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ABSTRACT

Author: Kines, Stephen, J. MSABE
Institution: Purdue University
Degree Received: May 2020
Title: Modeling the Impacts of Lakes and Wetlands on Streamflow
Committee Chair: Keith Cherkauer
Lakes and wetlands cover a large portion of the earth’s surface and play a crucial role in
hydrology. They provide permanent and temporary storage for water within the landscape
allowing for greater infiltration and evaporation along with a reduction in peak flooding events.
Lakes and wetlands also provide many other non-hydrological benefits such as their ability to
improve water quality and provide wildlife and fisheries habitat. Despite their known benefits,
wetland destruction has been a prominent issue for many years. This study quantifies the
hydrologic effects of lakes and wetlands by introducing a parametrization method for hydrologic
model simulations in the North American Land Data Assimilation System (NLDAS) domain.
Lake profiles were created based on the geospatial lake depth-area relationship through
interpolation of known lake depths and areas throughout the domain. Wetlands were
parametrized based on topographic wetness index (TWI) calculated using high-resolution DEM
imagery. Wetland profiles were created using a binning technique along with the DEM and land
use classifications. The Variable Infiltration Capacity (VIC) macroscale hydrologic grid-based
model and its associated lake and wetland algorithm were used to quantify the effects of lakes
and wetlands on streamflow. Profiles were generated for every corresponding VIC grid cell in
the NLDAS domain, but for this study two watersheds, the Buttahatchee River in Mississippi and
the Black River in North Carolina, were selected to test the parametrization and quantify the
impact of lakes and wetlands on watershed hydrology. The Buttahatchee River watershed
contains 6.6% lakes and wetlands, which were predominantly clustered near the stream channel,
and the Black River watershed contained 19.2% lakes and wetlands which were spread out
across the entirety of the watershed. Simulated daily streamflow with and without the lake and
wetland algorithm activated was used to evaluate impacts on flood frequency as well as
components of the water balance. Flood magnitude decreased due to the presence of lakes and
wetlands. This decrease was 5.8% and 29.6% for a 10-year return period flood for the
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Buttahatchee River and the Black River sites, respectively. Mean annual flowrate decreased
significantly as a result of lakes and wetlands indicating storage of water in the lakes and
wetlands allowed for a greater degree of evapotranspiration. There were 1.6% and 10.9%
decreases in average streamflow rates as well as corresponding 0.3% and 4.1% increases in
annual evapotranspiration in the Buttahatchee River and Black River watersheds, respectively.
While lakes and wetlands reduce peak flood events and decrease average streamflow rates
through increased storage and evapotranspiration, the magnitude of these impacts varies based
on the quantity and distribution of lakes and wetlands in the watershed as well as the climate and
vegetation present.

1

1. INTRODUCTION

1.1

Background

Lakes and wetlands cover a combined 16.7 million km2 of land area globally with
4.6 million km2 being lakes and 12.1 million km2 being wetlands (Downing et al., 2006; Ramsar
Convention on Wetlands, 2018). This accounts for roughly 11% of the earth's total land surface
and provides both temporary and semi-permanent water storage within the landscape. Lakes in
this case are seen as semi-permanent water storage as they are categorized by consistently storing
some amount of water, though the quantity of water stored may fluctuate seasonally. Wetlands
are seen as a temporary water storage component that store a shallow depth of water over a large
area and are more likely to be dry during drought periods. Both lakes and wetlands play a crucial
role in the ecosystem by storing water and making it available to both plants and animals at the
land surface. For this study, lakes and wetlands are treated as one unitary resource of water
storage.

Lakes and wetlands provide many known benefits including flood management, drought
mitigation, and groundwater recharge (Guo et al., 2017; Dahl, 1990). Most of these benefits can
be explained by the ability of lakes and wetlands to store water within the landscape for extended
periods of time (Small et al., 1999; Vining, 2007). This stored water comes from runoff from
nearby lands that otherwise would directly enter the stream network. The upstream contributing
area varies by location and is important in understanding the potential for lakes and wetlands to
redistribute streamflow. A study performed by Wu and Lane (2017) for the north-central United
States and south-central Canada concluded that the contributing area for wetlands ranged from
1.19 times to 2,500 times the size of the wetland with an average of 6.06 times the size of the
wetland. For lake catchment areas, a similar value of 6.86 times the lake area was found by
Cardille et al. (2004). These catchment factors indicate that a significant portion of all runoff has
the ability to be impacted by lakes and wetlands.

When this water is being stored on the landscape, it is able to contribute to both
evapotranspiration as well as groundwater recharge. Evaporation from lake surfaces is a
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significant component to water and energy balances (Lenters et al., 2005; Vano et al., 2006;
Cardille et al., 2004). There have been numerous studies that have demonstrated the interaction
between stored surface water and groundwater (Dripps and Bradbury, 2009; Hunt et al., 2003;
Anderson and Cheng, 1993). When water is stored on the surface, the soil underneath the water
body remains saturated and gravity will draw water down where it can help replenish
groundwater supplies. The storage of water also allows for a high degree of evapotranspiration.
The water balance byproduct of these interactions is a change in streamflow characteristics. The
two most common impacts are flood reduction and drought mitigation. Wetlands have often been
characterized as having fill-spill hydrology (Shaw et al., 2011; Rains et al., 2005). They hold
water that runs off the land surface during rainfall events and slowly release it into the stream
channels, switching from a sink to a source of water within the watershed. The presence of lakes
and wetlands in a watershed reduces peak flows (Acreman and Holden, 2013; Wu and Johnson,
2008). Wu and Johnson (2008) compared two watersheds in northern Michigan with varying
percentages of wetlands and found a consistent reduction and delay in the timing of peak flow
events as result of a larger wetland coverage in a watershed. This stored water is released more
slowly, which increases the available water in streams during dry periods (Acreman and Holden,
2013).

Demissie and Klan (1993) analyzed the effects of fractional wetland coverage on USGS
streamflow across various watersheds in Illinois using observational data. They found that
wetlands impacted peak flow as well as low flow characteristics of USGS streamflow throughout
the state based on the percentages of wetlands in each tested watershed. They found a 3.7%
decrease in the ratio of peak flow to average precipitation per percent of the watershed in
wetland. For low flow (95% exceedance probability), they found a 7.9% increase in flow per
percent of the watershed in wetland. These studies all conclude that lakes and wetlands tend to
decrease peak and average flowrate and increase evapotranspiration rates.

There have also been several previous studies that have attempted to quantify the impact of lakes
and wetlands on the hydrologic cycle. Bowling et al. (2010) evaluated the effects of lakes and
wetland in the Arctic environment of the Alaskan coastal plains using the VIC model and found
that storage of water on the surface resulted in a 19% increase in annual evaporation. This was
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largely attributed to a seasonal increase in evaporation between July and September, which
ranged from 6 mm to 14 mm across the study area. Simulated streamflow peaks were also
improved with lakes and wetlands represented in a hydrology model though no quantitative
differences were reported. Mishra et al. (2011) looked at the role of lakes and wetlands in the
Great Lakes Region again using the VIC model and found that over the domain the
evapotranspiration rate increased by 5% (4% to 15% range) while the total runoff decreased by
12% (4% to 13% range). As for the seasonality of these changes, evapotranspiration increased
most between the months of April and June with the greatest change in runoff occurring in
March and April. This is largely due to hydrology in the Great Lakes Region being influenced by
snowmelt runoff. Martinez-Martinez et al. (2014) performed a study using the SWAT model to
quantify the impacts of wetland restoration on future hydrology. They analyzed the degree of
peak flow reduction based on the presence of wetlands in the SWAT model and found that the
inclusion of wetlands resulted in a decrease in annual average simulated peak flow ranging from
0.12% to 1.21% depending on the location of the simulated wetlands within the Shiawassee
watershed in Michigan. They found that the change in average daily streamflow ranged from a
decrease of 0.35% to an increase of 0.16% again varying by location of the wetlands within the
watershed.

While lakes and wetlands play an important role in hydrology, there is a worldwide decrease in
wetland area with losses estimated in several studies. Dahl (1990) determined that there was a
53% decrease in wetland area in the contiguous 48 states between 1780 and 1980. Davidson
(2014) found that globally, the decrease in wetland area since 1900 is between 54% and 57%.
Such drastic decrease in wetland area can largely be explained by how wetlands are perceived by
the general public. Wetlands have historically been viewed as a nuisance, as they pose an
obstacle to crop production or development making the land less valuable. A vast majority of all
wetland destruction is due to the draining of lands for agricultural use (Davidson, 2014). Now
that benefits to hydrology, water quality, and aquatic habitat are more well know, the rate of
removal has decreased dramatically. In addition, this change can also be attributed in part to the
implementation of the Clean Water Act in 1972, which established several protections for
wetlands. Wetland area actually increased slightly between 1998 and 2004, while there was no
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measurable change in wetland area from 2004 to 2009 within the conterminous United States
(Dahl, 2006; Dahl, 2011).

This study aims to develop and evaluate a method for parametrizing lakes and wetlands for the
North American Land Data Assimilation System (NLDAS) domain, which can be used to
quantify the impacts of lakes and wetlands in a regional scale hydrology model. The NLDAS
domain extends from 25 degrees to 53 degrees of latitude and from -125 degrees to -67 degrees
of longitude covering all of the contiguous United States and parts of Mexico and Canada
(Figure 1.1).

Figure 1.1: Map depicting North American Land Data Assimilation (NLDAS) domain
1.2

Goals and Objectives

The overall goal of this study is to accurately represent lakes and wetlands in the NLDAS
domain and quantify the hydrologic effects of these lakes and wetlands on streamflow
characteristics. Lakes and wetlands cover a large percentage of the earth's surface and play a
crucial role in many aspects within the environment including the hydrologic cycle. This
research will be performed in order to test the following hypotheses:

1. The magnitude of peak streamflow events will be reduced due to lakes and wetlands
retaining water within the landscape during runoff events.
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2. Average streamflow will decrease due to the storage of water in lakes and wetlands
allowing for a greater degree of evapotranspiration.

These hypotheses will be addressed by first parameterizing lakes and wetlands using depth-area
relationships and Topographic Wetness Index (TWI) distributions. The Variable Infiltration
Capacity (VIC) model (Liang et al., 1994) will then be utilized to quantify the impacts of lakes
and wetlands. The VIC model is a grid-based macroscale hydrologic model which utilizes
climate, soils, and vegetation data to calculate water and energy fluxes. Also included in the
model is a lake and wetland algorithm capable of reading in lake-wetland profiles, which define
a zone of temporary water storage within the landscape. This stored water can then be transferred
out of the grid cell in the form of streamflow or evapotranspiration or be used to replenish soil
moisture. This model, when paired with a streamflow routing model, can be used to simulate
river discharge, which will be the primary parameter used to evaluate hydrologic effects. The
VIC model will be run to simulate daily streamflow data with and without lakes and wetlands
present. Statistical analysis will then be performed comparing each set of paired streamflow data.
This analysis includes flood frequency analysis using a log-normal flood frequency plotting
technique as well as testing for statistical difference using the paired t-test as well the matchedpair signed-ranks test. This will allow each of the hypothesis to be quantitatively tested in order
to show the hydrologic effects of lakes and wetlands.

