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ABSTRACT

Impacts from flooding can be life altering, with high costs of damages, displaced lives,
and lasting effects on communities providing cause for further investigation into flood prediction
and mitigation practices. Hydrologic models simplify complex physical processes in an effort to
predict flooding, yet some models do not factor important considerations such as seasonal
impacts on flood behaviors. Studying this seasonal response is important to watersheds that
experience frozen soils during cold seasons, as the overall effect from snow and frozen soils can
have a greater impact on infiltration and runoff during cold season floods than may be
experienced during warm season floods. Michigan’s Grand River watershed has mixed land
covers, including agricultural, forested, and urban types, and was chosen as the study area to
investigate 1) the flooding associated with cold season conditions against warm season
conditions, and 2) four historically significant floods in this area, two during cold season and two
during warm season. The purpose of this analysis was to use hydrologic modeling and
geographic information systems to simulate flooding in various Grand River sub-watersheds to
understand the effects of dominant land cover and frozen versus unfrozen soil on past flood
events. The four selected flooding events were used to model runoff from each sub-watershed for
each event, comparing the percentage difference in runoff for frozen or unfrozen conditions in
each sub-watershed to gain perspective on the influence of land use/ land cover type and
seasonality on the severity of flooding. Results demonstrate that the use of Soil Conservation
Service Curve Number for runoff timing and magnitude prediction can be successful when the
conditions are at or near average watershed conditions, including saturated conditions, and less
successful with watershed conditions that have frozen soils.

II
TABLE OF CONTENTS
1. INTRODUCTION………………………………………………………………………...1
2. LITERATURE REVIEW…………………………………………………………………5
3. MANUSCRIPT………….……………………………………………………………….21
a. Introduction………………………………………………………………………21
b. Data and Methods………………………………………………………………..28
c. Results and Discussion…………………………………………………………..41
d. Conclusions………………………………………………………………………51
e. Tables…………………………………………………………………………….52
1. Table 1: Data Selection………………………………………………...52
2. Table 2: Event Selection……………………………………………….53
3. Table 3: Event Classification…………………………………………..54
4. Table 4: Watershed Selection………………………………………….55
f. Figures……………………………………………………………………………56
1. Figure 1: Map of the Study Area………………………………………56
2. Figure 2: Watershed Boundaries, Soil Temperature and River Gauge
Location Map………………………………………………………….57
3. Figure 3: Average Daily Air Temperature Map……………………….58
4. Figure 4: Average Daily Soil Temperature Map………………………59
5. Figure 5: Data Flowchart………………………………………………60
6. Figure 6:River Gauges during 2013 Event…………………………….61
7. Figure 7: Wildcat 5 Runoff Simulation 2013………………………….62
8. Figure 8: River Gauges during 2017 Event……………………………63

III
9. Figure 9: Wildcat 5 Runoff Simulation 2017………………………….64
10. Figure 10: Wildcat 5 Antecedent Moisture Condition III Runoff
Simulation 2017………………………………………………………..65
11. Figure 11: River Gauges during 2008 Event…………………………..66
12. Figure 12: Wildcat 5 Runoff Simulation 2008 Cold Curve Numbers…67
13. Figure 13: Wildcat 5 Runoff Simulation 2008 Warm Curve Numbers..68
14. Figure 14: River Gauges during 2018 Event…………………………..69
15. Figure 15: Wildcat 5 Runoff Simulation 2018 Cold Curve Numbers…70
16. Figure 16: Wildcat 5 Runoff Simulation 2018 Warm Curve Numbers..71
4. REFERENCES………………………………………………………………………..…IV

