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Abstract

Global climate change is predicted to have impacts on the frequency and severity of flood
events. In this study, output from Global Circulation Models (GCMs) for a range of
possible future climate scenarios was used to force hydrologic models for four case study
watersheds built using the Soil and Water Assessment Tool (SWAT). GCM output was
applied with either the “delta change” method or a bias correction. Potential changes in
flood risk are assessed based on modeling results and possible relationships to watershed
characteristics. Differences in model outputs when using the two different methods of
adjusting GCM output are also compared. Preliminary results indicate that watersheds
exhibiting higher proportions of runoff in streamflow are more vulnerable to changes in
flood risk. The delta change method appears to be more useful when simulating extreme
events as it better preserves daily climate variability as opposed to using bias corrected

GCM output.
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1. Introduction

Understanding flood risk in the United States is essential for making decisions regarding
land management, urban planning and disaster response. The possibility of floods of
varying sizes as well as the location of floodplains influences building codes, insurance
rates, and water conveyance system design. Failure to properly estimate risk could result
in a large loss of life and/or property. Therefore, the science of flood risk must constantly
be refined and rejuvenated so that society has the best possible information available with
which to make decisions. In light of the effects of climate change, it is more important
than ever to make sure flood risk is properly estimated. The research presented herein
investigates impacts on flood risk resulting from various climate projections for case

study watersheds across the Upper Midwest and Northeastern United States.

1.1 Background

Bulletin 17B (IACWD 1982) documents current standards for calculating flood risk in
the United States. The procedure involves fitting a distribution to the historical flood
record of the watershed of interest and using that distribution to determine future risk.
The historical flood record consists of the annual maximum flood (AMF) series as
recorded by a stream flow gage. For the purposes of this research, annual maximum
floods or annual maximum flows refer to the maximum instantaneous flow recorded by a

gage during each water year over the period of record. One key assumption is that AMF



series are stationary, and thus the flood risk distribution does not change over time.
However, based on the most recent climate science (IPCC 2013), flood risk distributions
may very well be changing; it may not be sound to continue to use Bulletin 17B without
serious investigation into the form of these changes and associated causes, and perhaps

updates of the Bulletin 17B model to employ a nonstationary framework are warranted.

Global climate change is predicted to have impacts on a broad range of natural processes.
Warmer average temperatures, severe droughts and severe storms are all part of the future
climate predicted by the world’s leading climate scientists (IPCC 2013). Of interest in
regards to flood risk is the prediction of increased intensity and frequency of heavy
precipitation events. Overall, precipitation overland has increased globally, as has runoff
(Huntington 2006, IPCC 2013). In general, precipitation is trending upwards in the
Northeastern United States as well as in other temperate zones (Huntington 2006, IPCC

2013). Theoretically, more extreme floods seem almost certain.

However, evidence in the historic record for increasing flood risk in the United States has
been inconsistent at best, as has its link with increased precipitation. One study found
upward trends in historical flood series in 25 out of 28 watersheds (Collins 2009). In
another study, after looking at over 50 basins in the U.S. with at least 100 years of flood
record and finding no evidence of a trend in the AMF series, Villarini et al. (2009)
profoundly stated “it is easier to proclaim the demise of stationarity of flood peaks than to

prove it through analyses of annual flood peak data”. Other studies find trends in low and



median flows but not high flows (Lins and Slack 1999, McCabe and Wolock 2002). The
apparent paradox of an increase in heavy precipitation without a corresponding increase
in heavy flow has a couple of possible explanations, one being that the sensitivity of
flows to rainfall is lowest for high flows, and another being that heavy rainfall which
occurs in the fall does not influence spring flows, which generally make up the AMF

series (Small et al. 2006).