1.3

Thesis Organization

This thesis is organized into five chapters. Chapter 1 provides an introduction to the functionality
of lakes and wetlands as well as a review of previous work that has been done to quantify these
effects. It also provides the goal of this study and the hypotheses that will be tested. Chapter 2
summarizes the Variable Infiltration Capacity (VIC) model and how it is being used in this study
along with an overview of the lake and wetland algorithm included in the model. The sources of
data as well as the routing technique used in conjunction with the model are also explained.
Chapter 3 describes the parametrization of the lakes and wetlands. First, the methods used in the
calculation of the topographic wetness index are detailed. Then the methodology behind the
calculation of the depth-area lake-wetland parametrization using the topographic wetness index
is explained. The model calibration technique as well as results of the calibration process are
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included in Chapter 4. Chapter 5 demonstrates the results from the model as well as the statistical
tests being performed in order to relate the results of the model output to each of the hypotheses
being tested. First the effects of lakes and wetlands on flood frequency are explained and then
the impact on the overall water balance is quantified. Finally, Chapter 6 summarizes and
discusses the results of this study as well as provides insight into future work that may be
performed in this topic area.
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2. VARIABLE INFILTRATION CAPACITY MODEL

VIC Model Overview
The Variable Infiltration Capacity (VIC) model is a grid-based macroscale hydrologic model that
was originally developed by Liang et al. (1994). This model utilizes resolutions ranging from
1/16th (chosen for this study) to 2 degrees latitude and longitude. Three primary inputs are
required for the model: meteorological data, soils data, vegetation data. A fourth input, lake and
wetland storage, is also required when running the VIC model with the lake and wetland
algorithm active. A schematic showing an overview of the processes occurring within the model
can be seen in Figure 2.1. Water enters each grid cell as precipitation (P). It can then be captured
by the canopy and released as evaporation from the canopy (Ec). Water that reaches the surface
can then be transferred back to the atmosphere through evaporation (E1) or transpiration form
plants (Et). Water can also exit the cell via surface runoff (Qd) or baseflow (Qb). The variable
infiltration capacity curve empirically represents the spatial variability in runoff versus
infiltration potential for each land cover class within the grid cell. The VIC model supports an
unlimited number of soil layers and vegetation classes within each grid cell (Liang et al., 1999).
When using the three-layer model, the upper two soil layers control the infiltration capacity,
while the bottom soil layer controls outflow to baseflow (Liang, 1994).
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Figure 2.1: Schematic representation of the Variable Infiltration Capacity (VIC) model
(Cherkauer et al., 2003)
There have been several additions to the model to improve performance that were utilized in this
study. In order to best represent the soil properties and respective changes in infiltration capacity
due to freezing especially in relation to spring snowmelt time periods, the frozen soils algorithm
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developed by Cherkauer and Lettenmaier (1999) was used. Additionally, the solar radiation used
in the study was not available in the meteorological data and had to be estimated using the
algorithm developed by Thornton and Running (1999).

Lake and Wetland Algorithm
The lake and wetland algorithm within the VIC model simulates storage of water within the
landscape based on a user defined depth-area profile. The model solves a complete water balance
for the combined lake-wetland area for each model time step. Additionally, the model solves a
complete energy balance within the lake-wetland fraction such that a vertical water temperature
profile is generated and seasonal lake turnover can be represented. This allows the model to
calculate the evaporation from the open water surface while also representing freeze-thaw cycles
in lakes and wetlands. There is also a snow and ice algorithm included in the lake and wetland
algorithm, allowing the model to be used in cold season-dominated climates. The lake and
wetland aspect of the model was originally described in Cherkauer et al. (2003), with details
presented by Bowling and Lettenmaier (2010). Bowling and Lettenmaier (2010) used the
algorithm in order to demonstrate the relationship between surface water storage, snowmelt,
streamflow, and soil moisture in the Arctic region. Mishra et al. (2010) used the algorithm in
order to quantity the water balance impact and changes in streamflow due to lakes and wetlands
in the state of Michigan. It was also used in several other studies (Chiu, 2013; Mishra et al.,
2011; Gao et al., 2011).

The lake algorithm reads a separate parameter file to define the lake and wetland profile for each
VIC grid cell included in the simulation. This file can either provide a maximum depth and area
to allow the VIC model to calculate profile internally or a set of depth-area points can be
provided to the model. The latter was used for this study so that the profile could be given in the
form of depth-area pairs that define the entire vertical profile of the lake and wetland area class.
For this study, each cell had a lake and wetland profile defined with a maximum of fourteen
nodes based on the presence of lakes and/or wetlands within the grid cell. The methods used to
define the profile can be found in Section 3.3. The lake and wetland algorithm then converts the
depth-area nodes into the volumetric water storage with depth for the lake and wetland class. The
initial water level was set equal to the starting depth of water defined in the lake and wetland
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parameter file. The algorithm treats the lake and wetland profile as one combined storage system.
As a result, the lake component of the profile will be full when depth is great enough that water
is stored in the wetland. If the water level drops below the maximum lake depth, then there is no
longer water stored in the wetland. Water below the outlet height is considered relatively
permanent water storage. For this study, the outlet height was set equal to the initial height of
half of the wetland depth if there was a wetland present in the cell or the lake height if there was
no wetland. When no wetland is present, the outlet does not control the flow of water as any
runoff that enters the lake above the maximum lake height would not be stored and would
immediately leave the cell as surface runoff. Water stored below the height of the outlet can only
exit the lake and wetland through infiltration into the underlying soil, or through
evapotranspiration. Any water exiting as infiltration will replenish soil moisture and can exit the
cell as baseflow. Water storage above the outlet height is released via an outlet characterized as a
broad-crested weir with a width equal to a fraction of the parameter of the lake-wetland profile at
that respective depth. This fraction was adjusted during calibration to more accurately represent
the effects of this temporary storage component on downstream discharge. Water released
through the lake outlet leaves the grid cell as surface runoff.

When precipitation falls on a grid cell exceeding the infiltration capacity of the soils, surface
runoff occurs and a fraction of that runoff enters the lake and wetland land class within the grid
cell. The algorithm assumes that all water falling on the lake and wetland fraction enters the
water body directly. Additionally, a fraction of the runoff from the remaining grid cell area
enters the lake and wetland, and this fraction is an input parameter that must be defined. Bowling
and Lettenmaier (2010) kept it constant at 1.0 in their study. In another study involving the
modeling of lakes and wetlands, Krinner (2003) set this fraction equal to the total lake area but
stated that this is likely an underestimation of the true contributing area. In order to relate this
fraction to the total lake and wetland area within the cell, the fraction was set equal to the total
lake and wetland area multiplied by a factor. This factor was determined based on a review of
previous studies involving the relationship between inundated wetland area and catchment area.
In a study performed by Wu and Lane (2017), thirty thousand wetland depressions and
corresponding catchment areas in the north-central United States and south-central Canada were
evaluated resulting in a mean proportion factor of 16.59%. The proportional factor meant that the
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wetland area accounted for on average 16.59% of the total catchment area of the corresponding
wetland. This factor was in the same range as the factors determined in similar studies performed
by Hayashi et al. (1998) and Watmough and Schmoll (2007), which determined factors of 9%,
and 18%, respectively. For lake catchment area, a similar value of 6.86 times the lake area was
found during a study performed by Cardille et al. (2004). For this study, a mean proportion factor
of 16.59% was used, which was based on the results from the study performed by Wu and Lane
(2017). This factor was used as the proportional factor for both lakes and wetlands in this study.
The inverse of this fraction (6.06) was set as the factor used in the lake-wetland algorithm. For
each grid cell, the maximum lake plus wetland area was multiplied by 6.06 to determine the total
fraction of the grid cell that drains into the lake and wetland class within the cell. This total
fraction includes the fraction of the grid cell representing lakes and wetlands. Thus the fraction
of the grid cell not already classified as lakes and wetlands was calculated for each grid cell by
subtracting the lake-wetland fraction from this total fraction and then dividing by the grid cell
area not covered by lakes and wetlands. Any fractional area values greater than one were set
equal to one for that grid cell, thus no contributing area was assumed from outside the current
grid cell.

Discharge from the lake and wetland class is defined as follows. If the water level prior to a
precipitation or snow melt event is less than the outlet height, the runoff water is stored entirely
in the lake and wetland profile. When the water level exceeds the outlet height, surface runoff
from the contributing area is stored in the profile while being slowly released to the stream
network through the outlet. If this water level reaches the maximum height of the lake-wetland
profile with surface runoff from the grid cell continuing to enter the profile, all water exceeding
the storage of the lakes and wetlands is directly routed to the stream network as runoff. A
schematic depicting the movement of water in and out of the lake-wetland profile within the grid
cell can be seen in Figure 2.2. This schematic shows the varying stages of the water level within
the lake-wetland profile based on the addition of water from surface runoff due to a precipitation
and snow melt as well as the removal of water through the lake-wetland outlet, as evaporation
from the water surface and subsurface flow.
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Figure 2.2: Schematic representation of the storage of water in lakes and wetlands within the
VIC model at varying stages: A. Initial water level at half of the wetland depth, B. Maximum
water level at which no more runoff can enter the profile, C. Water level the profile returns to
through the release of streamflow from the outlet, D. Water level below initial state when water
exits the profile only through evaporation and subsurface flow (Courtesy of Andre Moraes)
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Soils/Vegetation/Meteorological Data
The soils data used for this project was acquired from the Cooperative Institute for Research in
Environmental Sciences (CIRES) online database. This dataset was created by the Livneh
Research Group in 2015 and was developed for VIC model simulations using a 1/16th degree
grid cell resolution for the entire NLDAS domain (Livneh et al., 2015; Livneh et al., 2013). This
dataset was created using previously developed VIC model soils data (Maurer et al., 2002),
which was developed using 1-km soils data for the conterminous United States (Miller and
White, 1998) as well 5-min data from the Food and Agriculture Organization (FAO, 1998) for
areas outside the United States.

The vegetation data used was based on a Moderate Resolution Imaging Spectroradiometer
(MODIS) land cover dataset developed by Ted Bohn and provided through personal
communication (Bohn and Vivoni, 2019). The vegetation dataset is given in the form of
fractional vegetation cover for each vegetation type for each respective VIC model grid cell. The
original source for this vegetation data was MODIS imagery from 2001 to 2013 at a resolution of
500 m. This data consisted of seventeen land classification categories: open water, evergreen
needleleaf forest, evergreen broadleaf forest, deciduous needleleaf forest, deciduous broadleaf
forest, mixed forest, closed shrubland, open shrubland, woody savanna, savanna, grassland,
wetland, cropland, urban, crop-natural mix, perennial ice/snow, and barren. The vegetation
dataset used also contained spatially varying monthly leaf area index (LAI) values for each
vegetation type. LAI values were based on MODIS estimates of LAI mapped to the land cover
maps.

The lake and wetland parametrization, which will be discussed in Section 3.3, uses the North
America Land Change Monitoring System (NALCMS) 30 m data to identify the areas classified
as lakes and wetlands in this study. The NALCMS data for the conterminous U.S. is based on the
classification of the 2011 National Land Cover Dataset (NLCD). The classification of wetlands
for this dataset includes the Landsat remotely sensed data used in the NLCD 2006 dataset, the
Soil Survey Geographic Database (SSURGO) hydric soil classification, and the National
Wetland Inventory (NWI) (Homer et al., 2015). This land use map was used for wetland
mapping due to its higher resolution and more inclusive classification technique, which enabled
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the identification of lakes and wetlands often grouped into other land uses using the 500 m
MODIS data. Because the land use datasets are based on different sources the VIC model land
use classes had to be adjusted to accommodate the differences in the lake and wetland fractions
created using the NALCMS land use. As the lakes and wetlands are represented using a single
profile, the first step was to add the lake fraction to the wetland fraction to create one total lakewetland fractional extent within the vegetation file. The VIC model wetland class was then set
equal to the total lake and wetland extent derived from the NALCMS for each VIC model grid
cell. The difference between the maximum area of the lake and wetland profile and the area
originally defined in the MODIS-based vegetation file when summing the lake and wetland
fractions was then removed from the other land use classes in order to ensure the total fractional
area summed to one for all cells. Maps displaying fractional coverage of each of the seventeen
classes in the MODIS-based vegetation file were overlaid with the NALCMS land use
classification to determine the MODIS based classes that contained NALCMS wetlands but were
not classified as wetlands. From this analysis, the five most likely MODIS land use classes to
include wetlands were in decreasing order of likelihood: crop-natural mix, mixed forest,
cropland, woody savanna, grassland. Fractional area was subtracted from each of these classes in
the order listed until the fractional area in each cell totaled to one. Finally, a single land cover
type had to be assigned to the wetland class to control what vegetation exists on the land surface
when the wetland does not fully cover its maximum extent. This class was determined based on
the above-mentioned likelihood order of classes. If the cell contained a lake-wetland class as
well as a crop-natural mix, then the land cover assigned to the wetland class was that of cropnatural mix. If the cell did not contain a crop-natural mix class, then the land cover class was
assigned to one of the following classes depending on which one existed in the cell in this order:
mixed forest, cropland, woody savanna, and grassland. By selecting the wetland vegetation class
from those available in the current cell, the process was able to maintain the information on the
spatial variability of LAI from Bohn and Vivoni (2019).