1

5. INTRODUCTION
Floods are among the most destructive weather-related hazards worldwide. River floods
are associated with loss of human life, infrastructure damages, and major economic impacts.
Recent flood events have increased in frequency, magnitude, and intensity, with urban flooding
occurring more frequently worldwide causing billions of dollars of damage and displaced lives,
leading to a global awareness of flood damage mitigation (Papaioannou et al. 2018, Meng et al.
2019). According to the non-profit organization American Rivers (2020), damages from flood
losses over a ten year period from 2000-2010 have increased to an average of $10 billion per
year in the United States, up from $6 billion per year despite billions invested by local, state and
national governments for flood control. This has been attributed to an increase of 20 percent of
the heaviest downpours from more intense and frequent storms over the past 50 years (American
Rivers 2020). With the changing climate, it is expected the nation’s floodplains will grow by 4045 percent over the next 90 years, which will put more Americans in harm’s way (American
Rivers 2020). In 2020, approximately 17 percent of all urban land area within the United States
lies within the 100-year, or high-risk, flood zones (American Rivers 2020). With around 100,000
miles of levees protecting homes and businesses throughout the U.S. and over 40 percent of the
population living within counties that are protected by those levees, understanding flood
prediction has increased in importance and urgency.
This study investigated the Soil Conservation Service Curve Number (SCS-CN) method,
which is widely used for hydrographs for single-event rainstorm floods, and the restriction of the
use of this model to soils that are unfrozen. The question of interest was the degree to which the
CN calculation for frozen soils suggested by Knisel et al. (1985) in the development of the
Chemicals, Runoff and Erosion from Agricultural Management System (CREAMS) model
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affects the accuracy of a hydrograph when the model is not meant for this use (Knisel et al.
1985). This caused a particular interest in the correlation of the modeled runoff using the SCSCN based Wildcat 5 model to simulate four historic flood events in Grand Rapids, Michigan, that
represent two each of warm season floods and cold season floods. The definition of warm versus
cold season flooding was characterized by soil temperatures in selected watersheds above or
below freezing to 2 inches of depth, suggesting a possible change in the flood response due to
soil permeability. This consideration was included to examine the impact of soil temperature on
runoff rates, as frozen soils are hypothesized to amplify both runoff and subsequent flooding.
The Grand River watershed located along the Grand River in the state of Michigan,
U.S.A. was chosen as the study area, which has mixed land use/land cover (LULC) including
agricultural, forested, and urban types. A basic approach included selecting sub-watersheds
within the larger Grand River watershed that represent areas that are primarily urban,
agricultural, forested, and mixed land cover. The four selected flooding events were used to
model runoff from each sub-watershed for each event, to compare the difference in runoff for
frozen or unfrozen conditions for each sub-watershed to gain perspective on the influence of
LULC type and seasonality on the severity of flooding. This study investigated flooding
associated with cold season conditions against warm season conditions, along with the LULC
and soil hydrological condition for chosen sub-watersheds. The events selected represented four
historically significant floods for the area, two during cold season, and two during warm season.
The purpose of this analysis was to use hydrologic modeling and geographic information
systems (GIS) to simulate runoff in sub-watersheds with a variety of dominant land cover types
to understand what effect frozen versus unfrozen soil may have had on past flood events. This is
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an important issue to study because seasonally frozen soils may affect the prevalence and
severity of flooding across the Midwestern United States.
Soil temperature profiles can provide an indication of frost depth during winter, which
can have an impact on spring snowmelt, and the rate of runoff or infiltration associated with that
profile. The Midwest dataset was selected so that any data manipulation such as interpolation of
soil temperatures may be performed with every possible data point, to create a continuous
temperature map. These points were tied to attribute data from the selected events. The study
areas are referred to as cataloging units, or watersheds, which are the smallest subdivision
available in the nationally consistent Watershed Boundary Dataset (https://www.usgs.gov/corescience-systems/ngp/national-hydrography). Using smaller watersheds allowed the design of the
study to feature land areas that include a variety of LULC classifications. This was used to
demonstrate robustness of the proposed modification of the SCS-CN assigned for conditions that
induce frozen and impermeable soils, with all possible LULC types represented. A parameter
considered in the SCS-CN modeling, which was the basis for hydrological modeling performed
for this study, is soil hydrologic group. This group provides an index of the rate that water
infiltrates a soil and is an input to rainfall-runoff models that can be used to predict streamflow.
Along with soil hydrology and vegetation presence, LULC is used as a component of
consideration for the SCS-CN method. The LULC allowed further separation of vegetation
classes, along with gradients for population intensity in urban areas, an indicator for permeability
due to proximity of buildings to one another, and varying presence of impermeable surfaces such
as parking areas and roadways. This was assigned to the area of study once watersheds are
selected, and the data, along with other variables, helped to determine a weighted CN for each
soil area, and establish a control for the CN variable.
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The importance of this study is to improve understanding of runoff behavior in areas that
experience seasonal flooding during conditions of frozen soils across many different LULC
types. This research is vital to watersheds that experience frozen soils during cold seasons. This
will allow the improvement of runoff modeling for watersheds often subjected to cold season
flood conditions, allowing local hydrological prediction to become more accurate and increase
mitigation response for affected businesses and individuals. The impact on infiltration and runoff
during cold season floods from frozen soils can create a more severe river response than may be
experienced during warm season floods, leading to flood waters rising quickly, potentially taking
the public by surprise. Mitigation efforts during runoff responses that lead to flash floods in
watersheds that otherwise experience slower runoff response in warm season floods may be
hindered due to shorter preparation time before the water rises. Improved modeling of these
responses would allow more advance warning if these conditions develop in a watershed prone
to frozen soils. This study focused on the infiltration rate of liquid precipitation and runoff
associated with soil temperatures below freezing along with LULC types to gain a better
understanding of runoff response for given conditions.
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6. LITERATURE REVIEW
Understanding Floods
A flood is an inundation of a usually dry area caused by an increased water level in a
given area. River flooding can result from heavy precipitation events such as tropical systems,
persistent spring storms and even winter floods from snowmelt, ice jams along rivers and frozen
soil conditions (NWS 2005). Flooding causes billions of dollars in damages and impacts
hundreds of thousands lives every year (Papaioannou et al. 2018). This damage can occur any
time of year, even during cold seasons, introducing the need for a storm rainfall impact-based
runoff model that is calibrated to account for cold season flood situations that occur when soils
are frozen to a depth. The predictability of such floods requires the investigation of many factors
related to flooding, meteorological conditions, and soil conditions. The frequency of floods can
be expressed in terms of the probability of occurrence of a flood of a given magnitude, or rate of
discharge. The probability of occurrence is given as the percent chance of a flood magnitude
being exceeded in any one year. Taking the reciprocal of the probability gives the recurrence
interval, or the average number of years between exceedances of any given flood magnitude. The
recurrence interval is an average, and the occurrence of flooding is random in space and time,
implying no regularity or pattern. For instance, an occurrence of a 20 year flood (a 5 percent
chance of occurrence in any year) does not imply a flood of equal or greater magnitude will not
occur the following year, or even the following month (Glatfelter et al. 1984).
Infiltration and Surface Runoff
King (1992, 1) described the relationship between rainfall-runoff-infiltration as, “Water
that reaches the ground as precipitation may evaporate, become surface-water runoff, and (or)
infiltrate the ground.” Base flow is the portion of the streamflow that is not runoff and originates
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from the ground, flowing into a channel over a long time and with certain delay caused by
environmental conditions such as soil composition and slope of the channel. It is supplemented
by direct runoff during and immediately after precipitation or melt events. Base flow is deducted
from the total storm hydrograph to obtain a representation of a surface flow hydrograph. This
process of dividing these peak flows into base flow and runoff is called hydrograph separation
(Michigan 2020). Differentiating rainfall at the surface into runoff (rainfall excess) or infiltration
has been described by Smith et al. (1973) as the second most complex process to
evapotranspiration. Despite this, a public need of estimating runoff and infiltration in relation to
floods led to the simplification of the theory and equations used for these methods. An important
measure of soil hydraulic conductivity, infiltration partitions rainfall into surface runoff and
inflow into the soil. In determining a runoff hydrograph which indicates the volume of water per
unit of time, soil moisture, and groundwater recharge, infiltration is a key component and
variable (Baiamonte 2019). King (1992) focused on the infiltration rate of liquid precipitation or
runoff associated with soil temperatures below freezing. Addressing this issue effectively
required research of many hydrological methods, and in this pursuit, it was found that a major
shortcoming of such methods is a lack of soil moisture and temperature field data, causing
theoretical models to be less favorable, and simpler empirical methods to estimate infiltration to
be considered.
Differentiating Soil Conditions
The rainfall-runoff relationship is complex and nonlinear and is dependent on variables
such as antecedent soil moisture, evaporation, infiltration, distribution/duration/type of
precipitation, as well as topology, soil type, underlying geology, and LULC. Impervious surfaces
prevent water infiltration into soil, and increase runoff while reducing groundwater recharge,
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leading to pulses in storm hydrographs (Isik et al. 2013). A hydrologic group is a group of soils
with similar runoff potential under similar storm and land cover conditions. Soil properties that
influence runoff potential include depth to a water table, saturated hydraulic conductivity after a
prolonged wetting period, and depth to a layer with very slow water transmission rates. Soil
hydrologic group can be changed over time by land management and climate change. The soils
in the U.S. are placed into four groups, A, B, C and D and three dual classes, A/D, B/D, and C/D.
Group A includes sand, loamy sand or sandy loam types of soils and is characterized by a low
runoff potential and high infiltration rates when wetted thoroughly, producing a high rate of
water transmission. Group B includes silt loam or loam and is characterized by moderate
infiltration when wetted thoroughly, which allows for well drained soils. Group C soils are sandy
clay loam with low infiltration rates that impede downward movement of water when wetted
thoroughly. Finally, Group D soils include clay loam, silty clay loam, sandy clay, silty clay or
clay and has the highest runoff potential as a group. The D soils have very low infiltration rates
when thoroughly wetted and also have a high swelling potential, a permanently high water table
or a clay layer at or near the surface (USDA 1999). These hydrologic groups are used in
equations for modeling estimated runoff from rainfall (USDA 2020).
Defining Watersheds
The United States is divided and sub-divided into successively smaller hydrologic units,
which are classified into four levels; regions, sub-regions, accounting units and cataloging units.
The hydrologic units are nested within one another, largest (regions) to smallest (cataloging
units). For identification purposes, each hydrologic unit is given a unique hydrologic unit code
(HUC) based on the four levels of classification in the system. The regional division contains
either the drainage area of a major river, such as the Ohio Valley, or the combined drainage areas
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of a series of rivers, such as the Texas-Gulf region. The sub-regions divide the 21 regions into
221 sub-regions, which include areas drained by a river system, a reach of a river and its
tributaries in that reach, a closed basin, or a group of streams forming a coastal drainage area.
Hydrologic accounting units are nested within or equivalent to the sub-regions, dividing the U.S.
in 378 areas. 2264 cataloging units are found within the accounting units, and are the smallest
hydrologic unit. A cataloging unit is a geographic area that represents part of all of a surface
drainage basin, a combination of drainage basins or a distinct hydrologic feature. Cataloging
units are often referred to as watersheds (Seaber et al. 1987).
Cold Season Flooding
Floods can occur any time of year, all over the United States, and at any time, day or
night. The primary cause of flooding is heavy precipitation from tropical systems or heavy spring
storms; however, winter storms and snowmelt are often overlooked as contributors. Studies such
as Turkington et al. (2016) have classified flood types associated with weather events that were
characterized by varying amounts and distributions of seasonally driven precipitation.
Turkington et al. (2016) focused particularly on mid-latitude regions that experience varying
weather conditions such as snow and frozen soils that may be coupled with rain and thawing
soils in adjacent locations, or conditions that evolved temporally over the same area for any
given storm. Frozen soils can act as an impermeable surface, much like concrete or a paved
surface, causing rainfall to become runoff at a faster rate than a surface with permeable soils and
vegetation. The overall effect from these conditions of snow and frozen soils can have a greater
impact on infiltration and runoff during cold season floods than may be experienced during
warm season floods. The movement of water at and near the surface of the earth during winter is
altered by phase changes in the sub-surface water driven by heat transport processes near and
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below the earth’s surface that may develop areas of uneven temperature. The most challenging
disadvantage to collecting data for these hydraulic effects is the difficulty of observing these
energy transmission or flow processes in the field. Limited data availability, in turn, limits our
understanding of interactions beneath the soil surface. Of recent hydrological interest is the effort
to model these interactions on the sub-watershed scale, in the direction of developing a
predictable runoff response parameter capable of informing operational hydrologists of
impending flood conditions during these cold seasonal events (Cordeiro et al. 2017, Gray et al.
2001, Pomeroy et al. 2007). Modeling of this type has been attempted, with varying degrees of
success and employability of the models, leading to a search for a reliable method that may be
used to study the runoff response during these events. A network of soil temperature sensors
allows for data sufficient to use as input for runoff models, allowing soil temperature to be
considered as a variable for modeling flooding in climates that experience frozen soils seasonally
(Lei et al. 2010).
Studies have investigated the role of frozen soil on runoff rates and shown a positive
correlation to higher runoff occurring with soils that are frozen (Gray et al. 2001, Zhao et al.
1997). The Midwestern United States experiences regular seasonal freeze/ thaw cycles, leading
to soils that may be frozen and thawed at various intervals in a season. There are also frequent
synoptic spring storms that introduce temperature fluctuations and bring various precipitation
types throughout the region. There have been studies showing the relationship between frozen
soils and runoff rates, the majority of which focused on case studies for individual flood events
in this region of the United States (Gray et al. 2001, Zhao et al. 1997). During a ten year period
from 2006 to 2016, the Federal Emergency Management Agency (FEMA) reported 58,848
claims for funding totaling $91,820,170.40 with an average award of $1560.29 per flood claim in
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the State of Michigan (FEMA 2017). In fact, flooding is the second leading cause for insurance
claims in the Midwest, next to claims from damage associated with severe weather.
Glatfelter et al. (1984) summarized the meteorological and hydrological conditions
leading to the floods of southern Michigan, northern Indiana, and northwestern Ohio in March of
1982. The floods were preceded by above average autumnal precipitation leading to frozen
saturated ground over the winter, along with rapid melt of a record winter snowfall, with a
snowpack by early March containing water equivalent of 2-6 inches (515 cm) across the area. A
low-pressure system advanced across Canada, to the north, left rainfall on March 10-12, and
brought a warm front March 12 - 13 that induced rapid snowmelt and generated the floods.
Additional rainfall March 15 - 20 contributed to consistently high streamflow and some peaks on
streams throughout the region. Recurrence intervals across the area ranged from 40- to greater
than 100-year discharges, resulting in extensive property damage in Fort Wayne, Indiana, and
Defiance, Napoleon, and Grand Rapids, Ohio. Severe flooding was found along the Kankakee
River in Illinois, due to breaks in dikes along the river.
Teufel et al. (2019) described a similar occurrence in Montreal, Quebec, Canada in May
of 2017, resulting in significant damage near Montreal as flow from the upstream Ottawa River
Basin (ORB) met with the St. Lawrence River. The preceding month was characterized by above
average precipitation, which fell as rain on top of an existing snowpack. Streamflow increased to
near-record levels, just before two heavy rainfall events in the first week of May 2017 led to
inevitable flooding. In this case, a Canadian Regional Climate Model (CRCM5) was used to
model streamflow in cold regions by using a frozen soil parameterization to adjust for conditions
where infiltration is near zero and runoff is near 100 percent. The sensitivity of such methods
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suggested the mass and distribution of the snowpack have a major influence on spring
streamflow in the ORB, a region that experiences cold seasonal flooding on occasion.
The seasonality of weather-related conditions plays an integral role in flood impacts, as
precipitation distribution, antecedent soil moisture as well as soil temperature and snowmelt can
affect infiltration and runoff rates. Processes that result in distinct behaviors dominate runoff,
groundwater flow, and storage in areas of seasonally frozen latitudes of the earth. In this
latitudinal region, at different times, in different places, water exists in and changes between all
three phases. This determines the transfer of water, energy and solutes in the subsurface soils.
This process is heavily dependent upon snow accumulation and spring snowmelt. Snow
processes along with seasonal freeze-thaw cycles in the subsurface soil determine the timing and
magnitude of infiltration, the rate of which directly effects shallow groundwater recharge, which
in turn determines base flow. Ireson et al. (2012) reviewed literature on the hydrology of
seasonally-frozen regions, including theoretical developments, field studies, and model
developments, seeking to understand gaps and challenges in modeling. The regions of study
were Canadian prairies and boreal forests, which are seasonally cold, semi-arid in the prairies
and wetter in the forests. This region also has a geological condition that features primarily
glacial tills. A recommended integration of models of near surface temperatures with
groundwater modeling, to best model the behavior of frozen soils and ice lenses and freeze/thaw
cycles shows advancement, although these techniques are computationally expensive (Ireson et
al. 2012).
Snow is a strong contributor to the magnitude and timing of streamflow, snowmelt may
become direct runoff, and the depth and melt rate of snow during spring has a prominent
influence on the thawing of the soil column beneath. This condition controls soil hydraulic
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conductivity. Frozen soil processes have a strong influence on the infiltration rate, and must be
parameterized accurately to create realistic spring streamflow (Teufel et al. 2019).
Frozen soils are characterized by pore blockages from ice, which greatly reduces the
permeability of the soil, causing large runoff and playing a significant role in the hydrology of
some watersheds. This event, including the depth and permeability of the soil is dependent upon
interrelated processes of heat and mass transfer at the soil surface and within the soil profile.
Altering soil properties through land use and agricultural use can change heat and mass transfer
rates, which are difficult to model correctly (Flerchinger et al. 1989).
Soil temperature has been historically difficult and costly to measure on a wide scale, yet
it is important to a number of physical, chemical and biological processes. Creating highaccuracy energy-balance based modeling requires data that is computationally and/or financially
expensive. The data is not often available for practical engineering applications. Because soil
temperature data is not ubiquitous across states, much less the nation, site-specific soil
temperature projects suffer a lack of data. Relating soil temperature to a much more readily
available dataset of air temperature is an attractive alternative. Lei et al. (2011) developed an
improved model that predicts soil temperature based on air temperature and other readily
accessible parameters. The soil temperature data accessibility gap may be addressed by coupling
this model to a hydrological model that could serve to address the issue of predicting cold season
flooding.
Hydrological Modeling
Hydrological modeling is important for activities such as flood control, drought
mitigation, and water resource management. Models used for modeling streamflow in hydrology
are divided into two broad categories: data-driven and physically based models. Physically based
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models consider physical interaction for modeling hydrological processes. Data-driven models
obtain optimum relationships between inputs and outputs, but disregard the physical processes
(Hadi et al. 2018).
The SCS-CN method developed in 1954 by the United States Department of Agriculture
has been used to model infiltration and has been widely studied, creating a large body of
empirical evidence for the method (McCuen 1982). The SCS-CN infiltration model computes
direct runoff based on field studies involving measured runoff from numerous combinations of
soil type and land use. This model, while being one of the easiest infiltration models to use, has
not been rigorously peer reviewed, but is generally accepted and used by agencies in its existing
form (Baiamonte 2019). Along with being easy to apply, SCS-CN is the hydrology model used
by the United States Geological Service (USGS) with some states requiring engineers and
hydrologists to use the SCS methods on projects requiring state approval (McCuen 1982). This
widely used method comes with limitations (United States Department of Agriculture 1989),
namely, runoff curve numbers are limited to: (1) single events, (2) maximum 24-hour duration
rain events, (3) areas with unfrozen ground conditions, (4) representation of average watershed
conditions when flooding occurs (can represent average local watershed conditions at time of
flood event, rather than conditions that are outside the average watershed conditions), and (5)
direct runoff volume. These limitations are inherent to the model; however, this model has the
potential to be coupled with other methods to create a hybrid model to address these limitations.
Hydrological models are currently facing a needed improvement to serve a growing field of
hydrology, and must continue to work to address issues such as limitations of commonly used
models to move potential for these models forward (Szczesniak et al. 2015).
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For any model, input can prove to be one of the focal points for improvement, as input to
models is generally accessible and improvements can easily be made in the collection of data for
input. Ground-based precipitation data, such a gauge data, serves as the dominant input type for
hydrological modeling, which can cause a coarse distribution of the data points. This can create
gaps in the data, which can be dealt with using interpolation between data value points.
Distributed models such as a hydrologic models require spatially variable precipitation, and the
use of spatial interpolation of gauge data can be used to best represent rainfall distribution
(Szczesniak et al. 2015).
Modeling infiltration with empirically based models is an approach that has been widely
studied and is best demonstrated in the SCS-CN and the Green-Ampt infiltration models. The
basic assumption behind the Green-Ampt equation is that water infiltrates into relatively dry soil
as a sharp wetting front (Baiamonte 2019). However, the Green-Ampt method uses five
parameters including Manning’s coefficient for roughness, moisture deficit, suction head, soil
conductivity and surface depression storage. All the inputs to this model are complex, and the
data is not always easily accessible. The equations associated with these models in hydrology
offer simplicity as well as similar theory and data availability. The SCS-CN model was
configured in dimensionless groups to apply with the Green-Ampt model. SCS-CN and GreenAmpt models were used together to establish relationships between the two models that
emphasize the positive features of both models and minimize the negative features of each model
(Baiamonte 2019). Creating a simplified model design allowed extension of rainfall-runoff
modeling and allows passing from one model to the other, and vice versa. The analytical
relationships linking SCS-CN and Green-Ampt could be implemented in a more complex series
of hydrological applications. The SCS-CN infiltration model computes direct runoff based on
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field studies involving measured runoff from numerous soil combinations. Recent studies have
produced more sophisticated models than the SCS-CN, and the results are being compared to
find numerical and experimental procedures that may model infiltration for more cases
(Baiamonte 2019).
In the early 1980s, a move toward state hydrologists in the United States being trained in
and using the SCS-CN method for hydrology projects requiring state approval was made
(McCuen 1982). The simple-to-apply approach appealed to local and international uses for
modeling small urban watersheds and conservation practices on agricultural land (McCuen
1982). This widely used method comes with limitations (United States Department of
Agriculture 1989). The SCS-CN method was designed for watersheds where little to no
measurements of rainfall or runoff are available, but where detailed information about soil and
land cover is available. This CN, which ranges from near 100 for an impermeable surface to near
zero for highly permeable surfaces, describes the amount of precipitation contributing to runoff,
and can be used for any size watershed (King 1992). This method is simple, widely used and
efficient for modeling single event hydrographs. SCS-CN can predict direct runoff from a
mathematical expression for a rainfall-runoff curve that is modified by the single parameter
called the CN. This dimensionless parameter describes the antecedent soil moisture retention of a
watershed. CN values can be tabulated for various hydrologic conditions, land use types and soil
types. Scientists, hydrologists, water resources planners, agriculturists, foresters, and engineers
for estimation of surface runoff have accepted this method since its inception. Many widely
distributed hydrologic models, such as SWAT (Soil and Water Assessment Tool) (Neitsch et al.
2011), SWMM (Storm Water Management Model) (Rossman 2015), HEC-HMS (Hydrologic
Modeling System) (Feldman 2000) use the SCS-CN model as the hydrologic module to estimate
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the rainfall–runoff process. The CN method is a common empirical method to estimate surface
runoff for individual storm events. This method has been used for applications ranging from
simple runoff calculations, land change assessments, to water quality simulations and hydrologic
simulations. The empirical development of the CN method used observed data from agricultural
watersheds in the Eastern, Midwestern, and Southern U.S., making this method suitable for
humid temperate climates. Updates to the method accounted for forested and urban lands, while
recent studies applied the CN method to arid climates to study land cover change and
urbanization. This method is simple, predictable, stable, and relies on only one variable (CN) to
predict a rainfall-runoff relationship. This method addresses many of the major runoff producing
watershed properties, which is an advantage to using this method. The disadvantage to using the
CN method is the model does not capture volume, intensity, or frequency of rainfall. These
additional parameters would allow for the capture of a more complex rainfall-runoff relationship.
However, the introduction of the antecedent moisture parameter accounts for any prior
precipitation. Seasonal changes in rainfall-runoff relationship must be accounted for to improve
the SCS-CN method.
The United States Environmental Protection Agency (U.S. EPA) launched a study in
1994 that used the CN method as the base hydrologic model to the Hydrologic Evaluation of
Landfill Performance (HELP) program (Schroeder et al. 1994). The HELP program was
designed to create a hydrologic picture of water movement across, into, through and out of
landfills. HELP was constructed of many models, one of which was the CREAMS model. This
coupled model allowed a back-calculation adjustment for frozen conditions when predicted by
the HELP program. Knisel et al. (1985) found that this type of CN adjustment in the CREAMS
model resulted in an improvement in predictions of runoff over several test watersheds. If the CN
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for unfrozen soil is less than or equal to 80, the CN for frozen soils is set at 95. When the
unfrozen soils CN is greater than 80, the CN is set to 98. This decrease in infiltration under
frozen soil conditions has been observed in numerous studies.
The SCS rainfall-runoff relationship is described by a set of equations that allow for
derivation of a CN for any given area (McCuen 1982). This relationship is expressed as:
𝐹
𝑆