Whatever the state of current evidence, the possibility of future increased flood risk due
to long-term climate change is likely enough to warrant further research. A lack of
climate-driven increases in flood risk up to the present day does not preclude future
influences. Updated statistical procedures for determining flood risk may become
necessary, especially given projections for population growth, increased anthropogenic
disturbances, and more extreme fluctuations in climate. Evaluating influences of climate
on future flood risk projections is the focus of the research presented herein, which is part
of a larger project for which the eventual goal is to develop a nonstationary framework

for estimating flood risk in the United States.

1.2 Previous Study

The research presented herein builds on previous work in which statistical analyses were
performed on the annual maximum flood records of hundreds of watersheds throughout
the northeastern quadrant of the United States, each with at least 65 years of continuous

record. The flood records of 256 “unimpaired” watersheds within the study region were
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analyzed (Fritsch 2012), and 143 “moderately impaired” sites were tested in the same
fashion (Salvadori 2013). In this case, “unimpaired” watersheds are defined as
watersheds where human activities do not influence flows, while “moderately impaired”
watersheds have some degree of human impact (Fritsch 2012, Salvadori 2013). The gage

location and degree of impairment of the associated watersheds is shown in Figure 2.1.

m Moderately Impaired

® Unimpaired

Figure 1.1 Location and designation (degree of impairment) of previously analyzed sites
within the northeastern quadrant of the United States.

Each of the flood records were examined for long-term, gradual trends in the mean of the
AMEF series, as well the presence of “change points” where a significant abrupt shift in
the mean flood magnitude occurred at one point in time. Flood records associated with
those watersheds were also analyzed for correlation with various large-scale oceanic-
atmospheric climate patterns: Pacific Decadal Oscillation (PDO), Atlantic Multi-Decadal

Oscillation (AMO), North Atlantic Oscillation (NAO), and EI Nino Southern Oscillation
4



(ENSO). Finally, flood records were analyzed for correlation with temperature and
precipitation series over a range of lead times, and various anthropogenic influences were

considered. (Fritsch 2012, Salvadori 2013)

The modified Mann-Kendall test (Yue and Wang 2002) was used to check for long-term
trends, while the Pettitt (Pettitt 1979) test was used to identify change points. Of the 256
unimpaired sites considered, the flood records for 39 were found to have long-term trends
significant at the 10% level, while 88 contained change points significant at the 10%
level (Fritsch 2012). The flood records for 26 of the 143 moderately impaired sites
showed a long-term trend significant at the 10% level, and 57 exhibited a change point

significant at the 10% level (Salvadori 2013).

Of the 39 flood records for unimpaired sites that exhibited long-term trends, 38 also
contained a change point, and all of the moderately impaired sites with a trend also
contained a change point. This implies that the results of the Mann-Kendall test are
spurious as the “long-term” trends are likely explained by the change points given that
the subseries before/after the abrupt shift tend not to exhibit significant trends (Fritsch
2012, Salvadori 2013). Overwhelmingly, the instance of true long-term trends in flood
series is in agreement with the research previously cited (Lins and Slack 1999, McCabe

and Wolock 2002, Villarini et al. 2009), namely that they are hard to find.



The correlation between AMF series and climatic cycles with 3-, 6- and 9-month lead
times was measured using Kendall’s Tau for both unimpaired and moderately impaired
watersheds. Among the 256 unimpaired watersheds, the highest percentage of statistically
significant correlations was found between the 10-year moving average of the AMF
series and AMO indices with a 3-month lead time. PDO was most highly correlated to the
10-year moving average of the AMF series using a 9-month lead time. PDO and AMO
were equally correlated with a 6-month lead time (Fritsch 2012). For moderately
impaired watersheds, AMO was also found to have the highest correlation with the 10-
year moving average of the AMF series for 3- and 6-month lead times, with AMO and
PDO tied at a 9-month lead time (Salvadori 2013). In general, it seems that the AMO and
PDO climatic indices are the most influential on AMF series; relatively few sites
exhibited an association with NAO or ENSO (Fritsch 2012, Salvadori 2013). A summary

of these results is presented in Table 1.1.