The climate data for this project was also developed by the Livneh Research Group (Livneh et
al., 2013; Livneh et al., 2015), and was retrieved from their online database. The climate data
contained precipitation, maximum and minimum temperature, and average wind speed on a daily
basis from 1915 to 2015. Precipitation and temperature were gridded to 1/16th degree across the
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NLDAS domain from National Climatic Data Center (NCDC) Summary of the Day (DOY)
using the synergraphic mapping system (SYMAP) (Maurer et al., 2002). Wind speed data from
the National Center for Atmospheric Research (NCAR) was gridded based on linear
interpolation (Livneh et al., 2013).

Routing Model
The VIC model simulates surface runoff and baseflow for each grid cell. To compare this output
to river discharge, output from the VIC model must be processed by an off-line routing model.
A GIS based routing model for VIC model output was developed by Yang et al. (2011) based on
a flow routing algorithm developed by Liu et al. (2003). This new model calculates flow paths
and travel times over a fine resolution DEM with matching land use map. For this application,
we used the 30 m resolution DEM and land cover maps. The mean and standard deviation of the
travel times for each of the VIC model grid cells are used by the routing model to generate unit
hydrographs based on the selected watershed outlet.
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3. REPRESENTING LAKES AND WETLANDS

Hydrologic models require an input depicting the volumetric storage of water within the
landscape. As volume is a measure of depth times area, depth-area curves for lakes using a
parabolic profile as well as wetlands based on a TWI parametrization were created to quantify
the storage of water within lakes and wetlands within the study domain. The parabolic lake
profile is based on the spatially varying depth-area relationship of the lake and is discussed in
Section 3.3. For the wetland parametrization, it was necessary to use a method that captures the
greater complexity of the wetland profile. Wetlands tend to be relatively shallow compared to
lakes, but with surface areas that can vary greatly throughout the year. The shape of the wetland
depth-area relationship is very important for estimating wetland contributions to the watershed
water and energy balance at different storage levels. As the wetland depth-area relationship will
be specific to a location, wetland parameterizations need to be based on the topography of the
local area. In order to assimilate this topography into the parametrization, the topographic
wetness index (TWI) was used to represent the likelihood that a landscape element would receive
and hold water. This TWI parameter as well as the elevation values of the wetland as varying
TWI values were used to create a depth-area relationship for the wetlands.

3.1

Topographic Wetness Index

The wetland parametrization created was based around the topographic wetness index (TWI).
This parameter was first introduced by Beven and Kirky (1979) as a way to represent the
propensity of a particular land area to be saturated based solely on its topography. The general
equation of TWI is given in Equation 1.

𝑇𝑇𝑇𝑇𝑇𝑇 = ln �

Where:

𝛼𝛼
�
𝑡𝑡𝑡𝑡𝑡𝑡(𝛽𝛽)

α is the contributing area per unit contour length
β is the slope at that point

(1)
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TWI is a ratio of the probability of a site to receive and concentrate water (contributing area per
unit contour) versus its ability to remove water (slope). Larger values of TWI indicate a greater
potential of the land to contain moisture (small moisture deficit). For this reason, TWI has been
used successfully as a method of determining soil saturation (Gumbricht, 2018; Böhner et al.,
2002) and has also been used to show the spatial distribution of water in a landscape (Birsrat and
Berhanu, 2018). This makes TWI an ideal choice for the identification of wetlands, which are
characterized by soils frequently saturated with the water level at or above the land surface.
While TWI is based solely on the topography from a digital elevation model (DEM), it is
representative of the spatial distribution of soil moisture, which in turn is related to the
vegetation and soil classification. These two parameters are often used to classify a wetland in
the field. Soil development is a long-term process that is partially based on the moisture present
in the soil over time, and wetland vegetation requires the soil to retain the moisture needed by the
plants (Gumbricht, 2018). Moeslund et al. (2013) found a direct relationship between topography
and vegetation in lowland areas while using TWI as a representation of soil moisture. For these
reasons, TWI is often used as a tool for identifying wetlands (Oneil et al., 2018; Curie et al.,
2007; Anaya-Acevedo et al., 2017). It was chosen for this study as it only requires elevation data,
which is the most complete dataset available for the NLDAS study area.

3.2

Calculating TWI

There are many tools available to calculate Topographic Wetness Index (TWI). Each tool shares
the same general methodology though there can be differences in how the slope and contributing
area are calculated. Additionally, processing of large areas, such as the NLDAS domain (Figure
1.1), benefits from software that can utilize parallel processing resources. For this study,
TauDEM (Topographical Analysis Using Digital Elevation Models; Tarboton, 1997) was chosen
as the optimal software to be used to calculate TWI for the entire NLDAS domain. TauDEM is
designed to extract hydrologic information from very large DEMs, those with which most
desktop-based GIS packages struggle. TauDEM, which includes a TWI calculator, has been
extensively used for the purpose of determining TWI (Alaoui et al., 2012; Clennon et al., 2010;
Tenenbaum et al., 2006; Hardy, 2010). Tenenbaum et al. (2006) and Hardy (2010) each used the
TauDEM TWI package in order to determine and map soil moisture patterns at the catchment
and hillslope scale, respectively. Clennon et al. (2010) used the TWI algorithm in order to locate
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areas prone to malaria problems by identifying areas likely to experience ponding. Alaoui et al.
(2012) went a step further than just using the TauDEM algorithm as they also tested the
effectiveness of the flow direction and flow algorithm by setting up test plots and using a
sprinkler system to simulate rainfall. They then applied the TauDEM model to the same area and
found that the flow paths and water distributions across cells were satisfactorily modeled.
TauDEM also has the ability to be used with parallel processing (Tesfa et al., 2011). This is key
when dealing with a very large study area and allowed the project to be completed in a timely
manner.

One of the main advantages of TauDEM is that the algorithm used for calculating the direction
of slope is then factored into the method used to calculate both the magnitude of the slope and
flow accumulation, which are the two parameters used in the calculation of TWI. Many
traditional grid-based flow direction models are based on an 8-direction (D8) methodology
(Greenlee, 1987; Jenson and Dominque, 1988). This means that when looking at a particular grid
cell, the potential directions water can flow are restricted to eight directions corresponding to the
eight grid cells that touch the cell in question. The neighboring cell with the lowest elevation
compared to the other seven receives the entirety of the water from the grid cell being evaluated.
This is a very fast and efficient way to estimate the flow of water. For applications such as
watershed delineation where only the watershed boundaries are being determined, this method
can be very effective. The primary limitation of this method arises when it is necessary to
evaluate the actual flow accumulation in each cell. The 8-direction method results in
unrealistically high flow accumulation in rows of cells as it assumes that all water flows directly
from one cell to one other cell, rather than spreading out over the land surface. If this method
were used for TWI calculations, it would result in a poor distribution of wetness as there would
be a greatly skewed distribution with a select few cells with extremely high TWI values and the
remaining cells would have relatively low TWI values. An alternative to the 8-direction
algorithm is the Infinite-direction (Dinf) algorithm, which was originally developed by Tarboton
(1997) as part of the development of the TauDEM package. A visual representation of this
method can be seen in Figure 3.1. This method allows for the water to flow in any direction
based on the relative elevations of each of the eight surrounding pixels. The flow direction in this
case is a continuous value from 0 to 2π. This allows for dispersive flow, as flow is proportionally
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distributed between a maximum of two surrounding pixels based on the flow direction. Murphy
et al. (2009) determined that the Dinf method was more effective at depicting true flow paths of
water than the D8 method, which fails to account for the effects of dispersive flow. This was
confirmed by other studies that found the Dinf method to be a more suitable method for
accurately determining flow direction (Regalado and Kelting, 2015; Alaoui et al., 2012).

Figure 3.1: Flow direction defined as steepest downward slope on planar triangular facets on a
block-centered grid (Tarboton, 1997)
In all cases, grid based DEMs are used as the basis for TWI calculations, and there is much
debate over the most appropriate DEM resolution to use. If the resolution used in too coarse, then
local depressions where water may accumulate can be missed; whereas if the resolution is too
fine, then the TWI variations can be too extreme within upland areas to reasonably separate
upland pixels from wetland pixels in the watershed (Agren et al., 2014). Wolock and Price
(1994) concluded that the mean, minimum, variance, and skew of TWI all increased when using
a 90 m resolution DEM as compared to a 30 m resolution DEM, while the maximum TWI was
not significantly affected. Quinn et al. (1995) determined that the influence of DEM resolution is
very important when using the Dinf flow direction algorithm. As far as the most appropriate
resolution, a review of current literature reveals that there are several recommendations. Zhang
and Montgomery (1994) tested resampled DEMs ranging in resolution from 2 m up to 90 m and
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concluded that the 10 m DEM was the most appropriate This conclusion was based on evaluating
the resolution gain versus the increased processing time at finer resolutions. They did not find
any greater TWI distribution details when using a DEM with a resolution greater than 10 m, and
processing time for flow direction and flow accumulation can be substantial so 10 m was
determined to be their optimal resolution. Wolock and Price (1994) concluded that a 30 m DEM
produced a better result than a resampled 90 m DEM for similar reasons. Agren et al. (2014)
found that resolutions ranging from 24 m to 50 m proved to be the most appropriate, but also
concluded that optimal resolution is location dependent. Landscapes with sharp changes in
topography such as mountains may benefits from a greater detail, but smooth landscapes such as
plains would require additional processing time. Additionally, too fine of a resolution can create
linear features resulting in a greater distribution in TWI values. Based on these studies, it was
determined that a 30 m DEM would be appropriate for determining TWI values for the NLDAS
domain. This is the highest resolution DEM readily available for the entirety of the study area,
and there is the potential that any resampling of the DEM to a coarser resolution would result in
a negative effect on the calculated TWI values.

The area of interest for this study is the North American Land Data Assimilation System
(NLDAS) domain. In order to create a TWI raster for the NLDAS domain, the 30 m DEM from
the Shuttle Radar Topography Mission (SRTM) (Farr et al., 2007) was selected as the most
appropriate data set, as it is the finest resolution DEM that covers the entire study region. All
data was downloaded through the OpenTopography online interface on February 20, 2018. The
data used spans the entire NLDAS domain with a resolution of 1-arc second (roughly 30 m). The
downloaded DEM data was originally unprojected using the WGS 1984 coordinate system.
Because the calculation of TWI relies on area of flow accumulation, the DEM data was
reprojected to Albers Equal Area Conic, an equal area projection, at a 30 meter resolution before
TWI was calculated.

Due to the large size of the study area (4.3 million square miles), it was necessary to split the
domain into multiple files to complete the TWI calculations. In total, the domain was divided
into 35 subregions. These subregions were based on the Hydrologic Unit Code (HUC)
boundaries determined by the USGS as part of the Watershed Boundary Database (WBD)
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(USGS, 2016). In most cases, the DEM was clipped using HUC 02 codes, though in some cases
HUC 04 codes were used to create smaller areas in order to improve processing times. Clipping
was done using HUC boundaries in order to ensure that contributing area calculations could be
performed as water only crosses HUC boundaries as a single stream or river outlet. The parts of
the NLDAS domain in Canada and Mexico that are not covered by the WBD were clipped using
the watershed boundary dataset for all of North America created by the Commission for
Environmental Cooperation (CEC) (CEC, 2010). These watershed boundaries were similar to the
HUC 02 boundaries specified by the WBD. The DEM was clipped along watershed boundary
lines as opposed to in a gridded manner in order to avoid boundary conditions affecting the
accuracy of the TWI calculations. TWI relies upon the contributing area, so using nominal
watershed boundaries ensures that contributing areas are not limited based on arbitrary boundary
conditions. If, for example, the DEM was clipped into a series of rectangles, many pixels along
the border to the clipped region would have zero contributing area, though water may in reality
flow into these cells from cells outside of the clipped region. No subregion was smaller than a
HUC 04 classification meaning that the point at which water flows out of the subregion would be
classified as a river. As only the TWI pixels corresponding to wetlands were used in the
parametrization, this method of clipping the watersheds would not affect calculations.