𝑄

= 𝑃−𝐼

(1)

𝑎

where S is the potential maximum retention. Actual retention, when considering 𝐼𝑎 , is:
𝐹 = (𝑃 − 𝐼𝑎 ) − 𝑄

(2)

and solving for Q, runoff, gives:
(𝑃−𝐼 )2

𝑄 = (𝑃−𝐼 𝑎)+𝑆
𝑎

(3)

Through empirical analysis, the development of the SCS rainfall-runoff relation yields a
formula found to best for estimating 𝐼𝑎 :
𝐼𝑎 = 0.2 𝑆

(4)

Although recent research has found this to not be correct under all circumstances,
however it remains in use until a more comprehensive study is accepted. A substitution of (5)
into Eqn. 4 yields:
𝑄=

(𝑃−0.2 𝑆)2
(𝑃+0.8 𝑆)

(5)

Equation 5 has two unknowns, 𝐼𝑎 and S, but in equation 6, the single unknown of S can
be found by:
𝑆=

1000
𝐶𝑁

− 10

(6)

where CN = runoff curve number. The volume of runoff (Q) is dependent on the volume
of precipitation (P), along with the volume of storage that is available in the soil horizon for
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retention. The actual retention (F) is the difference between the volumes of precipitation and
runoff. There is an account for a certain volume of precipitation at the beginning of the storm
event which is referred to as initial abstraction (𝐼𝑎 ), which is not part of runoff (McCuen 1982).
Initial abstraction is a function of land use, treatment and condition, interception, infiltration,
depression storage and antecedent soil moisture. The rainfall-runoff relationship in Eqn. 6 has
one unknown variable and has been replaced with another relationship with one unknown, CN.
Because S is a function of factors that affect 𝐼𝑎 , it can be said that CN is a function of land use,
antecedent soil moisture and other factors that could affect runoff and retention (McCuen 1982).
One such factor may be frozen soils, so to address this area of the issue, another hydrological
model is considered.
Hydrological models have been developed to deal with cold-region hydrological
processes such as the Cold Region Hydrological Model (CRHM) platform (Pomeroy et al. 2007).
CRHM offers the most applicable range of physically based process representation for the
northern Great Plains. This includes blowing snow, interception and sublimation of snow, energy
balance snowmelt, canopy influence on radiation, and infiltration to frozen soils. Other models
recommended for flow processes in frozen soils are the Heat and Water Transport Simulation
(HAWTS) model from Zhao and Gray (1997), the Ground Thawing and Freezing Depths
(GTFD) method of Zhang et al. (2008) and most comprehensive, Simultaneous Heat and Water
model (SHAW) from Flerchinger and Saxon (1989). Limitations in these models include the
degree of soil saturation is often not specified and is rather assumed, the relation between liquid
water content and temperature is not linked to the soil saturation degree, and the method used to
solve the mass-energy balance is not accurately explained, namely the solutions of the
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differential equations (Ireson et al. 2012). This lends to a search for a simple method that handles
many of the above limitations and has been empirically shown to be reliable.
In Cordeiro et al. (2017), SWAT was chosen as the coupled hydrological model; this
study is of interest because of the demonstration of CRHM coupled with another hydrological
model. The main result to be aware of is the low-discharge years were over-estimated and the
large peak discharges were underestimated. This is a recognized trend in the literature and should
be watched for if the method is used. The purpose of investigating these coupled models suggests
a potential treatment for the SCS-CN limitation eliminating hydrographs for frozen soils.
Adapting the inclusive SCS-CN model to a platform that handles CRHM allows the production
of a method that can handle conditions particular to mid-latitude river basins during spring
freeze/thaw cycles. This becomes possible using data with high spatial resolution, of the most
recent data collections, in a processing environment which allows for power and flexibility.
Emerging data types and their uses, aiming to explore the capabilities of each data selection,
motivate the selections for data and environments. The treatment of the trusted hydrologic model
of SCS-CN with a new parameter serves to address the limitation of the CN to areas with
unfrozen ground conditions. When procedural-based models are limited, it is up to the scientific
community to seek remedy to limitations, thereby creating a more applicable model for a variety
of conditions and locations.
This caused a question to arise regarding the treatment of areas of unfrozen ground
conditions. With such a widely used method such as SCS-CN, this unfrozen soils limitation
could prove significant for a cold region that may experience flooding during seasons when
frozen ground conditions are likely and expected. Adopting an entirely different model to
address this issue may have been one avenue to deal with this particular limitation, however, an
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interest in modifying an already widely used method may appeal to municipalities concerned
with making a limited adjustment to a standard trusted practice. This also allows for a control on
this study, since the method is so often used and has been accepted in various locations
worldwide (McCuen 1982, Baiamonte 2019). Confidence in testing such a method is therefore
high, and testing adjustments for frozen soils should prove beneficial for a large population that
lives in these mid-latitude regions and may experience this type of flooding.
The Wildcat 5 model (Hawkins et al. 2016) was chosen to produce runoff volume graphs
known as hydrographs. Wildcat 5 is a Windows Excel-based software from the USDA Forest
Service that was designed to assist hydrologists in analyzing rainfall-runoff events. These
hydrographs are intended to simulate single-event rainstorm peak flows and runoff volumes,
while using the SCS-CN method to introduce watershed conditions. Model inputs are: (1)
rainstorm characteristics, (2) parameters related to watershed soil and cover, (3) runoff timing
parameters, and (4) unit hydrograph shape and scale selections. Wildcat 5 is intended for small
watersheds that are responsive to conditions of soils and cover (Hawkins et al. 2016).
The development and first application of a global downscaling methodology has
demonstrated that coarse-scale remotely sensed information on inundation can be combined with
fine-scale topography data to produce inundation maps of reasonable accuracy across the globe
(Fluet-Chouinard et al. 2015). This suggests watersheds with sparse datasets can still be
reasonably represented to simulate flood conditions, with careful selections made during the
process of downscaling in a mapping software environment.
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7. MANUSCRIPT
a.

