation areas tended to
allow forhigher rates of flooding. This is no surprise considering thatwater typically
flows to lower elevation areas. North and northeastfacing slopes tended to experience
more flooding. The preference of north facing slopes may be due to drier soils on south
facing slopes when the precipitation event started, allowing for more infiltration in south
facing slopes before soils became saturated. Otheraspects of this analysis suggestthat
the volume of waterwas large enough thatthis would nothave an effect. Not
surprisingly, shallower slopes tended to experience the mostflooding because water
tended to poolinstead of runoff,

Combining results of the various economic analyses performed,itis estimated
thatthe LeftHand Ditch Company experienced over $4.5 million in damages and losses
as aresultofthe September 2013 flooding. This takes into consideration a basic
accounting of crop losses and damaged irrigation infrastructure. Severalareas have
been identified forfurtherresearch. Fluctuations in commodity prices and the econom ic
effects experienced from crops notgoing to marketwere notaccounted for.Damaged
agricultural structures were notaccounted forin the analysis eitherbecause theirvalue

could notbe accurately quantified. Flood characteristics such as depth, velocity and rate
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ofrise were also notaccounted forand would provide new insight aboutcrop losses if
this data becomes available. Itis recommended that this flood characteristic data is
collected if possible in future flood eventsinvolving inundation ofagricultural lands.

Results from the landscape characteristic overlay analysis showed thatflooding
was more likely to occur on lands with particular soil types and land covertypes.
Severalothercharacteristics thatwere expected to be more indicative of flooding did
notshow ameaningful relationship. Soil composition, water storage capacity, and
hydrologic class were predicted to have a strong correlation, observahle when
compared to areas thatflooded but thiswas notthe case. This unexpected
disassociation is likely due to the large volume of waterthat fellduring the storm.QOnce
the soil was fully saturated, these soil characteristics that affectinfiltration and
permeahility were no longer relevant, causing waterto flow on the surface overall types
of soil.

Although the landscapes where flooding was more common in LHDC service are
have heen determined, and theircharacteristics identified, furtherresearch is necessary
to fully understand floodwaters and theirinteraction with the landscape and
anthropologically altered lands such as those used foragriculture. Promptresponse by
the Left Hand Ditch Company has been identified as a major factorin the LHDC's
speedy recovery to their waterconveyance systems following the flood damages. The
authorrecommends analyzing landscape characteristics when building and assessing
flood risk foragricultural lands in flood prone areas butacknowledges the limitations of

this research’s results simply due to varying geographies between study areas.
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