When using TauDEM, the first step in calculating TWI was to fill sinks in the dataset. This
accounts for any abnormalities and errors present in the dataset that results in water not draining
from a particular point. These points are raised to a level that allows the water to always drain
from the watershed. The next step was to calculate the flow direction. As discussed earlier, this
was performed using the Dinf method to allow for dispersion of water across multiple cells. The
slope and flow accumulation were then calculated using the Dinf flow directions. Before the
TWI was calculated, each of the slope raster datasets were modified in order to remove zero
slopes. TWI is a ratio of flow accumulation over slope. Any zero slopes would result in an
indeterminate TWI value as it would require dividing by zero. In order to prevent this, a value of
0.01 m/m was added to each of the slope raster datasets prior to running the TWI algorithm. This
value was determined to be the most appropriate way to ensure that TWI could be calculated at
points with a zero slope. The constant was added uniformly to ensure that all TWI values were
lowered to allow for points of zero slope to be included. The final 30 m resolution TWI raster
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dataset for the entire NLDAS domain can be seen in Figure 3.2. TWI ranges from 0.22 to 26.08.
In select locations, the TWI values could not be calculated as a result of null values in the flow
accumulation raster, which result from errors in calculating the flow accumulation. This is due to
boundary conditions not being able to account for all flows into a pixel. This phenomenon is
mostly due to the presence of rivers. Since this study is focused only on the TWI distribution
within wetlands, these null TWI values were not an issue.

Figure 3.2: Map of TWI values calculated using a 30 m DEM for the NLDAS domain
3.3

Parameterizing Lake and Wetlands

The goal of the lake and wetland parameterization is to create a water storage profile for each
VIC grid cell based on the lakes and wetlands present within each cell. For this study, the VIC
resolution being used was 1/16th degree grid cells. All of the lakes and wetlands in each grid cell
were merged in order to represent them as one single combined lake and wetland class which can
affect water storage within a grid cell. The location and size of the lakes and wetlands within the
NLDAS domain were based on available land cover data, while the wetland profile was
determined from the likelihood of each pixel in the wetland to be flooded, which is estimated by
the calculated TWI values.
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Land use data used for this study was part of the North American Land Change Monitoring
System (NALCMS) published by the Commission for Environmental Cooperation (CEC) (CEC,
2017). This dataset has a resolution of 30 m and consists of 19 classes including an open water
class as well as a wetland class. The domain of the land use data was the entirety of the North
American continent, including the entire NLDAS domain. The 30 m resolution of the land cover
is desirable as it is able to account for relatively small wetlands, including wetlands that appear
as linear features such as floodplain wetlands along streams. This provided a more detailed
accounting of wetlands in the NLDAS domain than would have been obtained from the coarser
resolution land cover data typically used for setting up the VIC model.

Before parameterization could be performed, it was necessary to ensure that the land use, DEM
and TWI rasters all had the same projection and resolution to allow raster calculations between
them. To do so, to the land use data was reprojected from Lambert Azimuthal Equal Area to the
same Albers Equal Area Conic projection used for the DEM and TWI rasters. Since both
projections for the land use raster are equal area, the 30 m resolution was maintained without
resampling.

For each grid cell, a profile consisting of fourteen points was created to represent the water
storage potential within the cell. The first four points represent the permanent storage within the
lake portion of the cell (from bottom of the lake to full width of the lake), and the remaining ten
points represent the semi-permanent/temporary storage of water within the wetland portion of the
grid cell (where extent of the wetland starts when water “spills” from the lake profile). Together
these form a single lake-wetland profile. The profile created represents the depth-area
relationship of storage within the VIC model grid cell. Area in this case is equal to the fractional
area of the grid cell, while depth in given in the unit of meters. As it is a representation of all
water storage within the cell, the profile is not meant to be a direct representation of any specific
lake or a wetland profile.

As noted previously, the first four nodes of the profile represent the lake storage present within
the cell. The area of the lake portion of the profile is set equal to the number of 30 m pixels
designated as open water by the NALCMS land use classification divided by the total number of
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30 m pixels in the current VIC model grid cell. This fractional area is considered the area of
maximum lake extent, which is set as the fourth node from the bottom in the lake-wetland
profile. The lake depth is determined based on a maximum lake depth dataset for the world
developed by Kourzeneva et al. (2012). This dataset contains maximum lake depths and areas
along with geographical locations for thousands of lakes around the world. Lake depth is
spatially varying as it is strongly correlated with the surrounding topography of an area (Hollister
et al., 2011). The ratio of maximum depth to surface area was found for each lake in the dataset
that had an area of less than thirty-six square kilometers. This threshold was used because it is
roughly the size of a 1/16 degree VIC grid cell so lakes larger than this would not be simulated.
Using the point data from Kourzeneva et al. (2012), maximum depth to surface area relationships
were mapped to all cells in the NLDAS domain using the inverse distance weighting (IDW)
method. This depth-area relationship along with the known total lake area in each cell (based on
NALCMS) was used to find the maximum depth of the simulated lake in each cell. The
maximum depth for each grid cell was set equal to the total lake area multiplied by the
corresponding maximum depth to surface area ratio for that cell. A constant value of three meters
was then added to the depth to account for the fact that VIC grid cell boundaries often intersect
lakes, therefore creating an underestimation of lake area. Once the maximum lake area and depth
are determined for the cell, the other three points within the lake profile based on an assumption
that the lake profile is parabolic in nature, which has been the method chosen to represent lakes
in previous studies including by Bowling and Lettenmaier (2010) and Mishra et al. (2010). These
are the bottom three nodes within the profile and are set at depths equal of 25%, 50%, and 75%
of the maximum lake depth in the grid cell. The VIC model will complete the profile by
establishing a bottom node at maximum lake depth where the parabolic profile calculation results
in zero area. The corresponding area for each of these points is found by multiplying the square
root of the multiplier (0.25, 0.50, and 0.75) by the maximum lake area.

The upper parts of the depth-area profile represent the wetlands present in the VIC model grid
cell. As with the lake component, the total area of the wetland component is determined using
the NALCMS land use classification. The sum of all wetland area in the grid cell is set equal to
the maximum wetland area, and the area is converted to a fraction based on the grid cell size.
The wetland profile is generated utilizing TWI and DEM raster data layers. The deepest point in
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the wetland is the same as the highest (shallowest) node of the lake profile, if lakes are present in
the cell, so wetland depths and areas are relative to the lake’s maximum area. The wetland
profile was defined using ten nodes, which were defined based on the mean and standard
deviation of the distribution of TWI values for all wetland pixels within the NLDAS domain
based on the NALCMS land use classification. The mean TWI value for all wetlands in the
NLDAS domain (excluding river channels) was 8.413 with a standard deviation of 2.119. The
mean value was set as the cutoff between Bin 5 and Bin 6 corresponding to half of the wetland
profile. The remaining cutoffs were calculated using a factor of 0.4 times the standard deviation.
These bins and the cutoffs used for each of the bins can be seen in Table 3.1: Cutoffs used for
grouping TWI values into ten bins used to calculate the increase in wetland area with water
depth. Bin 1 represents the shallowest extent of the wetland, while Bin 10 represents the
maximum inundated area classified as wetland.

Table 3.1: Cutoffs used for grouping TWI values into ten bins used to calculate the increase in
wetland area with water depth. Bin 1 represents the shallowest extent of the wetland, while Bin
10 represents the maximum inundated area classified as wetland.
Bin Number
1
2
3
4
5
6
7
8
9
10

Maximum TWI Value

Minimum TWI Value

5.022
5.869
6.717
7.564
8.412
9.260
10.107
10.955
11.802
None

None
5.023
5.870
6.718
7.565
8.413
9.261
10.108
10.956
11.803

The number of pixels in each TWI bin determines the increase in area included with each
successive node in the depth-area profile of the lake and wetland. The profile is adjusted with
each area being added to the previous. For the height of each bin, the DEM raster is masked
based on the pixels that correspond to those falling within the specified TWI range of each bin.
The average elevation of all DEM pixels masked out is calculated and this is set as the elevation
for that bin. The smallest elevation is then subtracted from all elevations to create wetland depths
that start at a depth of zero allowing the depths to be added to the lake depth in order to create a
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continuous profile. The depths are also checked and corrected such that all depths are increasing
as the wetland profile expands. In the case that the corresponding depths is less than the
previous, the depth at that point is set equal to the previous depths. The depths are then
normalized to ensure that the total wetland depth matches the desired total wetland depth
adjusted in the calibration step. This normalization is performed twice, once for the lower half of
the wetland profile and once for the upper half of the profile. This ensures that the midpoint of
the wetland profile is at half of the maximum wetland depth, which is the height at which the
initial water depth is set. This also corresponds to the mean TWI value of all wetland pixels
within the NLDAS domain. This was selected as the initial height to represent the variability of
flood levels in a wetland as well as a wetland’s ability to temporally store water and later release
it. In the case that a bin does not contain cells within a particular grid cell, linear interpolation is
performed to ensure a continuous profile. If the empty bin is at the top or bottom of the wetland
profile, then the next corresponding bin containing wetland pixels was placed at the top or
bottom of the profile. The ten depth-area pairs calculated for the wetland profile are then added
to the maximum lake area and height to create the complete lake-wetland continuous profile with
fourteen total points. A sample profile from one of the grid cells being used in this study can be
seen in Figure 3.3. This profile contains both a lake and a wetland component. The lake area
covers roughly 7.5% of the grid cell, with the wetland component covering roughly 28% of the
grid cell.
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Figure 3.3: Lake and wetland profile for NLDAS cell 50349 depicting a parabolic lake
component as well as a wetland profile calculated using a TWI parameterization
The TWI cutoffs for the wetland profile were based on the overall mean and standard deviation
of the TWI distribution for the entire NLDAS domain. This was done in order to more accurately
display the effects that TWI has on flooded areas. When comparing two cells with the same
wetland fraction, the cell with higher TWI values will have a more concave profile as compared
to a more convex shape for the cell with lower TWI values. This concave shape will result in a
greater overall water storage potential as well as greater inundation area at lower water levels.
An example of this effect can be seen in Figure 3.4. Two cells with different TWI distributions
are shown with normalized wetland profiles to allow for comparison. Cell 49618 on the top has a
mean TWI value of 9.44, whereas cell 51083 on the bottom has a mean TWI value of 7.90. The
corresponding normalized histograms for TWI distributions for each of the two cells can be seen
in Figure 3.5. The results of these different distributions is that cell 49618 has greater mean TWI
value and a greater total storage as well as greater propensity for flooding at a lower water depth.
All cells will have a naturally concave wetland profile as the TWI cutoffs used are based on the
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mean and standard deviation of all pixels in the NLDAS domain and pixels within wetland
classes will have greater than average TWI values.

Figure 3.4: Normalized wetland profiles showing grid cell 49618 (top) with a low average TWI
value as compared to grid cell 51083 (bottom) with a high average TWI value resulting in a more
concave profile and greater potential for water storage
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Figure 3.5: Normalized histograms of the TWI distributions for wetland pixels within grid cell
49618 that has a low average TWI value resulting in a convex wetland profile, as compared to
grid cell 51083 that has a high average TWI value and a concave wetland profile
Four classifications for the lake-wetland profiles have been identified based on the presence or
absence of lakes and/or wetlands within the cell. The first case is that there is both a lake
component as well as a wetland component within the particular cell. This is the case whenever
there are one or more pixels designated as open water and one or more pixels designated as
wetland based on the NALCMS land use classification. For the first case, both the parabolic lake
profile as well the TWI based wetland profile are created and the maximum depth is set equal to
the lake depth plus the wetland depth. The initial water depth is set equal to half the wetland
depth plus the lake depth. The second case occurs when there is a lake but no wetland present. In
this case the parabolic lake profile is created without the additional wetland profile. The
maximum depth of the profile as well as the initial water height are both set equal to the lake
maximum depth. The third case occurs when there are wetland pixels within the cell and no lake
pixels. The TWI based wetland profile is created starting at a water depth of zero, which is
equivalent to setting the lake depth equal to zero. The maximum depth is then set equal to the
input wetland depth and the initial water height is set equal to half of this depth. The fourth and
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final case occurs when there are no lake or wetland pixels present in the grid cell. The profile is
set to a constant value of zero with a water depth of zero to represent no storage within that grid
cell.