Introduction

Floods are one of Earth’s most common and most destructive natural hazards. Floods
cause more than $40 billion in damages worldwide annually, according to the Organization for
Economic Cooperation and Development (OECD 2016). In the United States, nearly two-thirds
of all presidential disaster declarations during the period from 1953 – 2010 have been attributed
to floods (OECD 2016). When homes and businesses lie within those flood plains, lives and
livelihoods are at stake. Even during winter, when flooding is seen as less of a risk, events such
as these can cause serious structural damage to buildings caught in floodwaters, due to high
water that may carry ice jams and debris along with stresses from any freezing or thawing of the
water while structures are submerged. People may risk being rescued in cold water, and suffer
effects from exposure to harsh conditions. Current flood models do not take soil temperature
into account, leaving a potentially vital component for winter flood prediction out. When this
data is not considered, timing and severity of the pending flood may be underrepresented, which
may cause delay in reaction of the residents and emergency personnel in critical flood
situations. This study aims to demonstrate the benefits to including soil temperature data as key
data inputs to more accurately model potential flood risks during cold season flooding.
A flood is an inundation of a usually dry area caused by an increased water level in a
given area. River flooding can result from heavy precipitation events such as tropical systems,
persistent spring storms and even winter floods from snowmelt, ice jams along rivers and frozen
soil conditions (NWS 2005). The seasonality of weather-related conditions plays an integral
role in flood impacts, as precipitation distribution, antecedent soil moisture as well as soil
temperature and snowmelt can affect infiltration of rainfall into the surface, and as a result,
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runoff rates. In the cold winter, snow processes along with seasonal freeze-thaw cycles in the
subsurface soil determine the timing and magnitude of infiltration, the rate of which directly
affects runoff, ground-water recharge, and baseflow of a stream. In the case of flooding
occurring due to frozen soil conditions, the runoff can have a greater magnitude in a shorter
period due to an impermeable surface, leading to conditions similar to flash flooding in some
cases. Excessive rain coupled with rapid melt of snow or ice and frozen ground conditions can
overwhelm a river, and flow over the land into the surrounding floodplain.
There are three primary pathways for precipitation once it reaches the ground, namely
surface water runoff, infiltration into the ground, and evaporation (King 1992). Differentiating
rainfall at the surface into runoff (rainfall excess) or infiltration has been described by Smith et
al. (1973) as the second most complex process to evapotranspiration. Despite this, a public need
of estimating runoff and infiltration in relation to floods led to the simplification of the theory
and equations used for these methods. The rainfall-runoff relationship is complex and nonlinear
and is dependent on variables such as antecedent soil moisture, evaporation, infiltration,
distribution/duration/type of precipitation, as well as topology, soil type, underlying geology,
and land use/land cover (LULC). Impervious surfaces prevent water infiltration into soil, and
increase runoff while reducing groundwater recharge, leading to pulses in storm hydrographs
(Isik et al. 2013).
Ireson et al. (2012) reviewed theoretical developments, field studies, and model
developments to understand gaps and challenges in modeling. The regions of study were
Canadian prairies and boreal forests, which are seasonally cold, semi-arid in the prairies and
wetter in the forests. This region also has a geological condition that features primarily glacial
tills. A recommended integration of models of near surface temperatures with groundwater data,
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to best exhibit he behavior of frozen soils and ice lenses and freeze-thaw cycles has shown
advancement, although computationally expensive. The Soil Conservation Service Curve
Number (SCS-CN) method developed in 1954 by the United States Department of Agriculture
has been used to model infiltration and has been widely studied, creating a large body of
empirical evidence for the method (Ponce et al. 2015). The SCS-CN infiltration model
computes direct runoff based on field studies involving measured runoff from numerous
combinations of soil type and land use. Although the model has not been rigorously peer
reviewed in literature, it is one of the easiest infiltration models to use, and it is widely used by
agencies (Baiamonte 2019). SCS-CN is used internationally, and it is the hydrology model used
by the United States Geological Survey (USGS) with some states such as Michigan requiring
engineers and hydrologists to use the SCS methods on projects requiring state approval
(Transportation 2006).
The SCS-CN method comes with limitations (United States Department of Agriculture
1989), namely, runoff curve numbers are limited to: (1) single events, (2) maximum 24-hour
duration rain events, (3) areas with unfrozen ground conditions, (4) representation of average
watershed conditions when flooding or local conditions when flood event occurs (can represent
average local watershed conditions at time of flood event, not conditions that are outside the
average watershed conditions), and (5) direct runoff volume. These limitations are inherent to
the model; however, this model has the potential to be coupled with other methods to create a
hybrid model that may address these limitations. Hydrological models are currently facing a
needed improvement to serve a growing field of hydrology, and must continue to work to
address issues such as limitations of commonly used models to advance potential for these
models forward (Szczesniak et al. 2015). Ground-based precipitation data, such as gauge data,
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serves as the dominant input type for hydrological modeling, which can cause a coarse
distribution of the data points. This can create gaps in the data, which is overcome by using
interpolation between data value points. Distributed models such as a hydrologic models
require spatially variable precipitation, and the use of spatial interpolation of gauge data can be
used to best represent rainfall distribution (Szczesniak et al. 2015).
This method was designed for watersheds where little to no measurements of rainfall or
runoff are available, but where detailed information about soil and land cover is available. This
CN, which ranges from near 100 for an impermeable surface to near zero for highly permeable
surfaces, describes the amount of precipitation contributing to runoff, and can be used for any
size watershed (King 1992). This method is simple, widely used and efficient for modeling
single event hydrographs. SCS-CN can predict direct runoff from a mathematical expression for
a rainfall-runoff curve that is modified by the single parameter called the CN. This
dimensionless parameter describes the antecedent soil moisture retention of a watershed. CN
values can be tabulated for various hydrologic conditions, land use types and soil types. This
method is simple, predictable, stable, and relies on only one variable (CN) to predict a rainfallrunoff relationship. An advantage of the CN method is that it addresses many of the major
runoff producing watershed properties, such as soil types and land use. The primary
disadvantage to using the CN method is the model does not capture volume, intensity, or
frequency of rainfall. These additional parameters would allow for the capture of a more
complex rainfall-runoff relationship. However, the introduction of the antecedent moisture
parameter accounts for any prior precipitation.
Seasonal changes in rainfall-runoff relationship must be accounted for to improve the
SCS-CN method. The United States Environmental Protection Agency (U.S. EPA) launched a
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study in 1994 that used the CN method as the base hydrologic model to the Hydrologic
Evaluation of Landfill Performance (HELP) program. The HELP program was designed to
create a hydrologic picture of water movement across, into, through and out of landfills. HELP
was constructed of many models, one of which was the Chemicals, Runoff and Erosion from
Agricultural Management System (CREAMS). This coupled model allowed a back-calculation
adjustment for frozen conditions when predicted by the HELP program. Knisel et al. (1985)
found that this type of CN adjustment in the CREAMS model resulted in an improvement in
predictions of runoff over several test watersheds. This decrease in infiltration under frozen soil
conditions has been observed in numerous studies (Schroeder et al. 1994).
The selected hydrological method is designed to work for small watersheds, and its use
should be limited to a drainage area of 20 square miles or less (Sorrell P.E. 2010). The United
States is divided and sub-divided into successively smaller hydrologic units that are classified
into the following four levels: regions, sub-regions, accounting units and cataloging units. The
hydrologic units are nested within one another, largest (regions) to smallest (cataloging units).
For identification purposes, each hydrologic unit is given a unique hydrologic unit code (HUC)
based on the four levels of classification in the system. The regional division contains either the
drainage area of a major river, such as the Ohio Valley, or the combined drainage areas of a
series of rivers, such as the Texas-Gulf region. The sub-regions divide the 21 regions into 221
sub-regions, which include areas drained by a river system, a reach of a river and its tributaries in
that reach, a closed basin, or a group of streams forming a coastal drainage area. Hydrologic
accounting units are nested within or equivalent to the sub-regions, dividing the U.S. in 378
areas. 2264 cataloging units are found within the accounting units, and are the smallest
hydrologic unit. A cataloging unit is a geographic area that represents part of all of a surface
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drainage basin, a combination of drainage basins or a distinct hydrologic feature. Cataloging
units are often referred to as watersheds (Seaber et al. 1987).
Soil properties are known to influence the process of dividing runoff from precipitation,
and must be taken into account in estimating runoff (Sorrell P.E. 2010). A hydrologic group is a
collection of soils with similar runoff potential under similar storm and land cover conditions.
Soil properties that influence runoff potential include depth to a water table, saturated hydraulic
conductivity after a prolonged wetting period, and depth to a layer with very slow water
transmission rates (USDA 2020). Soil hydrologic group can be changed over time by land
management and climate change. The soils in the U.S. are placed into four groups (A, B, C and
D) and three dual classes (A/D, B/D, and C/D). These hydrologic groups are used in equations
for modeling estimated runoff from rainfall (USDA 2020). Soil temperature has been historically
difficult and costly to measure on a wide scale, yet important to a number of physical, chemical
and biological processes. Creating high-accuracy energy-balance based modeling requires data
that is either computationally or financially expensive. The data is not often available for
practical engineering applications. Because soil temperature data is not ubiquitous across states,
much less the nation, site-specific soil temperature projects suffer a lack of data. Relating soil
temperature to a much more readily available dataset of air temperature is an attractive
alternative. Improved modeling facilitates the prediction of soil temperature based on air
temperature and other readily accessible parameters (Lei, et al. 2011).
This caused a question to arise regarding the treatment of areas of frozen ground
conditions: given that the SCS-CN method is broadly used and it does not account for frozen
ground conditions, is it possible that mid-latitude regions may experience flooding beyond what
is predicted during cold season months? Adopting an entirely different model to address this
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issue may have been one avenue to deal with this particular limitation, however, an interest in
modifying an already widely used method may appeal to municipalities concerned with making a
limited adjustment to a standard trusted practice. This also allows for a control on this study,
since the method is so often used and has been accepted in various locations worldwide
(McCuen 1982, Baiamonte 2019). Confidence in using such a method as the SCS- CN method is
therefore high, and testing adjustments for frozen soils should prove beneficial for a large
population that lives in these mid-latitude regions and may experience cold season flooding.
In this study, the aim was to simulate four historical events which took place along the
Grand River in Michigan, USA, providing understanding for the necessity of inclusion of soil
temperature data in flood modeling during cold seasons. To do this, a comparison between
frozen and unfrozen soil conditions was used to demonstrate the efficacy of the SCS-CN method
for flood modeling, including an evaluation of a CN recommended for calculating frozen soil
hydrographs (Knisel et al. 1985). The USGS currently uses the SCS-CN method to predict runoff
for single event rainstorm floods, but this model cannot account for frozen ground. Instead,
Knisel et al. (1985) uses a basic calculation to estimate the CN for any given watershed during
seasons with frozen soils, which was used in model simulations for this study to analyze the
accuracy of the estimation. This study used data from four historical flooding events for
watersheds in Michigan, USA, categorizing each as either cold or warm season events. These
modeled events were compared with actual river depth gauge data from various points along the
Grand River attributed to each flood, to evaluate the validity of the SCS-CN model for
conditions with unfrozen ground. The cold season events were simulated as warm season events
using the suggested Knisel et al. (1985) CN values for each watershed, to demonstrate whether
the cold season event would have been significant enough in a warm season to have created such
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runoff and subsequent flooding conditions. The intent was to demonstrate the cold season
correction for frozen ground conditions as useful, to help understand how frozen ground
contributes to cold season flooding.

b.