Table 1.1 Incidence of significant correlation (at 10% level) between the 10-year moving
average of AMF series and climatic indices with various lead times; proportions out of
256 unimpaired and 143 moderately impaired study sites.

Unimpaired Sites Impaired Sites
Lead Time:| 3-mo 6-mo 9-mo| 3-mo 6-mo  9-mo
AMO 44% 48% 41% 48% 46% 47%
PDO 39% 48% 53% 34% 38% 47%
NAO 14% 9% 12% 12% 3% 10%
MEI* 10% 17% 35% 3% 12% 24%
NINO* 0% 4% 5% 1% 8% 6%

*Associated with ENSO



While statistical analyses can quickly be performed on many sets of flood records from
hundreds of watersheds, physical modeling is more involved and requires much more
time and computational power. Therefore, only twelve watersheds were selected for more
detailed analysis and modeling purposes, four of which (due to time constraints) are the

subject of this thesis.

1.3 Research Motivation

To support the development of new statistical modeling methods, physical hydrologic
modeling can be used to gain a deeper understanding of the flood risk projected under
future climatic conditions. Projected future climate in the form of output from Global
Circulation Models (GCMs) can be used to force hydrologic models in order to get a
sense of differing flood risk under future climate conditions. The end goal of the research
presented herein is to provide hydrologic model results that can be used as a benchmark
against which to compare/develop updated statistical models. Through future research,
variables such as land cover change, multi-decadal climatic oscillations and watershed

characteristics can be incorporated into these models as well.

Hydrologic modeling with GCM output not only contributes to the task of updating
statistical procedures for determining flood risk, it also adds to the body of knowledge
regarding best practices for use of GCM output in conjunction with hydrologic modeling

and impact assessment. In general, simulation of AMF series with physically based
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hydrologic models has been extremely limited. Prudhomme et al. (2002) used the
CLASSIC (Climate and LAnduse Scenario Simulation on Catchments) model to simulate
future daily flow series in the United Kingdom. Based on a peaks-over-threshold analysis
of their model output, they conclude that increased flood magnitude and frequency are
anticipated. A study employing the UBC model in Canada also showed a general increase
in flood magnitude and frequency (Loukas et al. 2001), and increased flood risk in the
Danube River was modeled using a program called LISFLOOD (Dankers et al. 2007). It
is important to note that all three of these studies considered annual maximum daily
flows, whereas our interest and study focuses on instantaneous peak flows which are

employed for design event estimation.

This research is also important in that hydrologic modeling with ArcSWAT in an attempt
to project future conditions has mainly focused on the overall water balance or monthly
streamflow amounts of the watersheds of interest (Hanratty and Stefan 1998, Takle et al.
2005h, Zhang et al. 2007, Githui et al. 2009). Modeling extreme flow events, which occur
instantaneously, is something relatively new, and of course has its own obstacles and
weaknesses. But, the body of knowledge regarding application of GCMs and hydrologic

models in terms of extreme events will be expanded herein.

1.4 Research Objectives

For this research, the Soil and Water Assessment Tool (Arnold et al. 1998, Srinivasan et

al. 1998) extension to ESRI’s ArcGIS (ArcSWAT) was used to model four case study
8



watersheds in the Northeastern and Midwestern United States. Once developed, the
models were forced with GCM output data obtained from the World Climate Research
Programme's (WCRP's) Coupled Model Intercomparison Project phase 3 (CMIP3) multi-
model dataset (http://gdo-dcp.uclinl.org/downscaled_cmip_projections/
dcplnterface.html). This data includes daily values of minimum and maximum
temperature as well as precipitation, gridded at a spatial scale of 1/8 of a degree. Log-
Pearson Type 3 (LP3) distributions were fit to the modeled AMF series following general
Bulletin 17B recommendations. Namely that the LP3 distribution be fit to the data by
using method of moments for the log-transformed data. The LP3 distributions fir the
modeled AMF series were compared to the distributions of observed AMF series in order

to quantify the difference in projected flood risk.