3.4

Parameters of the NLDAS Domain

NLDAS domain lake and wetland parameters are presented using two maps: (1) a map of
maximum storage normalized by the area of each grid cell of the parametrized lakes (Figure 3.6),
and (b) a map of maximum storage normalized by area of each grid cell for the parameterized
wetlands (based on a default maximum depth of 1 m; Figure 3.7). These storage potentials are
based on the generated profiles for each of the VIC grid cells containing lakes and/or wetlands.
This potential water storage within the landscape is the predominant factor influencing the
impact that lakes and wetlands have on streamflow. Using this lake and wetland
parameterizations and the corresponding storage potentials (Figure 3.6 and Figure 3.7), it should
be possible to represent the impact of lakes and wetlands for any watershed inside the NLDAS
domain.

Figure 3.6: Maximum lake storage potential of generated VIC lake parameterization normalized
by area on a grid cell basis within the NLDAS study domain
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Figure 3.7: Maximum wetland storage potential of generated VIC wetland parameterization
(with 1 m default depth) normalized by area on a grid cell basis within the NLDAS study domain
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4. SITE SELECTION AND CALIBRATION

The lake and wetland parametrization was performed for the entire NLDAS region, so that the
parametrization could be applied to future studies performed within the domain, and is consistent
with soil, vegetation and meteorological forcing datasets developed for the region by Livneh et al
(2015), Livneh et al (2013), and Bohn and Vivoni (2019). It was, however, not feasible to
evaluate the parameterization for the entire domain, instead only a few select sites were tested to
show that the parametrization was effective at representing the local hydrologic differences
caused by lakes and wetlands.

Site Selection
For evaluation, two watersheds containing lakes and wetlands were selected. These sites were
the Buttahatchee River near Aberdeen, Mississippi and the Black River near Tomahawk, North
Carolina. Both sites were selected because they are headwater streams of similar size, have no
significant reservoirs, have streamflow data readily available for calibration and evaluation
purposes, and the fraction of wetland in the watersheds is significant. These watershed are
designated based on the location of the USGS gaging stations. A map showing the location of
each of the USGS stations corresponding to these watersheds is provided as Figure 4.1.
Properties of the selected watersheds including the corresponding USGS station number and
drainage are presented in Table 4.1. Also included is the percent coverage of lakes and wetlands
in each of the watersheds. Lake percentages are 0.18% and 0.31% and wetland percentage are
6.57% and 19.17% for the Buttahatchee River and Black River watersheds, respectively.
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Figure 4.1: USGS sites corresponding to the two selected sample watersheds along with the
location of lakes and wetlands within the NLDAS domain based on NALCMS land use data
(CEC, 2017)

Table 4.1: Properties of selected watersheds used for the lake and wetland evaluation
Site Name
USGS Site Number
Latitude; Longitude
Drainage Area (km2)
Lake Percentage
Wetland Percentage

Buttahatchee River Watershed
Black River Watershed
Buttahatchee River near
Black River near Tomahawk,
Aberdeen, Mississippi
North Carolina
02439400
02106500
33.790 N; 88.315 W
34.755 N; 78.289 W
2066.8
1750.8
0.18
0.31
6.57
19.17

The first site evaluated is the Buttahatchee River watershed located in Mississippi and Alabama.
This watershed contains primarily wetlands, which tend to occur in close proximity to the stream
network (Figure 4.2). The second site is the Black River watershed located in North Carolina,
which includes more wetlands with a greater distribution across the watershed than the
Buttahatchee River watershed (Figure 4.3). These two sites are similar in size, but they differ in
the quantity and distribution of lakes and wetlands.
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Figure 4.2: Overview of the Buttahatchee River watershed with USGS site 02439400 indicated
along with the location of lakes and wetlands within the watershed based on NALCMS land use
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Figure 4.3: Overview of the Black River watershed with USGS site 02106500 indicated along
with the location of lakes and wetlands within the watershed based on NALCMS land use
In addition to looking at the lake and wetland size and locations in each watershed, the
vegetation classes located in each watershed were also examined. A summary of the coverage of
vegetation classes for each of the watersheds based on the VIC model vegetation classes used in
the study can be seen in Table 4.2. The Buttahatchee River watershed is predominantly covered
by forest with 54% of the total land use falling into forest-based categories, with another 29%
classified as woody savanna. The Black River watershed has very little forest cover and is
predominantly cropland, with 52% of the vegetation within the watershed falling into the two
cropland-based categories. The vegetation classes play an important role in the VIC model as
they influence the transpiration rate, which varies from one vegetation class to the other based on
leaf area index as well as other factors. Transpiration can be a significant component of the
overall water balance.
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Table 4.2: Average coverage for each vegetation type for all grid cells contained within each
study watershed based VIC land cover data (Bohn and Vivoni, 2019). These regions are not
explicitly based on watershed boundaries and lake-wetland percentages may vary slightly from
watershed statistics.

Evergreen Needleleaf Forest
Evergreen Broadleaf Forest
Deciduous Broadleaf Forest
Mixed Forest
Woody Savanna
Savanna
Grassland
Cropland
Urban
Crop-Natural Mix
Lake/wetland

Buttahatchee River Site
Vegetation Type (%)
0.03
0.00
10.35
43.28
29.19
0.03
0.16
3.46
0.16
7.02
6.31

Black River Site
Vegetation Type (%)
0.00
0.01
0.00
6.93
19.82
0.08
0.14
20.01
0.36
32.30
20.34

Model Calibration and Evaluation
The model was calibrated by comparing the routed streamflow to USGS observed streamflow
(USGS, 2019) at each of the gauge locations using a daily time step. All calibration was
performed with the lake and wetland algorithm activated as this is viewed as the true condition
for each of the watersheds. The calibration period was water years 1990 to 1994, and the
evaluation period was water years 1995 to 1999.

To calibrate the model, both manual and automated calibration was required. Initially, each of
the sites were manually calibrated in order to establish the relationship between the soil and lake
parameters as well as to determine the range of parameters that produce reasonable results. Once
these relationships were determined, the final calibration parameters could be determined and
automated calibration could be performed. There were six parameters used for calibration, four
soil parameters and two lake-wetland algorithm parameters. A description along with respective
units for each parameter can be found in Table 4.3. The soil parameters adjusted during
calibration included one that modified infiltration [b_infilt] and three that modified baseflow
[Ds, Dsmax, Ws]. This allowed the calibration process to adjust both the ratio of precipitation
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that infiltrates the soil column versus leaves the cell as surface runoff, which is a main factor in
peak flow quantity and timing, and baseflow, which is the dominant factor during low flow
periods. For the lake and wetland parametrization, the two parameters adjusted were maximum
wetland depth [wetdepth] and outlet width fraction [wfrac]. These two factors control the total
storage as well as outflow timing and quantity from the lake and wetland system.

Table 4.3: Description of parameters adjusted during calibration
Parameter

Description

b_infilt

Variable infiltration curve parameter

Ds

Fraction of Dsmax above which non-linear
baseflow begins

Dsmax

Maximum velocity of baseflow

Ws

Fraction of maximum soil moisture above which
non-linear baseflow occurs

wetdepth

Depth of the wetland portion of the lake-wetland
profile

wfrac

Width of lake-wetland outlet as a fraction of
perimeter

Units
n/a
fraction
mm/day
fraction

m

fraction

Automated calibration for the model was performed using the Multi-Objective Complex
Evolution (MOCOM-UA) optimization program originally developed by Yapo et al. (1998).
This is a multi-objective optimization method, which adjusts several parameters simultaneously
and tests the different parameter combinations with the model. Multiple objective functions are
then evaluated for each of the simulations. The optimization tool will then seek to find the set of
parameters that provide the best results for all of the objective functions. Because the optimum
set of parameters for one function will not always be optimal for another function, the final result
is not one set of parameters. Instead the optimizer results in many sets of parameters that
uniquely minimize the set of objective functions, this set is known as the Pareto set. The final
parameter set was then manually selected from this Pareto set based on a manual comparison of
the output hydrographs versus the USGS observed streamflow during the calibration period. In

38
particular, the hydrograph peaks as well as the timing of rising and recessional limbs were
evaluated to ensure that the best possible parameter values were selected.

Three objective functions were used in calibration: Nash-Sutcliffe efficiency of the original data
(NSE), Nash-Sutcliffe efficiency of the natural-logarithm transformed data (LNSE), and the
percent bias (PBIAS). These three objective functions are commonly used in conjunction when
calibrating the VIC hydrologic model using the MOCOM-UA optimization program (Schnorbus
et al., 2012; Demaria et al., 2013; Tesemma et al., 2014). Nash-Sutcliffe efficiency (NSE) is a
measure of the squared error for the daily streamflow and is greatly influenced by peak flow
events (Nash and Sutcliffe, 1970). It is therefore an effective method of calibration when
evaluating flood frequency. The second calibration metric used was Nash-Sutcliffe efficiency of
the natural-logarithm transformed data (LNSE), which is similar to the first metric except that is
less likely to be impacted by peak events. This made it an appropriate metric for calibrating
baseflow, which is a key component when evaluating drought mitigation and low flow periods.
The third metric used was percent bias (PBIAS). This metric is based on the difference in mean
flowrate and is an effective calibration metric when looking at total flow quantity, which in this
study is inversely correlated to the evapotranspiration rates being calculated. This relationship is
due to the water balance calculation being performed within each cell as water can only leave the
cell one of two ways: streamflow or evapotranspiration

Calibration was performed for each of the sites and the range of each parameter as well as the
final selected parameters can be found in Table 4.4 and Table 4.5 for the Buttahatchee River and
Black River watersheds, respectively. Three of the soil parameters in the Buttahatchee River
watershed (b_infilt, Ds, and Dsmax) were spatially varying. In order to maintain the spatial
aspect of the parametrization, calibration was performed by multiplying the value in each cell by
a factor. When this was done the final value was given as the range of final values based on the
spatial variability. The designated calibration range was based on the smallest and largest single
cell values set during the calibration process. The calibrated lake parameters were not spatially
variable within a watershed and were all given as a single value.
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Table 4.4: Parameters used during the calibration of the VIC model along with the range tested
and final selected value for each parameter for the Buttahatchee River watershed
Parameter
b_infilt
Ds
Dsmax
Ws
wetdepth
wfrac

Calibration Range
0.1 – 0.4
0.00001 – 0.4
1.0 – 40.0
0.6 – 0.99
0.5 – 2.0
0.0001 – 0.05

Final Value/Range
0.372 – 0.391
0.007 – 0.059
2.898 – 2.944
0.694
1.309
0.001

Table 4.5: Parameters used during the calibration of the VIC model along with the range tested
and final selected value for each parameter for the Black River watershed
Parameter
b_infilt
Ds
Dsmax
Ws
wetdepth
wfrac

Calibration Range
0.1 – 0.4
0.00001 – 0.4
1.0 – 40.0
0.6 – 0.99
0.5 – 2.0
0.0001 – 0.05

Final Value/Range
0.400
0.275
2.203
0.955
0.815
0.002

Once the optimization was complete, the final values for each of the three objective functions
NSE, LNSE, PBIAS were calculated for each of the watersheds. These results for the calibration
period (1990-1994) and evaluation period (1995-1999) can be found in Table 4.6. The NSE
value for calibration was 0.34 for the Buttahatchee River site, with an LNSE value of 0.61, and
the evaluation values were 0.40 and 0.64 for NSE and LNSE, respectively. This indicates that
both the peaks and low flow periods were well represented. For the Black River site, the NSE
value was 0.54 with a LNSE value of 0.48 for calibration, and the values for evaluation were
0.56 and 0.62 for NSE and LNSE, respectively. This again indicates that the peaks and periods of
low flow were well represented. While the overall fit of streamflow was representative for each
of the sites, there was an over estimation of total flow in both cases (68% & 40% for calibration
and 59% & 46% for evaluation). Plots of the streamflow during the calibration period can be
seen in Figure 4.4, while the plots of streamflow for the evaluation period can be seen in Figure
4.5.
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Table 4.6: Performance measures for calibration (1990-1994) and evaluation (1995-1999) for
each of the study watersheds
NSE
Buttahatchee
River
Black River