Data and Methods
a.

Study area

The area selected for study is western lower Michigan, in the Midwestern United States
(Figure 1). The watersheds of interest are located near the Grand River, a 252-mile river that
extends from east central lower Michigan near Jackson, and flows to Grand Haven, where it
empties into Lake Michigan. Along the river, many cities experience flooding during early
spring when the snowmelt is coupled with spring precipitation, inducing often-costly mitigation
and repairs associated with the impacts of spring floods. In Kent County, the city of Grand
Rapids lies within a large bend of the Grand River and has suffered many floods throughout the
history of the city. This was the chosen area of interest due to a modified runoff and infiltration
relationship observed by the author over years living along the riverside, especially during spring
flooding, where some areas experience frozen soils from a depth to the surface. This watershed
lies along an area that is dominated by freeze-thaw cycles, which coincide temporally with the
average wet and dry seasons of the area.
The soils in the area feature generally unrestricted drainage in their natural unfrozen state,
although agriculture and development in some areas of each watershed have modified the
drainage regime of the soils. These factors were considered in the weighted CN calculation for
each watershed, with some watersheds having a lower CN related to the natural drainage of the
soils. The area was once dominated by deciduous forests, yielding soils that have a large amount
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of plant material in the upper horizon of the soil. This suggested the upper layer of soils to be
relatively permeable, a condition that yields low- to mid-range CN values. The intent was to
easily differentiate the permeable conditions normally assumed by the soil profile in these
watersheds from the expected impermeability of frozen soils that yield much higher CN values
and therefore higher runoff rates.
In order to observe the behavior of various LULC types and the various levels of
permeability, six unique watersheds were selected. Each watershed contains unique LULC with
similar soils, allowing observed runoff rates to be assumed to be most influenced by LULC,
which is an input for determining the CN. Each sub-watershed is located within the same county
so similar storm water management practices can be assumed for each watershed, and may be
considered less a factor for runoff rate variability. The selection of the watersheds was focused
on sampling various landscapes throughout Kent County such as areas that include wetlands,
agricultural lands, industrial, business, and residential areas. To select suitable watersheds, the
Michigan State University (MSU) Extension’s Enviroweather web portal
(https://www.enviroweather.msu.edu) was consulted for weather observation sites in and around
Kent County that offer soil condition data.
An ideal watershed would have a soil temperature site within its boundaries, or a soil
temperature site near the boundaries of the watershed. Watersheds with soil temperature sites
within the boundaries were preferred, secondary watersheds were selected with complementary
borders to ensure proximity to a soil temperature site. Five of the six selected watersheds either
contain or have a soil temperature site along the border (Figure 2). For the sixth watershed
without a soil temperature site within or near the boundaries of the watershed, the selection was
based on complementary borders to a watershed that contains a soil temperature site. Data
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collection sites included 10 sites in and around Kent County. Each weather station varies in its
data collection capacity, offering air and soil temperature and rainfall. The data contain
maximum and minimum daily air temperatures, maximum and minimum daily soil temperatures,
and 24-hour rainfall accumulations. Choosing additional data sites allowed for a continuous
surface of soil temperature to demonstrate a temperature profile of the entire area, including
within and beyond the selected watersheds. The two datasets were compared against the dates of
the chosen events to ensure data availability and relevance to the study before watersheds and
soil temperature sites were finalized.
b.

Data collection
The data layers chosen for this project include soil temperature sites, baseflow of relevant

streams, watershed boundaries, soil hydrologic groups, LULC, and daily totals and duration of
precipitation for selected events (Table 1). All data were freely and publicly accessible. The
availability, accuracy and reliability of the data were the deciding factors in all data selections.
The selected hydrologic unit for this study was the watershed, or cataloging unit. This
level was chosen for this study, given the availability of the data and the scale of the area of
focus. The dataset for this study is at 1:24,000 scale, and is a complete set of hydrologic units
that has gone through an extensive quality review process to ensure accuracy. The State of
Michigan’s GIS Open Data Portal (http://gis-michigan.opendata.arcgis.com ) offers
downloadable shapefiles of the 12-digit watershed boundary data.
Soil temperature sites were selected based on the data availability for the selected flood
event dates. While some sites offered soil temperatures at both 2 inches and 4 inches in depth,
certain sites were limited to just 2-inch depth. Additionally, the data were not available to the 4inch depth for older flood cases, so selected data were limited to the 2-inch depth for continuity
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of comparison. This data availability influenced the chosen watersheds, as the temperature
profile of the soils is best represented with multiple soil temperature sites. After consulting the
MSU Extension Enviroweather portal (https://www.enviroweather.msu.edu) for locations, the
data were accessed by selecting the weather station in and near the watershed from the map,
which allowed access to a variety of real-time and archived weather data.
All streamflow gaging stations in Michigan with more than 10 years of daily record offer
complete hydrograph separations, creating an estimate of the groundwater contribution to
streamflow. This data includes an attribute table with stream length as well as base flow, which
indicates the portion of streamflow that is not runoff. This shapefile was obtained from the State
of Michigan’s GIS Open Data Portal (http://gis-michigan.opendata.arcgis.com), and was used
to find the stream course for all tributaries and assisted with the calculations for watershed
characteristics described below.
The United States Department of Agriculture’s Natural Resources Conservation Service
Web Soil Survey (https://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx) offers soil data
for download. The data selected were soil hydrologic group data presented as shapefiles for the
chosen study area. This data is a necessary input for CN calculation.
The USGS maintains the National Land Cover Database (NLCD). This dataset covers the
conterminous U.S. and contains 28 different land cover products including land cover, land cover
change across 7 epochs from 2001-2016, urban imperviousness and associated change across 4
epochs from 2001-2016, tree canopy and associated change across 2 epochs from 2011-2016 and
western shrub and grasslands for 2016. The NLCD data were used to categorize watersheds by
LULC using a weighted averaging method. All LULC types within the boundaries of the chosen
watersheds were assigned to pixels, and those pixels represented area in acres. The area and
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corresponding LULC were used to assign a dominant LULC to the watershed based on
percentage of area represented by a given LULC. These data were considered in the assignment
of CN values, along with the soil hydrologic group.
The National Oceanic and Atmospheric Administration (NOAA) hosts a data portal
called the NOAA Online Weather Data (NOWData) portal
(https://w2.weather.gov/climate/xmacis.php?wfo=grr). For this study, the monthly summarized
data, with precipitation set as the variable and sum for the summary selection allowed the careful
analysis of the date ranges of precipitation events that led to floods.
c.

Flooding events
The foundation for this study was based on observation of flooding conditions within the

Grand River flow path, with impacts including flood timing and magnitude varying with frozen
or unfrozen soil conditions. Investigation of historic floods for this area offered a long list of
dates associated with flooding. The selection process for each event relied upon data availability
for the selected watersheds including flood peak flow data from river gauges, soil temperature
from weather stations, and precipitation data for each event. Careful consideration was applied to
make sure the meteorological set up for each event would fall into either a warm season or cold
season classification. A list of historic crests for the Grand River at Grand Rapids river gauge
was consulted, with the chosen events being within the top 15 of the all-time historic crests
(Table 2). The highest crest for that gauge was 21.85 feet on 22 April 2013, while the base flow
of this river at this gauge is near 3 feet. The second highest crest, 20.67 feet on 25 February
2018, the eleventh highest on 10 April 2017 at 17.90 feet, and the thirteenth highest crest on 31
December 2008 at 17.84 feet completed the list of the four events selected for this study. Within
the top 15 historic crests, only these four events offered the data availability, especially for the
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soil temperature sensors. Each sensor was installed and began recording data during the 2000s,
so any dates that fell before this time were excluded from this study.
For each event, the average daily air and soil temperatures were analyzed to differentiate
warm season or cold season classification. Average daily air temperatures (Figure 3) for the
dates of initial heavy precipitation were considered, as the difference between air and soil
temperatures may indicate lag time in warming soils. Average air temperatures for warm season
events were above freezing at 32˚ F for three days leading up to and including the initial day of
precipitation. Average air temperatures for cold season events were at or below 32˚ F for three
days leading up to the onset of precipitation for the 2008 event. The 2018 event had below
freezing average daily air temperatures for two days leading up to the onset of precipitation,
while the three days were characterized by high daily maximums above freezing and low daily
minimums below freezing, leading to above freezing average daily air temperatures for those
three days. This large change in air temperature over a 24-hour period led to an inquiry of soil
temperature conditions for this event, which were found to be at or below freezing for seven of
the nine available average daily soil temperature sites for this event. Once this was determined,
all other events were also analyzed for average daily soil temperatures, to ensure each selected
event had appropriate average daily soil temperature profiles for classification (Figure 4).
Another indicator of whether an event classified as a warm or cold season event was
presence of an existing snowpack during the same three-day period. The warm season events
both featured no existing snowpack for that period. For both cold season events, a snow depth
was present, an indicator of average daily soil temperatures remaining at or below freezing
during the three-day period before and including the day of precipitation onset for each event.
Table 3 shows the data related to the event selection process, including the maximum and
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minimum daily air temperatures, average daily air temperature, maximum and minimum daily
soil temperatures, average daily soil temperature, daily precipitation totals and snow depth for
the three-day period leading up to each event. The data were official numbers procured from the
National Weather Service Grand Rapids office. The soil temperatures for the 2008 event were
not available, as the records were kept as paper files and discarded long ago, according to the
NWS Grand Rapids office. To analyze the 2008 event, the interpolated maps found in Figure 4
assisted in constructing a soil temperature profile that could be considered a valid representation
for the event.
For each case, the meteorological conditions were examined to ensure the classification
and validity of the use of that event for this study. In the case of the warm season events, both
taking place in the month of April in this region, the possibility for these events to be considered
a cold season event had to be ruled out. Michigan can experience both warm season and cold
season floods during April, as springtime brings variable weather conditions to the region.
In the case of the April 2013 event, the month began with average daily air temperatures
at or near freezing, and little to no snow cover. Average daily soil temperatures occurring at the
onset of the precipitation remained in the upper 30s to low 40s for the area. Consecutive weeks
of heavy rainfall throughout the month brought some locations up to 8 inches of precipitation,
resulting in a monthly precipitation total of 11.10 inches. The majority of the rain fell on 18
April 2013, measuring 3.3 inches in one 24-hour period. This contributed to elevated river levels
all month long, with the crest from flooding taking place at the Grand River at Grand Rapids
gauge on 22 April 2013 at a height of 21.85 feet, the highest crest ever recorded for this gauge.
The Grand River experienced a 318% increase above normal flow for the month of April 2013.
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For the April 2017 case, the monthly average air temperatures ranged from the mid-40s
to 70s, resulting in average daily soil temperatures to range in the upper 40s to low 60s during
the onset of precipitation associated with this flooding event. A synoptic storm approached the
area, marked by a warming trend associated with a warm front that lifted though the region and
brought widespread rain totals of 2-3 inches across the area. The wet weather continued
throughout April 2017 as several storm systems tracked through the state. The heaviest rainfall
was recorded on 10 April 2017, with a total of 1.04 inches. Total precipitation accumulation for
the month of 6.27 inches was officially recorded at National Weather Service Grand Rapids;
however, some areas received up to 10 inches of rain (Sekelsky et al. 2017). The crest for this
event, 17.90 feet, took place on 10 April 2017 at the Grand River at Grand Rapids gauge, the
eleventh highest crest at this location in history. The Grand River experienced an increase in
normal flow for the month of April 2017 by 186%.
Cold season events were defined as events that featured average daily soil temperatures
across the region at or near freezing, suggesting some areas to have frozen soils and some degree
of impermeability of the soil due to the temperature. The existence of a snowpack at the onset of
liquid precipitation also suggests frozen or impermeable soils, and this factor was found to
contribute to the overall runoff as the snow began to melt. For the December 2008 event, a
widespread rainfall of 1 to 2 inches fell over a snowpack ranging from 11 to 22 inches across the
region. Toward the end of December 2008, a warming trend associated with a synoptic warm
front brought average daily air temperatures ranging from the single digits to the upper 20s all
the way up into the mid-40s by month’s end. On 27 December 2008, the 24-hour rainfall total
was 1.51 inches. For the month of December 2008, including snow totals and liquid
precipitation, a total of 6.27 inches of precipitation fell on the area. While this is the same
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amount of rain measured during the month of April 2017, the resulting runoff from the combined
snowpack, existing ice jams along the river, frozen impermeable soil and new rainfall
contributed to the 2008 flood. The Grand River at Grand Rapids gauge measured the crest on 31
December 2008 at 17.84 feet, the thirteenth highest historical crest for this location.
February 2018 began with average daily air temperatures ranging from the teens to low
20s, which allowed ice jams to build up along the Grand River. Once a synoptic warm front
approached the area bringing average daily air temperatures into the upper 40s, the ice jams
began to melt along with a snowpack of nearly 10 inches. At the onset of the warming, rainfall
and frozen ground contributed to an already swelling river, as runoff from melting snowpack and
ice increased. While the entire month saw only 4.93 inches of total precipitation, the presence of
a frozen surface, ice jams along the river and existing snowpack reinforced high runoff rates. The
bulk of the rain fell on 20 February 2018, with totals ranging from 2-4 inches across the area,
with an official 24-hour rainfall total of 2.53 inches. The Grand River at Grand Rapids
experienced its crest only 5 days later on 25 February 2018 of 20.67 feet, the second highest
crest on record for this gauge. The rapid melt event coupled with additional rainfall created a
rapidly swelling river, while ice jams under bridges contributed to a slow recovery along the path
of the river.
d.