In the course of this research, it was discovered that there are two ways in which the
GCM data can be applied to the model, and that the results can be quite different in terms
of not only the resulting AMF series but also the overall amounts of change in
temperature and precipitation used as inputs to the physical hydrologic model. To that
end, the resulting overall water balances, changes in precipitation and temperature, and
modeled AMF distributions from the two methods are not only compared to the
respective observed variables, but also to each other, in order to quantify the differences

in projected flood risk when using the two climate data application methods.



In summary, the objectives of this research are as follows:

1. Demonstrate use of hydrologic models forced by GCM output to provide future
flood risk estimates.

2. Analyze the application of GCM data in two ways: (i) direct application with a
bias correction of precipitation data; and, (ii) shift of an observed dataset
(precipitation and temperature) using the “delta change method”.

3. Interpret and understand differences in the climate data application methods in
terms of: (i) overall average change in temperature and precipitation; (ii) daily
distribution and variability of precipitation; and, (iii) impacts on modeled AMF

distribution.

In the short term, this research is meant to contribute to the task of predicting what a
future climate may look like, and how best to project associated flood risk. In the long
term, it is meant to assist with development of new statistical procedures for estimating

flood risk which incorporate changing watersheds and a changing climate.
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2. Watershed Selection and Characteristics

For the purposes of physical modeling, it was necessary to select case study watersheds
which represent the diversity of the hundreds of watersheds previously analyzed. In this
chapter, the selection process is described, and the selected watersheds are listed along
with some important characteristics. As previously mentioned, a total of twelve

watersheds were selected, however, only four are modeled herein.

2.1 Watershed Selection Process

A host of watershed characteristics were considered during the selection process, with the
goal being to model as diverse a group of watersheds as possible. An attempt was made
to include sites with a broad range of geography, land cover, climate and hydrology. Of
the twelve sites selected, six are predominantly agricultural land, five are mainly forested,
and one is urban. Three are located in Indiana, two in Ohio, and one each from Maine,
New Jersey, West Virginia, Kentucky, Tennessee, Missouri and Minnesota. Four of the
sites exhibit a long-term flow trend significant at the 10% level (based on the modified
Mann-Kendall test) and five contain a change point significant at the 10% level (based on
the Pettitt test). In addition, the potential influence of large-scale oceanic-atmospheric
patterns were taken into account when selecting watersheds for modeling; eight of the
case study watersheds show a strong correlation to one or more climatic indices. Further,

only watersheds without major flow regulation due to dams or other man-made structures

11



were considered due to relative ease of modeling and consideration of the influences of
climate. Table 2.1 summarizes the physical and geographic characteristics of each
watershed, while Table 2.2 summarizes current climate, association with climatic indices,
presence of trends or change points, and degree of human influence (unimpaired vs.
moderately impaired). Information of this nature was obtained from the GAGES II

database (Falcone 2011).

Table 2.1 Physical characteristics of case study watersheds*.

Station State Are? % Land Cover Elevation (m)

(km°) | Forest Ag  Urban | Min Max
01013500 ME 2253 71% 5% 1% 157 604
01411000 NJ 145 31% 8% 33% 17 63
03069500 Y 1857 90% 3% 3% 483 1480
03093000 OH 252 48% 32% 9% 271 408
03144000 OH 363 56% 38% 6% 231 377
03302000 KY 167 28% 1% 69% 114 272
03329700 IN 714 4% 87% 8% 168 262
03363500 IN 772 7% 85% 7% 232 370
03421000 TN 1664 49% 35% 6% 251 726
04099510 IN 273 5% 64% 10% 286 363
05316500 MN 1617 1% 81% 6% 301 607
05501000 MO 923 22% 67% 5% 138 266

*Shaded rows correspond to the four case study watersheds investigated herein.
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Table 2.2 Climatic and human factors associated with case study watersheds*.

Mean Mean % of .
. Annual Annual Precip . Change Corrglatlo_n
Station Temp'  Precip' as Impaired? | Trend? Point? w/ CI-|mat|c
C) (cm) Snow'" Indices?