Calibration
LNSE

PBIAS

NSE

Evaluation
LNSE

PBIAS

0.341

0.607

68.12

0.395

0.637

58.59

0.536

0.476

39.78

0.563

0.617

46.11

Figure 4.4: Comparison of simulated VIC streamflow and observed USGS streamflow during
calibration period for Buttahatchee River watershed (A) and Black River watershed (B)
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Figure 4.5: Comparison of simulated VIC streamflow and observed USGS streamflow during
evaluation period for Buttahatchee River watershed (A) and Black River watershed (B)
The overestimation of total flow can largely be explained by the inability to represent regional
groundwater flow in a gridded hydrologic model. The VIC model is a water balance grid-based
model. Water enters the cell through precipitation and can only leave the cell through one of
three ways. These are evapotranspiration, runoff, and baseflow. Runoff and baseflow are
combined by the routing model to represent streamflow. There is no groundwater flow between
VIC grid cells in the model. In large watersheds, regional groundwater flow can be considered
negligible and therefore can be excluded from consideration. It is assumed that groundwater
storage over time is constant and any groundwater flow will enter the river system downstream
as a baseflow component. The two study sites were small upland watersheds that are relatively
flat, and wetland dominated. The ability of lakes and wetlands to contribute to groundwater
recharge and regional groundwater flow has been well documented (Hayashi et al., 1998; Hunt et
al., 2003; Williams and Tufford, 2015), and many studies have attempted to quantify the
recharge rate (Rehm et al., 1982; Callahan et al., 2011; Manna et al., 2016). Callahan et al.
(2011) evaluated several wetland sites near Charleston, South Carolina and found that recharge
rates were highly dependent on the soils and landscape position of the wetland, with upland welldrained sites producing greater recharge rates. Overall, they found that on average groundwater
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flow accounted for roughly 8% of total precipitation in the watershed. A similar study in
southern California by Manna et al. (2016) found that recharge accounts for 4.2% of the total
precipitation. They also found that runoff accounted for only 6.2% of the total precipitation
making the groundwater recharge impact on overall water balance similar to that of runoff.
Rehm et al. (1982) studied wetlands in central North Dakota and determined that the
groundwater recharge rates were on the order of 2% to 9% of the total precipitation. Rehm et al.
(1982) also stated that it is likely that groundwater recharge occurs in other flat upland areas that
are not classified as wetlands. Based on the nature of the watersheds in this study, the
overestimation of total streamflow can be explained by the model not representing the regional
groundwater flow occurring out of each of the watersheds.

Evaluating Hydrograph Shape
The objective function-based calibration was only performed with the lake and wetland
algorithm active because this represented the true state of the watershed and therefore the only
case that was represented by the observed USGS data at each of the sites. To reduce the potential
for equifinality and to qualitatively evaluate the impact of the lake-wetland algorithm on
simulated streamflow, simulations for the selected evaluation watersheds without lakes and
wetlands were compared to the observed discharge from nearby “sister” watershed. The sister
watersheds were in the same geographical region as the evaluation watersheds but had a much
smaller lake and wetland area fraction. There are still differences in the soils and vegetation
within these watersheds, so no quantitative analysis could inherently be performed. These
watersheds were used for a qualitative hydrograph shape comparison to evaluate if the shapes of
the output hydrographs without the lake and wetland algorithm active were accurate. No VIC
model simulations were performed directly on these sister watersheds, instead we focused on
whether or not changes in the observed hydrographs between these locations were similar to
those between the observed USGS streamflow data at these sites.

To perform this comparison holistically, it was necessary to look at four separate hydrographs
for each of the two study sites and understand their relationships. These hydrographs were:
USGS observed streamflow for the study watershed, USGS observed streamflow for the sister
watershed, VIC simulated streamflow for the study watershed with the lake and wetland
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algorithm active for the study watershed, and VIC simulated streamflow for the study watershed
without the lake and wetland algorithm active for the study watershed. When comparing the
hydrographs, it is expected that the general shape of the USGS streamflow hydrograph for the
study watershed will match that of the simulated VIC model with lakes and wetlands, as these
were the two datasets used in the calibration and evaluation of the model. It is also expected that
the overall shape of the USGS streamflow hydrograph for the sister watershed will be more
comparable to the VIC model simulation without lakes and wetlands, as the sister watersheds
contain little to no lakes or wetlands. To perform this visual hydrograph shape comparison, water
year 1995 (first year of the evaluation period) was evaluated for each of the cases.

The selected sister watershed for the Buttahatchee River watershed was the Locust Fork at Sayre,
Alabama watershed (USGS 02456500). This watershed is within close proximity to the
Buttahatchee River watershed. The location of this sister watershed as well as the study
watershed can be seen in Figure 4.6. The Locust Fork watershed had a combined lake and
wetland area that accounted for 1.37% of the watershed area, while the Buttahatchee River
watershed had a combined lake and wetland area of 6.75%. The watershed shapes were similar
and can be seen in Figure 4.6. The Locust Fork watershed is slightly more elongated with an area
of 2,292 km2, while the study watershed had an area of 1,751 km2. The overall shape and area of
the two watersheds were similar making it possible to perform a hydrograph comparison using
these sites. In order to perform a hydrograph shape comparison, it was necessary to plot several
hydrographs corresponding to the observed USGS data for the Buttahatchee River and Locust
Fork watersheds as well as the simulated VIC streamflow for the Buttahatchee River watershed,
and these plots can be seen in Figure 4.7. It can be seen that the two USGS hydrographs have
relatively similar shapes. When looking very closely at the recessional limb timing, it can be
seen that the Buttahatchee River hydrograph (Figure 4.7.A) has slightly flatter recessional limbs
as compared to the Locust Fork hydrograph (Figure 4.7.B). This difference is slightly more
apparent when looking at the two VIC simulations. The hydrograph corresponding to the VIC
simulation with lakes (Figure 4.7.C) has slightly longer and flatter recessional limbs than the
simulation without lakes and wetlands (Figure 4.7.D). The overall differences between the
hydrographs is very small, so it is not expected that the presence of lakes and wetlands will have
a great impact of the streamflow in this watershed.
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Figure 4.6: Map showing locations and shapes of the Buttahatchee River (02439400) watershed
and the Locust Fork (02456500) watershed
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Figure 4.7: Hydrograph comparison plot showing observed USGS streamflow for the
Buttahatchee River (A) and Locust Fork (B) as well as VIC simulated streamflow corresponding
to the Buttahatchee River watershed with lakes and wetlands (C) and without lakes and wetlands
(D)
For the Black River watershed, the selected sister watershed was Haw River at Haw River, North
Carolina (USGS 02096500) (Figure 4.8). The Haw River watershed has a lake and wetland
combined area accounting for 3.14% of the watershed, which is significantly less than the Black
River watershed, which has lake and wetland area of 19.48%. The watershed locations and
shapes can be seen in Figure 4.8. The shapes of the watersheds are comparable with the Haw
River watershed being slightly more narrow with an area of 1,570 km2, while the Black River
watershed had an area of 2,067 km2. The size and shape of these two watersheds were similar
enough to use in the comparison. A hydrograph comparison was performed and the four
hydrograph plots can be seen in Figure 4.9. There are stark differences in hydrograph shapes
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between the two USGS observed streamflow sites. Observed streamflow for the Black River
(Figure 4.9.A) is much smoother with flatter peaks and longer recessional limbs as compared to
that of the Haw River (Figure 4.9.B). While there are differences in soil and vegetation between
these two watersheds, they are relatively similar with the biggest difference being the presence
and size of lakes and wetlands in each watershed. This difference in hydrograph shape was also
reflected in the two VIC simulations. With the lake and wetland algorithm active (Figure 4.9.C),
the hydrograph peaks were less pronounced with longer recessional limbs as compared to the
VIC simulation that did not include lakes and wetlands (Figure 4.9.D). The rising and recessional
limbs of the VIC simulation without lakes and wetlands (Figure 4.9.D) were not quite as steep as
those seen in the Haw River hydrograph (Figure 4.9.B), but the overall shape matched relatively
well. The VIC calibration techniques were able to produce hydrographs both with and without
the lake and wetland algorithm that were had shapes that corresponded to what is expected in
both study regions based on the effects of lakes and wetlands.

Figure 4.8: Map showing locations and shapes of the Black River (02106500) watershed and the
Haw River (02096500) watershed
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Figure 4.9: Hydrograph comparison plot showing observed USGS streamflow for the Black
River (A) and Haw River (B) as well as VIC simulated streamflow corresponding to the Black
River watershed with lakes and wetlands (C) and without lakes and wetlands (D)
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5. SIMULATION EXPERIMENT RESULTS

The impacts of lakes and wetlands was evaluated by performing analysis on VIC model
simulated variables from the two watersheds in the study, Buttahatchee River and Black River.
This analysis tests the study hypotheses by determining the change in the magnitude of peak
flow events due to lakes and wetlands as well as calculating the change in average streamflow
and how it relates to a change in evapotranspiration with and without the lake-wetland algorithm
active. The flood frequency analysis was by creating flood frequency diagrams based on the
simulated streamflow data for each watershed both without and without lakes and wetlands. The
generated flood frequency curves were then used to approximate flood magnitudes under both
scenarios. The changes in water balance as it relates to average streamflow and annual
evapotranspiration was evaluated using statistical tests to detect a change in central tendency
between the two scenarios, with and without lakes and wetlands.

Flood Frequency Analysis
When evaluating the results of the model, the first aspect evaluated was how the presence of
lakes and wetlands affects the magnitude of floods with varying return intervals. To do this,
flood frequency diagrams corresponding to each condition, with and without the representation
of lakes and wetlands, were created. Flood magnitude values corresponding to varying return
periods were then extracted and compared to demonstrate the change associated with lakes and
wetlands. The analysis in this section is performed to test the first hypothesis and quantify the
impacts of lakes and wetlands on flood magnitudes.

5.1.1

Methods

Flood frequency for the evaluation watersheds was modeled using a three-parameter log-normal
distribution, which proved to be representative of the data while also allowing for multiple flood
frequency curves (with and without lakes and wetlands) to be plotted on the same axis. The
Cunnane plotting position formula was used in conjunction with the log normal distribution
(Cunnane, 1978). The log-normal distribution has been used in many similar flood frequencies
studies (Seckin et al., 2009; Deraman et al., 2017; Kamal et al., 2016). The log-normal
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distribution has also been found to be an effective means of modeling maximum rainfall events
(Barkotulla et al., 2009). The log-normal flood frequency distribution utilized three parameters,
based on the methods developed by Chow (1964). The parameters used were Mu, Theta, and X0.
The first parameter calculated was X0, as it was then used to calculate the other two and can be
seen in Equation 2.

Where:

𝑋𝑋1 𝑋𝑋𝑛𝑛 − 𝑋𝑋� 2
𝑋𝑋0 =
𝑋𝑋1 +𝑋𝑋𝑛𝑛 − 2𝑋𝑋�

(2)

X1 = largest annual maxima flowrate
Xn = smallest annual maxima flowrate
𝑋𝑋� = median of the annual maxima flowrate values
A new series of annual maxima was created by taking the natural logarithm of the difference
between the annual maxima and X0 and can be seen in Equation 3. This calculated array for X
values was then used to calculate Mu and Theta. Mu was set equal to the mean of the X value
array, and theta was set equal to the standard deviation. The flood frequency curve was
calculated in Equation 4 using the standard normal variate Z.
𝑋𝑋 = ln(𝑋𝑋𝑖𝑖 − 𝑋𝑋0 )

(3)

ln(𝑋𝑋 − 𝑋𝑋0 ) = 𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒 ∗ 𝑍𝑍 + 𝑀𝑀𝑀𝑀

(4)

There were two goodness of fit tests performed to evaluate how well the log-normal distribution
fit the modeled data series. These were the Pearson Chi Square Test and the Kolmogorov
Smirnov (KS) Test (Pearson, 1900; Kolmogorov, 1933; Smirnov, 1948). Both of these tests are
commonly used to evaluate the fit of a flood frequency model to a particular dataset
(Vivekanandan, 2015; Ahn et al., 1998). For the Chi Square Test, probabilities were calculated
that corresponded to each of the measured values using the inverse of the above equations for the
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log-normal distribution. Theses probabilities were binned, and the Chi Square Test statistic Xc2
was then calculated using Equation 5.
𝑚𝑚

𝑋𝑋𝑋𝑋 2 = �
𝑖𝑖=1

Where:

(𝑛𝑛𝑖𝑖 − 𝑛𝑛𝑛𝑛)2
𝑛𝑛𝑛𝑛

(5)

m = number of bins used (6)
np = expected number of values in each bin (50/6)
ni = number of values within the i’th bin

The second test utilized was the Kolmogorov Smirnov (KS) Test. This test again used the
calculated probabilities used in the Chi Square Test, which were found from the measured
values. For the KS Test, the d2 statistic was calculated using Equation 6.
𝑖𝑖
𝑑𝑑2 = max � − 𝐹𝐹(𝑥𝑥𝑖𝑖 )�
𝑛𝑛
𝑛𝑛

Where:

(6)

n = number of annual data points in the sample
F(xi) = probability of the i’th value occurring

Flood frequency curves were created for each of the watersheds for each case, lakes/wetlands
and no lakes/wetlands. The time period analyzed was October 1, 1965 to September 30, 2015 (50
water years).