Analysis methods
Data were processed for the creation of hydrographs using Wildcat 5, an interactive

Windows Excel-based software designed for hydrologists to study rainfall-runoff events
(Hawkins et al. 2016). This tool is used to predict peak flow and runoff volumes generated by
single-event rainstorms for most watershed soil and land cover conditions. Model inputs include:
(1) rainstorm characteristics, including duration and amount of rainfall, (2) parameters related to
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watershed soil and cover, (3) runoff timing parameters, and (4) unit hydrograph shape and scale
selection. These hydrographs are intended to simulate single-event rainstorm peak flows and
runoff volumes, while incorporating the SCS-CN method to introduce watershed conditions. The
model is intended for small watersheds that are responsive to runoff conditions from upland soil
and land cover. The peak flow estimation techniques are appropriate for studies that include
flood impacts (Hawkins et al. 2016).
Soil temperature data sites were selected based on the MSU Extension Enviroweather
mapping tool. Within the boundary of Kent County, three weather stations offer soil temperature
data for the selected flood events. Because Kent County has an area of 872 𝑚𝑖 2 , soil temperature
sites outside the county were considered in order to create an interpolated soil temperature
contour map, seen in Figure 4. The average soil temperature was assigned from the date
precipitation began for each event to show the average soil temperature profiles. This was used
to analyze the soil temperature conditions across a large area of western Michigan for the best
representation of conditions for each event.
Base flow of Michigan streams data allowed calculations of channel length along with a
digital surface model used to find slope for each stream, which when divided by the channel
length, gave a slope percentage. This was a requirement for utilizing Wildcat 5, with one option
for time of concentration that uses Kent’s (2016) equation for lag time. This equation was
developed by uniting U.S. Natural Resources Conservation Service (NRCS) applications and the
definition of flood-peak lag:

𝑡𝑙 =

𝐿0.8(𝑆+1)0.7
(1900𝑌 0.5 )

, where 𝑡𝑙 is lag time (hr), L is hydraulic length of

the watershed (ft), Y is the average watershed slope (percent), and S is 1000/CN-10 (in.), with
the average CN taken from soil hydrologic group data along with LULC to calculate a weighted
average CN for each watershed. The time of concentration is then determined from the equation
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𝑡𝑙 = 0.6𝑡𝑐 . Timing characteristics of a watershed control how rapidly rainfall generates runoff,
and modify the hydrograph as a result.
The hydrologic unit data allowed boundaries to be assigned to watersheds for calculations
of area, hydraulic length of the watersheds, as well as assigning soil temperature sites closest in
proximity to the selected watersheds, presented in Table 4. A requirement of the SCS-CN
method used in the Wildcat 5 model is that only small watersheds can be used for this method,
which influenced the decision to select HUC with 12-digits, as the area of the watersheds
decrease as the HUC digits increase.
Rainfall data was used to find total rainfall for each event, which included amount and
event duration. For the Wildcat 5 model to assign a hydrograph, both the duration of the event
and the total amount of rainfall were considered. These hydrographs were used to compare the
actual stream gauge from the event to the hydrographs produced by the Wildcat 5 model.
The data inputs and general processes involved in the production of the study area,
weighted curve number assignment for each watershed, and Wildcat 5 Hydrological tool inputs
to create realistic hydrographs for each flood event are shown in Figure 5. This process allowed a
comparison of actual hydrographs from stream gauge data in and around the study area. Each
event had a unique precipitation accumulation over a unique duration, and these factors are
defined in Table 2. The data used were given in daily measures, with precipitation and the
duration decided in increments of 24 hours. These data were used as the input for the Storm and
Storm Distribution function within the Wildcat 5 program. For the Rainfall Excess Method, the
default Distributed Method of λ = 0.2, which is used in the equation to find the initial abstraction
of the land, or equation (4) of the SCS-CN calculation. This is a function of land use, treatment,
and condition; interception; infiltration; depression storage and antecedent soil moisture. The
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default condition represents average local watershed conditions at time of flood event, and did
not address any pre-existing soil conditions that may be outside of expected conditions. The
Time of Concentration input chosen was the calculation of 𝑡𝑐 , the required data were the
selection of Kent’s Equation (SCS Method), average land slope of the watershed, length of the
longest channel in the watershed, as well as assigning the specific CN for each watershed. To
assign appropriate values for the watershed, the total area in acres and the weighted CN were
applied for each watershed. This was the modified value for simulating cold events as warm
events, as the weighted CN value represents warm season watershed conditions and the
suggested Knisel etal (1985) values as the cold season representation. The final selection for
input to the program was selecting the Unit Hydrograph type, which was the default choice of
Simple Triangular Unit Hydrograph. The inputs of storm distribution and time of concentration
were focal points to identify how precipitation amount and duration interact with watersheds
with varying time of concentration.
In the interest of establishing a comparison for the study, river level data were accessed
from USGS river gauges along the Grand River and the Rogue River, a main tributary to the
Grand River. The selection of these sites was based on the proximity to the selected watersheds
and soil temperature sites. The Grand River at Grand Rapids is the official river gauge for the list
of historical crests. The Grand River at Ionia is located upstream of the main Grand Rapids
gauge, in Ionia county, and the Rogue River serves as an intermediary point along a major
tributary, feeding the Grand River between the two other gauges. The Rogue River gauge sits
just above the confluence of the Rogue into the Grand River, revealing contributing tributary
flows feeding the main branch of the Grand River from watersheds to the north (Figure 2).
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Correlation analysis, frequency analysis and screening time series are the most common
statistical methods for analyzing hydrologic data (Oosterbaan et al. 1994). The method selected
for this analysis was correlation, as the relationship between the soil temperature and the severity
of runoff was the focus of comparison. This allowed the relationship to the CN set for each
watershed to be analyzed, with warm flooding versus cold flooding providing the basis for
analysis. Warm season floods were selected as control for comparison with actual gauge data
along the Grand River. Although each watershed has tributaries that flow toward the Grand
River, those tributaries are smaller waterways and only contribute to the overall effect found in
the main branch gauge data. The general shape of the hydrographs is expected to be similar,
including the timing of the peak flow on the main branch lagging behind the smaller tributaries
only slightly and the magnitude of each flooded waterway contributing to the total flow on the
Grand River. This contrast was of interest for comparing cold season floods to simulated warm
conditions for the same events.
c.

Results and Discussion

April 2013 – Warm Season
As seen in Figure 6a, the Grand River at Ionia was running below the median daily
statistic flow for the beginning of April 2013. Although the rain for the event began to fall 6
April 2013, the bulk of the rain did not arrive until 8-12 April 2013. The Grand River at Ionia,
Michigan started rising above its median daily flow during that period, with 13-15 April seeing a
peak in the flow from that rainfall event. For the purpose of this study and the use of the Wildcat
5 model, only the rainfall during the period from 8-12 April 2013 was considered. A total of 3.88
inches of rain fell during 120-hours, and resulted in the subsequent peak flow found on the
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discharge graph (Figure 6a). For this comparison, the selected watersheds in the Wildcat 5 model
graphs (Figure 7) demonstrated a peak flow occurring approximately 100 hours after
precipitation onset, which is within reason when considering the size of the watersheds and their
tributaries in relation to the overall river flow at that gauge. For the same event, the Rogue River
near Rockford experienced a similar response to the precipitation (Figure 6b), with timing of the
peak flow on that tributary in agreement with the gauge at Ionia. This suggests the course of
runoff for this event and the timing of the runoff reaching the river to be recorded as discharge
occurred during the same period. This further supports the validity of the Wildcat 5 model for
accurate representation of timing of runoff for smaller watersheds, with minimal lag time from
smaller tributary to the main river branch. When the Grand River at Grand Rapids is considered
(Figure 6c), the delay seen in the timing of the peak flow at that point in the main branch
suggests an additional delay of more than 24 hours from runoff to measurable discharge at that
point in the river. Considering the classification of 2013 as a warm season event, the runoff was
expected to take longer to reach the main branch of the river through the permeable layers of the
soil. Another event was considered for this comparison to validate the lag time of the runoff into
the main branch. Due to severe flooding during April 2013, Michigan’s Governor Rick Snyder
declared a state of disaster for 19 counties and the cities of Grand Rapids and Ionia. Hundreds of
homes were flooded, over 300 roads closed, and preliminary flood damage estimates exceeded
$32 million (Walton et al. 2013).
The precipitation total for all events was gathered from the official readings from the
National Weather Service in Grand Rapids, Michigan. This was assumed to be a uniform
precipitation total across all watersheds, to provide a control for the timing and magnitude of the
runoff graphs. A more realistic approach would have shown the actual historic event more
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accurately, but testing the validity for using the model required some parameters to be static in
order to test other effects, such as LULC and the resulting CN on the runoff rates. The watershed
with the highest rate of runoff during April 2013 was Headwaters, followed by Mill Creek,
Plaster Creek, Freska Lake, Spring Creek and finally Walker Grand Rapids with the lowest rate
of runoff simulated for the event (Figure 7). When consulting Table 4 to check against the data
inputs for the model, the CN seemed to have the largest impact on runoff rates, with channel
length, watershed acreage and slope percentage all playing lesser, yet cumulative roles. The
timing of the runoff responses peaked at an average of 100 hours after precipitation onset. The
magnitude of the runoff for the six selected watersheds combined is around 13.67 cubic feet per
second, which does not directly translate to the magnitude of the discharge for each river gauge.
This was not compared due to the small sample of the Grand River and its tributaries, and is only
considered as contributions to the main river discharge. Instead, this coincides with an increase
in precipitation over time for the event, and further serves to demonstrate the timing of peak
flows on the hydrographs from the river gauges. In order to verify the validity of associating the
CN as the main factor in elevated runoff amounts, the simulation of the April 2017 event was
considered.
April 2017 – Warm Season
Antecedent conditions allowed water levels to run high at the beginning of April, with
soils already saturated from recent rains in the previous weeks (Figure 8a). The conditions at the
start of April 2017, together with an additional 1.99 inches of rain over 96 hours created
widespread flooding. This rain total occurred from 3 through 6 April 2017. The rain continued
throughout the month, reaching an official total of 6.27 inches, with some areas receiving around
10 inches of rain. Analyzing the river gauge graphs, the discharge for the Grand River at Ionia