01013500 3.00 97.42 37% No Yes
01411000f 12.16 117.01 14% No Yes
03069500 8.29  139.14 24% No + 1954 No
03093000 9.29 103.17 20% Yes Yes
03144000 9.85 102.23 18% No Yes
03302000| 13.37 117.09 11% Yes + 1962 No
03329700 10.07 99.86 17% Yes No
03363500 10.33 106.51 17% Yes Yes
03421000 1391 149.40 7% Yes Yes
04099510 8.68 94.19 21% Yes + 1975 No
05316500 6.96 66.99 15% No + 1974 Yes
05501000 11.79 97.75 11% No 1972 Yes

*Shaded rows correspond to the four case study watersheds investigated herein.

"Period of record 1971 — 2000; "Period of record 1901 — 2000

2.2 Modeled Watersheds

The four watersheds modeled in conjunction with this thesis are: the Fish River

watershed upstream of USGS Gage Station 01013500 near Fort Kent, Maine; the Eagle

Creek watershed upstream of USGS Gage Station 03093000 near Phalanx Station, Ohio;

the Wakatomika Creek watershed upstream of USGS Gage Station 03144000 near

Frazeysburg, Ohio; and the Pond Creek watershed upstream of USGS Gage Station

13




03302000 near Louisville, Kentucky. These watersheds are highlighted in Tables 2.1 and

2.2. Following is a detailed description of each watershed.

2.2.1 Fish River, Maine

The Fish River watershed upstream of USGS Gage Station 01013500 near Fort Kent,
Maine is the largest basin modeled herein with an area of 2,253 square kilometers.
Located near the Canadian border, the climate of this watershed is cool, with an average
temperature of 3 degrees Celsius and an average annual precipitation of 97 centimeters.
The topography is relatively mountainous—the basin ranges in elevation from 157 meters
at its minimum to 604 meters at maximum. Accordingly, 37% of the precipitation falls as

snow (Falcone 2011).

This watershed is classified as “unimpaired” (Fritsch 2012) and is almost entirely
pristine. Forest covers 71% of the watershed, and only 6% total has been developed for
either urban or agricultural purposes. A full 6% of the basin’s surface is open water, and
another 6% is covered by wetlands. The system is characterized by an “upstream series of
natural lakes” (Falcone 2011). A map showing the watershed’s location and land cover

distribution can be seen in Figure 2.1.
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Figure 2.1 Map showing location and land cover distribution of the Fish River watershed
upstream of USGS Gage Station 01013500.
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The daily hydrograph is rolling and cyclical (Figure 2.2), peaking during April or May in
82 out of 83 years, indicating a watershed dominated by snowmelt. A time series of the

annual maximum flow record is shown in Figure 2.3. The AMF series is continuous from
1930 to 2012 (N = 83 years) with a mean ((_3) magnitude of about 245 cubic meters per

second, a standard deviation (Sg) of 75 cubic meters per second, and a skew (Gg) of 0.84.
Table 2.3 provides additional summary statistics, including flow percentiles (Qp) derived
from an LP3 distribution fit to the AMF series, for which a, B, and t denote the shape,

scale and location parameters, respectively.
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Figure 2.2 Sample hydrograph of daily flows at USGS Gage Station 01013500
from 1/1/1990 to 12/31/1992.
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Figure 2.3 Annual maximum flows measured at USGS Gage Station 01013500
from 1930 to 2012.

Table 2.3 Summary statistics of annual maximum flows from 1930 to 2012,
associated LP3 distribution parameters, and relevant flow percentiles at USGS
Gage Station 01013500.