5.1.2

Results

The final flood frequency parameters for each of the sites can be seen in Table 5.1, and the
goodness of fit statistics can be seen in Table 5.2. An alpha value of 0.05 was used when
evaluating statistical tests related to flood frequency. The null hypothesis is that the distributions
accurately fit the data, so any p-values less the alpha (0.05) would indicate a poor fit of the data
to a log-normal distribution. For the Buttahatchee River site, the p-values were 0.044 and 0.040
for the simulations with and without the lake and wetland algorithm active, respectively. This
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indicates that the fist failed the Chi Squared Test, though the p-values were only slightly below
the chosen alpha value. The corresponding p-values for this watershed using the K-S Test were
not statistically significant (0.546 and 0.481). This indicates that the overall fit was slightly less
than desirable though there were no specific points that strayed far from the flood frequency
curve. For this reason, the fit was deemed to be acceptable. The log-normal flood frequency plots
for the Black River site were acceptable fits of the data with minimum p-values of 0.481 and
0.743 for the Chi Square Test and K-S Test, respectively, which are all greater than alpha (0.05).

Table 5.1: Calculated parameters corresponding to the log-normal distribution used in the
creation of flood frequency diagram for each watershed with and without the lake and wetland
algorithm active
Mu

Theta

Buttahatchee River Site –
Lakes and Wetlands
Buttahatchee River Site –
No Lakes and Wetlands
Black River Site – Lakes
and Wetlands
Black River Site – No
Lakes and Wetlands

X0

5.852

0.551

48.821

5.863

0.558

66.406

4.958

0.807

16.465

5.228

0.738

48.595

Table 5.2: Goodness of fit statistics and corresponding p-vales for the Chi Square Test and the
K-S Test for each of the log-normal flood frequency curves
2

Xc
Buttahatchee River
Site – Lakes and
Wetlands
Buttahatchee River
Site – No Lakes and
Wetlands
Black River Site –
Lakes and Wetlands
Black River Site –
No Lakes and
Wetlands

Chi Square Test
p-value
8.080

0.044

K-S Test
p-value
0.110

0.546

8.320

0.040

0.121

0.481

2.320

0.509

0.067

0.799

1.840

0.606

0.077

0.743

d2

When looking at the flood magnitudes for the Buttahatchee River site (Table 5.3), there is slight
reduction in flood magnitude due to lakes and wetlands. This difference is 4.20% for the 10-year
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period flood event. Based on the hydrograph comparison performed in Section 4.3, it was not
expected that lakes and wetlands would have a pronounced impact of flood magnitude within the
Buttahatchee River watershed. The USGS hydrograph for the study site was similar in nature to
that of its sister watershed, which contained a lesser degree of lakes and wetlands. In the flood
frequency diagram for the Buttahatchee River site in Figure 5.1, the two flood frequency curves
are not parallel and begin to converge at larger return period floods. This indicates that lakes and
wetlands have a greater impact on flood magnitude for smaller flood events. The 2-year flood
event shows a 5.28% difference between the two scenarios, whereas the 100-year flood events
shows only a 4.04% difference. There is still a greater difference in flowrates for the 100-year
return period flood as compared to the 2-year return period flood, as the plot is on a logarithmic
scale. As the flood frequency curves extend beyond the range of the 100 year flood, the lines will
eventually converge indicating that the magnitude of very large floods will be similar with and
without the presence of lakes and wetlands. This is likely due to the physical limitations of
storage in the lakes and wetlands. As flood magnitude increase, the storage capacity will be
reached and the impact of lakes and wetlands becomes more limited.

The impacts on flood magnitude for the Black River site, as seen in Table 5.3, are more
pronounced. Looking again at the 10-year return period flood there is a 23.69% decrease in flood
magnitude when the lake and wetland algorithm is active in the model. This was expected as a
result of the hydrograph shape analysis performed in Section 4.3. The hydrograph shapes
between the USGS streamflow data for the study site and its sister watershed were contrasting.
The peaks of the sister watershed, which contained fewer lakes and wetlands, were more
pronounced It is logical to conclude that lakes and wetlands in the Black River watershed have a
greater impact on flood frequency as compared to those in the Buttahatchee River watershed.
The flood frequency diagram for the Black River site is shown in Figure 5.2. The difference for
the 100-year flood is 13.78% as compared to a 38.74% reduction for the 2-year return period
flood. These lines will converge at a large return period, showing that the impacts of lakes and
wetlands will be less visible during very large flood events. When looking at the flood frequency
diagram, the annual maxima values can also be seen. For the Black River site, the largest flood
event occurred in 1999 as a result of Hurricane Floyd. The two points (with and without lakes
and wetlands) on the flood frequency diagram for this event are very similar in magnitude

53
(Figure 5.2). At a flood of this magnitude the lakes and wetlands are clearly above maximum
capacity and do not significantly alter the maximum experienced streamflow value.

Table 5.3: Summary of flood magnitudes given in m3/sec calculated using a log-normal flood
frequency distribution based on simulated VIC streamflow data with and without the lake and
wetland algorithm active
Return Period
2-Year
5-Year
10-year
25-year
50-Year
100-year
Return Period
2-Year
5-Year
10-year
25-year
50-Year
100-year

Buttahatchee River Site
Lakes and Wetlands
396.68
601.89
753.58
961.45
1127.30
1302.07
Black River Site
Lakes and Wetlands
158.78
297.04
416.55
600.55
762.28
945.68

No Lakes and Wetlands
418.18
629.21
785.91
1001.37
1173.75
1355.80
No Lakes and Wetlands
235.08
395.50
528.47
726.86
896.75
1085.62
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Figure 5.1: Flood frequency curves for Buttahatchee River site based on simulated VIC
streamflow with and without the lake and wetland algorithm active

55

Figure 5.2: Flood frequency curves for Black River site based on simulated VIC streamflow with
and without the lake and wetland algorithm active
Water Balance Impact
The second aspect was evaluating the impact of lakes and wetlands on total annual flow quantity
due to an increase in evapotranspiration. This was done by evaluating the change in annual
average streamflow as well as the change in annual total evapotranspiration within each of the
watersheds. This analysis was used to determine the impact of lakes and wetlands on
components of the overall water balance. Using the grid-based VIC model allows for water to
enter each grid cell as precipitation and leave in one of two paths: evapotranspiration or
streamflow. The goal of this section is to test the second hypothesis and determine whether the
addition of lake and wetlands within the model will results in a decrease in average streamflow
along with a corresponding increase in evapotranspiration.
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5.2.1

Methods

Two evaluations were performed to compare evapotranspiration and average streamflow with
and without lakes and wetlands: (1) the Student’s paired t-test and (2) the Wilcoxon matchedpairs signed-ranks test were used (Student, 1908; Wilcoxon, 1945). Both tests are used to
determine the statistical significance of a difference between two paired datasets, with the t-test
being parametric and the matched-pairs signed-ranks test being non-parametric. These two tests
were used in combination to test the significance of the effects of lakes and wetlands on
streamflow and evapotranspiration.

For the paired t-test, the null hypothesis being tested is that the means of the two samples are
equal, with the alternative hypothesis being that the sample means are not equal. The confidence
level used for each test was alpha = 0.05. In order to use the paired t-test, the datasets must meet
the assumptions of the test. They must be normally distributed and independent. Each of the
datasets being tested were evaluated and found to meet the necessary assumptions of the test.
The t-test statistic (Student, 1908) is:

𝑡𝑡𝑝𝑝 =
Where:

�
𝐷𝐷

2

�𝑆𝑆
𝑛𝑛

(7)

� = mean of the differences between each set of paired data
𝐷𝐷
This statistic is then compared to a table based on the degrees of freedom to determine if the test
rejects or fails to reject the null hypothesis. The magnitude of change is found as the difference
in means and can be seen in Equation 8.

Where:
𝑥𝑥̅ = mean of dataset 1

𝑦𝑦� = mean of dataset 2

𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑥𝑥̅ − 𝑦𝑦�

(8)
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The second test used to evaluate a difference in the mean annual flow and evapotranspiration
was the Wilcoxon matched-pairs signed-ranks test is similar to the paired t-test except that it is
non-parametric and tests whether each paired value is greater than or less than its paired value in
the second dataset. In order for the matched pairs signed rank test to be used, the datasets must
meet the assumption of independence, which was true for all datasets tested. The null hypothesis
of the matched-pairs signed-ranks test is that the median of the difference series of the two
datasets in equal to zero. The alternative hypothesis is that the median is not equal to zero,
indicating that one of the datasets is greater than the other. The Wilcoxon test statistic
(Wilcoxon, 1945) is calculated as the summation of the ranks of the positive values in the
difference series:

𝑊𝑊𝑟𝑟𝑟𝑟 = � 𝑅𝑅𝑖𝑖
𝑛𝑛

Where:

(9)

n = size of the smaller dataset
Ri = each of the joint ranks that correspond to the smaller dataset of size n

. This is then used to find a representative z-statistic, as follows:
𝑍𝑍 =

𝑊𝑊𝑟𝑟𝑟𝑟
𝜎𝜎𝑤𝑤

𝑛𝑛(𝑛𝑛 + 1)(2𝑛𝑛 + 1)
𝜎𝜎𝑤𝑤 = �
6

Where:

( 10 )

( 11 )

n = size of the dataset

This calculated z-statistic is used to determine the p-value. The magnitude of the corresponding
difference is found using the Hodges-Lehmann estimator (Hodges and Lehmann, 1963):
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𝐻𝐻𝐻𝐻𝐻𝐻 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(

Where:

di = difference series for all i and j less than n

5.2.2

𝑑𝑑𝑖𝑖 − 𝑑𝑑𝑗𝑗
)
2

( 12 )

Streamflow Results

The first evaluation performed was a comparison of the annual average streamflow. Annual
average streamflow was calculated by taking the average of daily flowrate for all days within a
specific water year (October 1 to September 30). The time period of analysis was the same as
what was used for flood frequency analysis, October 1, 1965 to September 30, 2015 (50 water
years). The differences in annual average streamflow for each of the sites along with their
respective statistical significance can be seen in Table 5.4. For each of the sites, there was a
significant decrease in average annual streamflow when lakes and wetlands were included. For
the Buttahatchee River site, there was a 0.58% (0.372 m3/sec) decrease when looking at the
differences in means. This difference was 11.67% (3.723 m3/sec) for the Black River site. The
results calculated using the HLE were similar to the difference in means methods for both sites.
A time series plot of average annual streamflow was also included and can be seen in Figure 5.3.
The simulation hydrograph for the case with lakes and wetlands is consistently below the
hydrograph of the simulation without lakes and wetlands for each of the watersheds. Figure 5.4
contains plots of the difference series of annual average streamflow for each of the sites.