43
(Figure 8a) and the Rogue River near Rockford (Figure 8b) show a similar lag and response to
the runoff created by this precipitation event, with a longer lag to the main branch gauge for the
Grand River at Grand Rapids (Figure 8c). With antecedent soil moisture present, the lag time
was decreased to approximately 72 hours for the first two gauges. However, the lag time from
the first two gauges remained similar for 2017 as in 2013 suggesting the validity of lag time of
over 24 hours from contributing flows to main branch discharge at the Grand River at Grand
Rapids gauge. Since 2017 was classified as a warm season event, this created a basis for
comparing the cold season runoff timing to runoff associated with warm season runoff timing.
At the beginning of the month, the Grand River was running high compared to the
median daily statistic due to high water levels and saturated soils attributed to recent rain and
snowmelt during March 2017 (Figure 8a). Given the antecedent conditions and an additional 2-3
inches of rain falling across the region during the first week of the month, widespread flooding
resulted. On 3 April 2017, a system moved toward the Great Lakes region, with the rain
continuing until 6 April 2017, with the official total at the NWS Grand Rapids of 1.99 inches in
96 hours. Figure 7 shows the river response to that rainfall event at Ionia to be an almost
immediate response taking place around 9 April 2017 resulting in a peak flow for that point in
the river on that date. Additional rain fell on 10 April 2017 of 1.04 inches, contributing to
already high water levels. Several storm systems continued to track over the area, allowing the
river levels to remain above the median daily statistic throughout the month. The lag time from
rainfall to river flow was seemingly faster for this event than that of 2013, largely attributed to
the saturated soils creating a faster runoff response (Sekelsky et al. 2017).
The Rogue River near Rockford discharge graph is shown in Figure 8b, with the early
part of April being marked by high water as noted in Ionia. The response to the first storm in
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April 2017 is even faster than seen for the Grand River at Ionia, due to this smaller tributary
having an immediate response to changes in the water levels. The peak flow was seen around 8
April 2017, with smaller contributions to high flow rates corresponding to the frequent storms
across the area during that month. This is noted toward the end of the month for the Rogue River
near Rockford; as water levels adjust, dropping faster than that of the larger Grand River main
branch. This graph shows fast responses to each rainfall event during April 2017, with sharp
rises shortly after the onset of precipitation, and sharp declines in the river levels as each rain
event ended.
The cumulative flows from upstream at Ionia and the Rogue River tributary along with
other smaller tributaries along the course of the river allowed the river levels to remain high for
all of April 2017 (Figure 8c). Peak flows for this point in the Grand River occurred around 12
April, and fell slowly throughout the remainder of the month. Discharge remained above 10,000
cubic feet per second for the majority of April 2017. The percentage of normal flow for the
Grand River at Grand Rapids for the month of April 2017 was 186 percent of normal flow. A
total of 6.27 inches of rain fell at NWS Grand Rapids, with temperatures remaining above
normal across the region during April 2017. The individual rain events are less noticeable on the
main branch of the river, but the cumulative effect kept river levels well above the median daily
statistic discharge rates.
Figure 7 is the Wildcat 5 simulation of the 2013 flood event, which shows the simulated
flows of the 3.88 inches in 120 hours over the six selected watersheds. The average timing of the
peak flows for this event is approximately 100 hours. Figure 9 is the Wildcat 5 simulation of the
2017 flood event, which shows the simulated flows from the 1.99 inches in 96 hours over six
selected watersheds. The average timing of the peak flows for this simulation is similar to that of
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2013, approximately 100 hours. However, when comparing to the timing found in Figure 8, there
appears to be a discrepancy. The simulation was missing the antecedent moisture conditions that
would likely account for the timing offset. An adjustment was made based on this factor, as
saturated soils are known to change runoff behaviors, and alter the CN for each watershed. Once
this was accounted for, Figure 10 shows a more representative simulation for the 2017 event,
with the average timing from end of precipitation to peak flows in the watersheds around 72
hours. This aligns with the timing found in Figure 7, and is a better simulation of the event. The
CN number having been altered made the difference between an accurate simulation of the
timing for the 2017 event, rather than matching the previous 2013 event timing of runoff to
discharge. This demonstrated the amount and duration of rainfall along with accurately
representing antecedent conditions translated to the timing accuracy of the Wildcat 5 model. This
parameter was further explored concerning the cold season events, as careful selection of CN
values was found to be a key factor to accurate runoff timing.
December 2008 – Cold Season
December 2008 is best remembered for the snow pack that accumulated across the
region, with lakeshore areas receiving over 60 inches and inland areas receiving up to 15 inches
across southern lower Michigan. Precipitation totals for December 2008 were also above normal,
with the departure ranging from over an inch to over 4 inches across the area. Due to the
significant snowpack, frost depths were generally greater than 2 inches, which met the criteria
for assigning this as a cold season event. On 27 December 2008, the temperatures rose to 60
degrees Fahrenheit, and 1.51 inches of rain was measured at NWS Grand Rapids. These
conditions led to a complete melt of the snowpack along the Grand River. Prior to this, the river
had significant ice built up, resulting in backwater and higher than normal river stages for all
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gauges. As a result, many ice jams formed as the melt water made its way to the main branch of
the Grand River, compounding the flooding issues.
In Figure 11, it is first noted that the gauge readings were not registered correctly even
three days prior to the rainfall and warming event, which created some ambiguity in the river
forecasts and hydrological reporting. This indicated that all river gauges were not measuring in
the conditions that were present. For Figure 11a-b, the gauge data begins on 27 December 2008,
while the gauge for Grand Rapids in Figure 11c does not pick up data until 29 December 2008.
The apparent peak flows were around 48-hours after the end of precipitation for Ionia and
Rockford, while the Grand River at Grand Rapids seemingly had a lag time of approximately 96
hours. Warnings for flood conditions along the Grand River were issued as early as 24 December
2008, suggesting the warnings were issued based on field observation, as the gauges were not yet
reporting. Figure 11a, for the Grand River at Ionia, shows the river was running above the
median daily statistic as of 27 December 2008. Figure 11b shows a similar condition on the
Rogue River near Rockford. Figure 11c shows the Grand River at Grand Rapids was
approaching 20,000 cubic feet per second on 29 December 2008, while the median daily statistic
shows normal river levels for this date around 3,000 cubic feet per second. The flooding during
the month of December 2008 resulted in nearly $4 million dollars in damages across the area
(Walton et al. 2008). Evacuations were rushed, partially due to the rapid onset of flood
conditions as the weather changed quickly. Another factor was the lack of accurate river gauge
readings delaying the issuing of warnings. This required confirmation from the field, from
observers, and public officials. Despite this delay in response, no deaths were attributed to this
flood event (Walton et al. 2008).
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February 2018 – Cold Season
February 2018 was classified as another cold season event based on similar conditions to
2008. An existing snowpack of over 20 inches across the region began melting when a warm
front and associated rainfall came on 19 February 2018. The two-day storm total brought the
NWS Grand Rapids Weather Forecast Office 3.01 inches of rain, causing a similar response in
runoff associated with meltwater and rainfall. Ice jams, frozen soils and above normal
precipitation combined to cause a rapid rise on the rivers and streams across the region, resulting
in a disaster declaration for seventeen counties as well as the city of Grand Rapids by the State of
Michigan. During the peak of the event, the Grand River was flowing at 490 percent of normal
flow (Sekelsky et al. 2018).
Figure 14a shows the discharge for the Grand River at Ionia which is given as estimates
for the days preceding the thaw and rainfall event. The Grand River estimated to be running
above the median daily statistic prior to the shift in weather, suggesting there were ice jams
contributing to the above normal flow. Although the warm weather initially came in with no
precipitation, there did not appear to be an immediate response in the river level. The river gauge
was activated on 20 February 2018, when 2.53 inches of rain was measured at NWS Grand
Rapids. A high temperature of 63 degrees Fahrenheit was reported, with the low only dropping
to 40 degrees Fahrenheit. There were ice jams reported to have burst loose on or around the same
date, which caused river levels to increase dramatically in less than 24 hours. Figure 14b shows
the discharge at the Rogue River near Rockford during the same period. The Rogue River was
running near normal levels from the 17th through the 20th, when the river shows a sharp response
to the higher temperatures and heavy precipitation. Figure 14c shows the discharge for the Grand
River at Grand Rapids, with the early period tracked by estimates. A similar flood response and
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increase in discharge was noted in the graph, with a delay of approximately 24 hours from the
river gauge peaks from Ionia and Rockford, making its way downstream to Grand Rapids, where
the lag time approaches 120 hours from end of precipitation to peak flow at the gauge.
The Wildcat 5 simulation of the 2008 event was first run with the Knisel et al. (1985)
recommended adjustments to the CN, and Figure 12 shows the results from that simulation. With
CN adjusted for frozen soils the peak flows for runoff occur on average 24 hours after the onset
of precipitation, while the discharge on the river gauges occurs around 72 hours after the onset of
precipitation as shown in Figure 12. The watersheds each individually may have a shorter lag
time due to the smaller areas and shorter channel lengths; however, this is a large discrepancy in
timing. For a comparison, Figure 13 shows the same storm and distribution of precipitation, with
the CN adjusted back to normal watershed conditions. The delay from onset of precipitation for
this warm simulation of the frozen soil event revealed a peak in runoff around 50 hours later.
This approached the peak flow timing on the main river gauges, although it is not as close a
representation as the true warm season events. When comparing the magnitudes of both
simulation graphs, Figure 13 reflects the amount of runoff that could be expected given the
conditions found during that event, and more accurately reflects the discharges found at the river
gauges. Figure 13 shows significantly less runoff, with the Spring Creek watershed not
registering any runoff for the event.
For the February 2018 Wildcat 5 simulation, Figure 15 shows the Knisel et al. (1985)
suggested CN numbers creating peak runoff flows around 32 hours after precipitation onset. This
closely reflects the timing of the peak of discharge in Figure 14, with Figure 14 showing a delay
of almost 144 hours to the gauge in the Grand River at Grand Rapids. Depending on the speed of
thaw and snowmelt contributing to the overall discharge, this may be attributed to many factors,
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including the depth to which the soils were frozen. Checking the CN for warm and normal
conditions, the delay from onset of precipitation to peak runoff is around 65 hours for that
simulation, shown in Figure 16. In comparing the magnitude of Figure 15 and 16, the magnitude
of runoff for the frozen soil simulation is more accurate to the level of discharge found on the
river gauge graphs in Figure 14; while Figure 16 shows runoff of a magnitude that would likely
not result in a flood event.
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c.