Statistics and Parameters

Flow Percentiles (m®/s)

N 83
Q 244.99
So 74.76
Go 0.84
o 4137
B -0.05
. 7.44

Q0.0l
Q0.02
QO.lO
QO.SO
QO.QO
Q0.98
Q0.99

106.63
118.24
156.32
237.81
343.32
418.12
446.38

No trend or change point was detected in the flood record (Fritsch 2012). Statistical

analyses conducted at the 10% significance level revealed that the standard deviation of
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the AMF series is correlated with AMO, and the average flood magnitude is correlated
with PDO for lead times of 3- and 6-months; the standard deviation of the AMF series is

correlated to both AMO and MEI with a 9-month lead time (Fritsch 2012).

2.2.2 Eagle Creek, Ohio

The Eagle Creek watershed upstream of USGS Gage Station 03093000 near Phalanx
Station, Ohio has an area of 252 square kilometers. This watershed is relatively flat, with
the elevation ranging from 271 to 478 meters. The average annual temperature of the
basin is about 9 degrees Celsius, and the average annual precipitation is 103 centimeters.
Roughly 20% of the precipitation falls as snow (Falcone 2011).

The basin is considered “moderately impaired” (Salvadori 2013) with two dams and a
small amount of water withdrawal. The land cover is mixed, with 48% forested, 32%
agricultural, and about 9% urban (Falcone 2011). A map showing the watershed’s

location and land cover distribution can be seen in Figure 2.4.

A portion of the daily flow hydrograph measured at the watershed outlet is shown in
Figure 2.5. The AMF record, measured continuously from 1938 to 2012, is shown in
Figure 2.6. The mean annual maximum flow is 82 cubic meters per second, the standard
deviation is 33 cubic meters per second, and the skew is 1.70. Summary statistics for the
AMF series, parameters for the fitted LP3 distribution and associated flow percentiles are

given in Table 2.4.
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Figure 2.4 Map showing location and land cover distribution of the Eagle Creek
watershed upstream of USGS Gage Station 03093000.
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No long-term trends or abrupt shifts were detected in the flood record of this watershed.
When considering a 3- or 6-month lead time, the 10-year moving average of the AMF

series correlates with the PDO, MEI and NINO indices at the 10% significance level. In
regards to a 9-month lead time, significant correlations were found between the 10-year
moving average of the AMF series and the AMO, PDO, NAO, MEI, and NINO indices

(Salvadori 2013).
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Figure 2.5 Sample hydrograph of daily flows at USGS Gage Station 03093000
from 1/1/1990 to 12/31/1992.
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Figure 2.6 Annual maximum flows measured at USGS Gage Station 03093000
from 1938 to 2012.

Table 2.4 Summary statistics of annual maximum flows from 1938 to 2012,
associated LP3 distribution parameters, and relevant flow percentiles at USGS

Gage Station 03093000.
Statistics and Parameters Flow Percentiles
N 75 Qo1 27.51
Q 82.48 Qooz 31.63
So 33.15 Qo.10 45.84
Go 1.70 Qoo 78.77
o 23.30 Qo0 123.89
B -0.08 Qoss 156.38
T 6.22 Qo9 168.62
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2.2.3 Wakatomika Creek, Ohio

The Wakatomika Creek watershed upstream of USGS Gage Station 03144000 near
Frazeysburg, Ohio drains 363 square kilometers. The average temperature of the basin is
around 10 degrees Celsius, and the average annual precipitation is 102 centimeters. 18%
of the precipitation falls as snow (Falcone 2011). The elevation ranges from 231 to 377
meters. It is classified as “unimpaired” (Fritsch 2012), although its cover type is mixed,
with 56% being forested, 38% agricultural, and 6% urban (Falcone 2011). A map of the

watershed’s location and land cover is provided in Figure 2.7.