Table 5.4: Differences in annual average streamflow (lakes/wetlands – no lakes/wetlands)

Buttahatchee
River Site
Black River Site

Paired T-Test
Matched Pairs Signed Ranks Test
3
Diff of Means (m /sec)
P-value
HLE (m3/sec)
P-value
-0.372
1.03e-2
-0.334
2.21e-5
-3.723

3.82e-19

-3.777

9.35e-10
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Figure 5.3: Comparison of annual average streamflow for the Buttahatchee River (A) and Black
River (B) sites simulated using the VIC model with and without the lake and wetland algorithm
active
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Figure 5.4: Difference series of annual average streamflow (lakes/wetlands – no lakes/wetlands)
for the Buttahatchee River (A) and Black River (B) sites

5.2.3

Evapotranspiration Results

The effect of lakes and wetlands on watershed evapotranspiration was assessed by comparing the
total annual evapotranspiration with and without lakes and wetlands for each watershed. The
total watershed evapotranspiration was determined by first summing the daily evapotranspiration
total for all days in each water year and then averaging this sum across all grid cells in the
watershed. The time period was the same as used in Section 5.2.2. The presence of lakes and
wetlands resulted in an increase in annual evapotranspiration (lakes-wetlands minus no lakeswetland) of 0.32% (3.317 mm/yr) for the Buttahatchee River site and 3.93% (37.938 mm/yr) for
the Black River site using the difference of means methods (Table 5.5). Results for HLE were
very similar and can be seen in Table 5.5. Plots of the difference series of annual
evapotranspiration for each of the sites can be seen in Figure 5.5. The impact as it relates to the
change in water balance was greater for the Black River site than for the Buttahatchee River site.
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This was an expected result based on the USGS hydrograph comparison for each of the site
(Section 4.3).

Table 5.5: Differences in total annual evapotranspiration (lakes/wetlands minus no
lakes/wetlands)

Buttahatchee
River Site
Black River Site

Paired T-Test
Matched Pairs Signed Ranks Test
Diff of Means (mm/yr)
P-value
HLE (mm/yr)
P-value
3.317 2.97e-5
3.196 3.82e-7
37.938 2.73e-24

37.858 7.79e-10

Figure 5.5: Difference series of annual evapotranspiration (lakes/wetlands – no lakes/wetlands)
for the Buttahatchee River (A) and Black River (B) sites
In addition to the statistical tests for change in central tendency of the annual evapotranspiration
datasets, spatial plots of average annual evapotranspiration were also created based on the VIC
grid cells within each watershed. Plots for each of the sites highlight differences in
evapotranspiration due to lakes and wetlands (lakes/wetlands minus no lakes/wetlands) (Figure
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5.6). These maps of evapotranspiration capture the differences in the nature of the wetlands
between the two sites. Within the Buttahatchee River watershed, there were cells that had
increases, decreases, and no change in evapotranspiration as a result of lakes and wetlands. For
the Black River site (A) there a consistent increase in evapotranspiration throughout the
watershed, with this increase being slightly greater in cells with a greater fraction of lakes and
wetlands. Lakes and wetlands in the Buttahatchee River watershed were concentrated around the
stream network, with the highest density near the watershed outlet in the southwest. The majority
of the northeastern portion of the watershed did not contain any lakes and wetlands, so no change
was expected and none was found in these cells. Lakes and wetlands were much more evenly
distributed across the landscape in the Black River watershed, and they represented a much
higher percentage of the watershed’s land cover. Because of this, the increase in ET from lakes
and wetlands is much more evenly distributed across the watershed.

For the Buttahatchee River site, some of the cells with wetlands were found to have a decrease in
evapotranspiration. This is due to the vegetation in this watershed producing a greater degree of
transpiration than surface evaporation from lakes and wetlands. In many wetlands, transpiration
accounts for greater than half of the total evapotranspiration (Herbst and Kappen, 1999; SanchezCarrillo et al., 2004; Bachand et al., 2013). Several studies also calculated the ratio of the
transpiration from wetland vegetation to the evaporation from an open water surface. Ratios
greater than one indicate that the presence of vegetation results in a greater transpiration rate than
the corresponding open water evaporation rate. Herbst and Kappen (1999) in Germany found
that the ratio on an annual basis ranged from 0.86 to 1.33 with an average of 1.10. SanchezCarrillo (2004) performed a study in Spain and found transpiration to open water evaporation
ratios that ranged from 0.8 to 2.3 depending on the vegetation. They also performed a review of
several other studies and found that the ratio is highly variable based on the climate and the
vegetation being studied. Both of these factors were key differences between the two sites. The
Buttahatchee watershed is located in Mississippi/Alabama and is primarily forested. The Black
River watershed is located in North Carolina and predominantly crop and grassland. A study
performed by Nibet (2005) in the United Kingdom found that evapotranspiration, defined in this
case as transpiration plus evaporation of intercepted water from leaf surfaces, is greater in forests
than in grasslands due in large part to the interception component of evapotranspiration. When
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running the VIC model, any part of the lake-wetland grid cell fraction that is inundated is treated
as open water, an assumption that works better for crops and grasses then for a forested wetland.
For the Buttahatchee River site, the presence of the open water covering the vegetation reduces
the transpiration rate within the cells, which reduces the overall evapotranspiration rate in several
cells. In the Black River watershed, the evaporation off the lake surface is a more significant
portion of the water balance resulting in a greater rate of evapotranspiration for all cells in the
watershed.

Figure 5.6: Spatial plot showing simulated change in annual evapotranspiration (lakes/wetlands –
no lakes/wetlands) for the Buttahatchee River (A) and Black River (B) watersheds
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6. CONCLUSIONS

Lakes and wetlands are a vital resource within the landscape, covering 11% of the Earth’s
surface Not only do they provides many benefits including water quality improvement, wildlife
and fisheries habitat, and recreational use; they also impact the hydrologic cycle by reducing the
effects of floods and by increasing evapotranspiration, which in turn decreases the total quantity
of water that exits the watershed as streamflow. While lake area has remained fairly constant
over time, there has been a large reduction in wetland extent. Over half of all wetlands in the
contiguous United States were removed in the last 200 years in order to use the land for other,
typically agricultural, purposes. The soils within wetlands tend to be highly productive for crops
once the high water tables are drained. The overall goal of this study was to parameterize lakes
and wetland for the entire NLDAS domain such that the impacts of lakes and wetlands on
surface water hydrology could be quantified and used to demonstrate how the removal or
reconstruction of these resources could alter the hydrological cycle. This was done in order to
test two hypotheses: 1) How does the presence of lakes and wetlands effect the magnitude of
floods? and 2) What is the impact of lakes and wetlands on average streamflow due to changes in
evapotranspiration? In order to evaluate the impacts of lakes and wetlands on streamflow, the
Variable Infiltration Capacity (VIC) model was run for two watersheds containing lakes and
wetlands. These watersheds were the Buttahatchee watershed near Aberdeen, Mississippi and the
Black River watershed near Tomahawk, North Carolina. Streamflow was simulated using the
model both with and without the inclusion of lakes and wetlands.

The first step in completing this study and evaluating the hypotheses being tested was to
parametrize the lakes and wetlands within the domain based on their water storage capabilities.
Depth-area relationships for lakes within the NLDAS domain were determined based on a
parabolic shape assumption using an inverse distance weighting (IDW) method. This was based
on a dataset of known maximum depth and area for global lakes, and the relationship between
maximum depth and area was mapped to each grid cell to create a location specific profile. The
depth-area relationships for wetlands within the domain were calculated using a topographic
wetness index (TWI) based wetland parameterization. The wetland profile shapes were therefore
spatially varying. Wetlands with high average TWI values, which would make them more likely
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to receive and store water, would have a more concave profile shape. This allows these areas to
store more water and begin receiving water at a low flood stage. Wetlands with low TWI values
would have more convex profiles with less overall water storage. Each generated lake-wetland
profile consisted of a maximum of fourteen depth-area points (four points representing the lake
component and ten points representing the wetland component). Lake and wetland profiles
representative of the total surface water storage for each VIC grid cell within the NLDAS
domain were created during this study and could be used for future studies within this domain.

The next step was to test the hypotheses and draw conclusions regarding the impacts of lakes and
wetlands. The first hypothesis tested stated the presence of lakes and wetlands would result in a
decrease in the magnitude of floods due to the storage of water within the landscape during flood
events. The results of the flood frequency analysis demonstrated that the presence of lakes and
wetlands does reduce the magnitude of floods. For a 10-year return period flood, the reduction in
discharge was 5.83% and 29.59% for the Buttahatchee River and Black River sites, respectively.
This is due to the lakes and wetlands providing a storage mechanism for the water within the
landscape. Where lakes and wetlands are present, a portion of the runoff during storm events
enters the lakes and wetlands where it is stored. This storage during peaks events lessens the
effects of floods within the watershed. The flood frequency diagram created for each watershed
displayed a similar pattern. While all flood magnitudes were reduced, the degree of reduction
was related to the return period of the flood. Shorter return period floods were greatly reduced on
a percentage basis compared to longer return period floods. This is due to the storage capacity of
the lakes and wetlands. They are able to store a greater fraction of smaller flood events as
compared to large flood events. Once the lakes and wetlands reach capacity, their influence on
flood magnitude becomes diminished, and this occurs during large flood events.

The second hypothesis was to test that the storage of water within lakes and wetlands results in a
decrease in average streamflow due to a subsequent increase in evapotranspiration from the lakes
and lakes and wetlands. There is a significant shift in the water balance due to lakes and
wetlands. Lakes and wetlands produce a greater degree of evapotranspiration, which in turn
results in a decrease in the overall streamflow. This streamflow reduction was much greater for
the Black River site at 4.06% as compared to 0.29% for the Buttahatchee River site. Every cell in
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the Black River watershed displayed an increase in evapotranspiration when the lake and
wetland algorithm was active in the model. This was not the case in the Buttahatchee River
watershed, as several cells had a decrease in average annual evapotranspiration due to the
activation of the lake and wetland algorithm. Lakes and wetlands in the Buttahatchee River
watershed did not have as great of an effect on streamflow as those in the Black River watershed.
This was the case for both the flood frequency analysis as well as the as the evaluation of total
discharge and evapotranspiration. This difference can best be seen in the spatial plot of
evapotranspiration differences (Figure 5.6). The cells with less evapotranspiration had substantial
wetland coverage, but the effect on streamflow was not as pronounced. This is due to the
differences in the wetland type as well as limitations inherent in the model. The primary
vegetation in the Black River watershed is cropland, while the Buttahatchee River site is mostly
forested. Based on the respective area of each land use type, it can be assumed that the Black
River site contains grassland type wetlands, whereas the Buttahatchee River site contains
forested wetlands. Forested vegetation results in a greater transpiration rate than that of crops and
grasses. This is why there was not as significant a change for the Buttahatchee River site. When
the model was run without lakes and wetlands, the forested vegetation had very high rates of
transpiration. When the lake and wetland algorithm was activated, this vegetation was replaced
with open water in the model and the rate of evaporation from the lake surface was in many
cases less than the transpiration rate from the vegetation.

There are several ways in which this work could be expanded upon in the future. The first would
be to test the lake and wetland algorithm on a larger and more diverse group of sites in order to
accurately assess the role that climate has on the impact of lakes and wetlands in the hydrologic
cycle. The lake and wetland algorithm was originally developed for an Arctic environment and
has not been extensively used in non-snowmelt dominated watersheds. The climate will
determine the seasonality of the flooding events as well as the effects of snow/ice as well as
frozen soil. This will result in varying impacts on streamflow as lakes and wetlands properties
vary throughout the NLDAS domain. The second way in which work in this area could be
expanded would be to include the effect of emergent vegetation and its respective transpiration in
the overall water balance. Lakes and wetlands are treated as open water in the model, but
wetlands are rarely comprised of just open water. There is also wetland vegetation that will soak
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up the water within the wetland and increase the overall evapotranspiration. The variation in
vegetation (forested vs grassland wetland) based on land uses in the watershed area will also
become a significant factor when looking at the impacts of these lakes and wetlands. One
additional model modification that could be made would be to adjust the lake-wetland baseflow
parameters, which control the rate at which water can exit the lake in the form of subsurface flow
into the stream. This would provide another means of calibrating watersheds where a substantial
portion of the landscape drains into a lake or wetland. The VIC model was able to be utilized
appropriately for this study in order to demonstrate the impact of lakes and wetland by outputting
quantitative results. Future studies, however, could include modifications to the model to further
explore the role of lakes and wetlands within the hydrologic cycle.
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