Conclusion

The use of SCS-CN values for assessing runoff for single event rainstorms within
Wildcat 5 can be successful when the conditions are at or near average watershed conditions.
Using the SCS-CN adjustment within Wildcat 5 for conditions that reflect saturated soils can
also create an accurate representation for runoff timing when those conditions are present in the
field. When adjusting the CN to accommodate for frozen soils, the Knisel et al. (1985)
recommended adjustments to the CN calculations may work in some situations to predict timing
of peak flows, but not all simulations were accurate and successful. This suggests the calculation
may be too generalized, or that the conditions of each watershed must be individually accounted
for to ensure accurate timing to peak runoff. For predicting flood event timing, this assessment
would be computationally expensive to account for all possible conditions across all watersheds.
While this information would be useful to hydrologists in creating a reliable timeline for
informing emergency management, residents, and businesses on the creation of an evacuation
plan, it is only reliable under average watershed or saturated soil conditions.
With the frequency and severity of floods occurring under abnormal watershed
conditions, such as floods resulting from snowmelt and frozen soils, a better approach is desired.
Further studies should include developing CN values that more accurately reflect conditions for
frozen soils, rather than a general reassigning of CN to assume impermeability akin to concrete
or paved surfaces. Areas where warming has already thawed frozen soils or snow may not
behave as an impermeable surface, however, the limited soil temperature site locations would
need to expand to account for these changes in the field to be represented accurately.
Additionally, the limitation of some soil temperature sites measuring only to a depth of 2 inches
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does little to reveal frost depth, which plays a role in the impermeability of the soil in that area.
More sites measuring deeper depths would mitigate this lack of data, which could allow for
careful assignment of CN values, and allow the modeling to become more accurate for timing
peak flows. Accurately representing runoff timing can be key to creating reliable hydrographs
upon which individuals can initiate mitigation and evacuation plans in the face of imminent flood
events.
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d.

Tables

Table 1: Data Selection; Data selected for the project, data source and URL used to obtain data.
Data
Description

Data Source

Data URL

Soil
Temperature
Sites
2 inches

Michigan State University
(MSU) Extension
Enviroweather Portal

https://www.enviroweather.msu.edu

Baseflow of
Michigan
Streams

GIS Open Data Portal from the
State of Michigan

http://gis-michigan.opendata.arcgis.com

12-digit
Hydrologic
Units (SubWatersheds)

GIS Open Data Portal from the
State of Michigan

http://gis-michigan.opendata.arcgis.com

Soil Hydrologic
Group

United States Department of
Agriculture’ s (USDA) Natural
Resources Conservation
Service (NRCS) Web Soil
Survey (WSS)

Land Use/Land
Cover

United States Geological
Service (USGS)

https://www.usgs.gov/core-science-systems/scienceanalytics-and-synthesis/gap/science/land-cover-datadownload?qt-science_center_objects=0#qtscience_center_objects

Precipitation:
Daily Totals
and Duration

National Oceanic and
Atmospheric Administration’s
(NOAA) National Weather
Service (NWS), Grand Rapids
WFO

https://w2.weather.gov/climate/xmacis.php?wfo=grr

https://websoilsurvey.nrcs.usda.gov/app/WebSoilSurvey.aspx
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Table 2: Event Selection; Top 15 historic crests for the Grand River at Grand Rapids. *
indicates the selected events for this study.
Historic Crests: Grand River at Grand Rapids
Rank
Date
Crest (ft)
1
22-Apr-2013
21.85*
2
25-Feb-2018
20.67*
3
1-Mar-1985
19.64
4
27-May-2004
19.54
5
28-Mar-1904
19.50
6
8-Mar-1976
19.29
7
4-Oct-1986
19.25
8
3-Apr-1960
19.25
9
19-Mar-1982
18.83
10
9-Jun-1905
18.60
11
10-Apr-2017
17.90*
12
25-Feb-1997
17.87
13
31-Dec-2008
17.84*
14
13-May-1956
17.70
15
22-May-2000
17.42
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Table 3: Event Classification; Conditions leading up to each event, considered for event
classification. The 2008 and 2018 events were classified as cold season events, while 2013 and
2017 were classified as warm season events.

Event Date
Range

Max.
Air
Temp
(˚F)

Min.
Air
Temp
(˚F)

Avg.
Air
Temp
(˚F)

25-Dec-08

25

16

20.5

26-Dec-08
27-Dec-08

43
60

19
42

31
51

6-Apr-13

59

35

7-Apr-13

58

8-Apr-13

Max.
Soil
Temp
(˚F)

Min.
Soil
Temp
(˚F)

Avg.
Soil
Temp
(˚F)

Precip.
Total
(in)

Snow
Depth
(in)

0.01

13

0.06
1.51

13
6

47

0.04

0

34

46

0.04

0

56

34

45

0.51

0

8-Apr-17

62

27

44.5

0

0

9-Apr-17

75

50

62.5

10-Apr-17

78

52

65

17-Feb-18

35

19

18-Feb-18

40

19-Feb-18

57

*

41

*

38

*

39.5

0

0

1.04

0

27

0.02

2

29

34.5

0

2

37

47

0.48

1

53

33

50

32

51.5

32.5
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Table 4: Watershed Selection; Selected watersheds and the related data inputs for Wildcat 5.

Watershed Name
Headwaters
Plaster Creek
Mill Creek
Walker Grand Rapids
Freska Lake
Spring Creek

Curve
Curve
Delta
Channel
Number Number Elevation Length
Slope Area
II
Frozen
(ft.)
(ft.)
(%)
(Acres)
78
97
113.1 56,553.09 0.20 165.98
74
96
118.12 79,655.34 0.15 101.54
70
96
274.03 69,613.78 0.39 164.93
64
96
16.72 29,233.26 0.06
71.98
62
96
72.11 50,450.98 0.14 189.58
55
95
25.38 31,095.63 0.08 163.56
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e.

Figures

Figure 1: Map of the Study Area; The study area is located in western Michigan, six sub-watersheds selected
from the Grand River basin.

57

Figure 2: Watershed Boundaries, Soil Temperature and River Gauge Location Map; Selected soil
temperature sites and their proximities in and around the selected watersheds. Five of the six selected

58
watersheds contain soil temperature sites within or along their boundary. River gauge locations and their
proximity to selected watersheds and soil temperature sites.

59

Figure 3: Average Daily Air Temperature Map; Average daily air temperatures for each event. Dates
indicate day of initial onset of precipitation for each case. Images at the top are associated with warm season

60
floods, while the bottom images are associated with cold season floods.

61

62
Figure 4: Average Daily Soil Temperature Map; Average daily 5 cm (2 in.) soil temperatures for each event.
Dates indicate day of initial onset of precipitation for each case. Images at the top are associated with warm
season floods, while the bottom images are associated with cold season floods.
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Soil Temperature
Sites

Baseflow of
Michigan
Streams

12-digit
Hydrologic Units
(Sub-Watersheds)

Study Area Map
ArcGIS Pro

Soil
Hydrologic
Group

Land Use/Land
Cover

Weighted Curve Number
Assignment

Weighted Curve
Number
Assignment

Precipitation: Daily
Totals and
Duration

Wildcat 5 Hydrograph

Figure 5: Data Flowchart; The data and processes required to represent the study area, storm
events, and CN for this study.
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a

b
c
Figure 6:River Gauges during 2013 Event; The discharge for the Grand River at Ionia (a), the discharge for the Rogue River near
Rockford (b), and the discharge for the Grand River at Grand Rapids (c) during the 2013 event.
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Figure 7: Wildcat 5 Runoff Simulation 2013; Wildcat 5 simulated runoff for the 2013 event in
selected watersheds. Peak flows occurred around the 100-hour mark on average, indicating the
peak runoff occurred 100 hours after initial onset of precipitation.
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a

b

c

Figure 8: River Gauges during 2017 Event; The discharge for the Grand River at Ionia (a), the discharge for the Rogue River near
Rockford (b), and the discharge for the Grand River at Grand Rapids (c) during the 2017 event.
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Wildcat 5 Simulation of April 2017 Flood Event
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Figure 9: Wildcat 5 Runoff Simulation 2017; Wildcat 5 simulated runoff for the 2017 event in
selected watersheds. Peak flows for this simulation occurred around the 100-hour mark on
average, indicating the peak runoff occurred 100 hours after initial onset of precipitation.
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Wildcat 5 Simulation of April 2017 Flood Event with
Antecedent Moisture Condition III
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Figure 10: Wildcat 5 Antecedent Moisture Condition III Runoff Simulation 2017; An
adjustment to the CN values to reflect the antecedent soil moisture observed in Figures 10-12
resulted in a more realistic representation for the 2017 event. Wildcat 5 simulated runoff for the
2017 event in selected watersheds with CN adjustment to allow for existing moisture and high
water prior to April 2017. Peak flows for this simulation occurred around the 72-hour mark on
average, indicating the peak runoff occurred 72 hours after initial onset of precipitation. This is
consistent with the average timing found from Figures 10-12, from ending of precipitation to
peak flows resulting from the precipitation.
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a
b
c
Figure 11: River Gauges during 2008 Event; The discharge for the Grand River at Ionia (a), the discharge for the Rogue River near
Rockford (b), and the discharge for the Grand River at Grand Rapids (c) for the 2008 flood event.
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Wildcat 5 Simulation of December 2008 Event
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Figure 12: Wildcat 5 Runoff Simulation 2008 Cold Curve Numbers; Wildcat 5 simulation of
the December 2008 flood event in selected watersheds. Peak flows for this simulation occurred
around the 24-hour mark on average, indicating the peak runoff occurred 24 hours after initial
onset of precipitation. CN numbers used in this simulation were based on the EPA
recommendation for frozen soils.
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Wildcat 5 Warm Simulation of December 2008 Flood Event
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Figure 13: Wildcat 5 Runoff Simulation 2008 Warm Curve Numbers; Wildcat 5 simulation
of the December 2008 flood event in selected watersheds, with a warm season simulation using
the CN numbers for normal conditions. Peak flows for this simulation occurred around the 50hour mark on average, indicating the peak runoff occurred 50 hours after initial onset of
precipitation. Spring Creek watershed did not register any runoff under these conditions,
indicating no flood conditions likely under that scenario.
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a

b

c

Figure 14: River Gauges during 2018 Event; The discharge for the Grand River at Ionia (a), the discharge for the Rogue River near
Rockford (b), and the discharge for the Grand River at Grand Rapids (c) for the 2018 flood event.
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Wildcat 5 Simulation of February 2018 Flood Event
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Figure 15: Wildcat 5 Runoff Simulation 2018 Cold Curve Numbers; Wildcat 5 simulation of
the February 2018 flood event in selected watersheds. Peak flows for this simulation occurred
around the 32-hour mark on average, indicating the peak runoff occurred 32 hours after initial
onset of precipitation. CN numbers used in this simulation were based on the EPA
recommendation for frozen soils.
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Wildcat 5 Warm Simulation of February 2018 Flood Event
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Figure 16: Wildcat 5 Runoff Simulation 2018 Warm Curve Numbers; Wildcat 5 simulation
of the February 2018 flood event in selected watersheds, with a warm season simulation using
the CN numbers for normal conditions. Peak flows for this simulation occurred around the 65hour mark on average, indicating the peak runoff occurred 65 hours after initial onset of
precipitation.
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