A sample of the daily flow hydrograph can be seen in Figure 2.8. The available
continuous annual maximum flood record, from 1937 to 2012, is pictured in Figure 2.9.
No trends or change points were detected in the flood record. The mean annual flood
magnitude is 143 cubic meters per second, the standard deviation is 88 cubic meters per
second, and the skew is 1.48. Table 2.5 gives summary statistics of the flow record along
with fitted LP3 parameters and relevant flow percentiles. The 10-year moving average of
the AMF series is significantly correlated (10% level) with PDO and MEI indices with a
3-month lead time; the averaged flows are significantly correlated with the PDO, MEI,

and NAO indices with both 6- and 9-month lead times (Fritsch 2012).
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Figure 2.7 Map showing location and land cover distribution of the Wakatomika Creek

watershed upstream of USGS Gage Station 03144000.
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Figure 2.8 Sample hydrograph of daily flows at USGS Gage Station 03144000 from
1/1/1990 to 12/31/1992.
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Figure 2.9 Annual maximum flows measured at USGS Gage Station 03144000
from 1937 to 2012.
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Table 2.5 Summary statistics of annual maximum flows from 1937 to 2012,
associated LP3 distribution parameters, and relevant flow percentiles at USGS

Gage Station 03144000.
Statistics and Parameters Flow Percentiles
N 76 Qo1 31.19
Q 142.96 Qooz 36.50
So 87.96 Qo.10 57.09
Go 1.48 Qo0 120.56
o 8690.20 Qo.90 256.37
B 0.01 Qo.08 405.27
T -49.84 Qo.99 476.67

2.2.4 Pond Creek, Kentucky

The Pond Creek watershed upstream of USGS Gage Station 03302000 near Louisville,
Kentucky has the smallest drainage area at 167 square kilometers. The annual average
temperature is near 13 degrees Celsius, and the annual average precipitation is 117
centimeters. Only 11% of the precipitation falls as snow (Falcone 2011). The minimum

elevation of the basin is 114 meters and the maximum is 272 meters.

Pond Creek watershed is classified as “moderately impaired” (Salvadori 2013), and is the
most developed of the four watersheds, with 7 dams, overwhelming development, and
significant amounts of channel modification. It is 69% urban, 28% forested, and only
about 1% agricultural (Falcone 2011). A map showing the land cover distribution is
provided in Figure 2.10.

25



i
~

Land Cover

Agricultural

- Forest
0 15 3 6 9 12
m w seeess mees Kilometers Open Water
P other
- Urban
Wetlands

*Shrub/Scrub, Grassland/
Herbaceous, or Barren

Figure 2.10 Map showing location and land cover distribution of the Pond Creek
Watershed upstream of USGS Gage Station 03302000.

An example of the daily flow hydrograph for this watershed can be seen in Figure 2.11. A

continuous annual maximum flood record for this site is available from 1945 to 2011, and
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is pictured in Figure 2.12. The magnitude of the mean annual flood is 92 cubic meters per
second, the standard deviation is 40 cubic meters per second, and the skew is 1.03. Table

2.6 summarizes flood record statistics and associated LP3 parameters and percentiles.

The Mann-Kendall test indicated a positive trend in the mean of the AMF series
significant at the 5% level. However, the Pettitt test revealed that a change point occurred
in 1962, with a positive shift in the mean, which likely explains the Mann-Kendall
results. Additionally, no trends were detected in the subseries before and after this change
point. The 10-year moving average of the AMF series also does not exhibit significant

correlation with any of the climatic indices considered (Salvadori 2013).
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Figure 2.11 Sample hydrograph of daily flows at USGS Gage Station 03302000
from 1/1/1997 to 12/31/1999.
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Figure 2.12 Annual maximum flows measured at USGS Gage Station 03302000
from 1945 to 2011.

Table 2.6 Summary statistics of annual maximum flows from 1945 to 2011,
associated LP3 distribution parameters, and relevant flow percentiles at USGS

Gage Station 03302000.
Statistics and Parameters Flow Percentiles
N 67 Qoo 23.81
Q 91.86 Qo2 28.51
So 39.74 Qo.10 45,59
Goq 1.03 Qos0 87.39
o 11.22 Qo.00 144.43
B -0.14 Qoss 183.19
T 5.95 Qo.99 197.09
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2.3 Relevance of Watershed Characteristics

In summary, the case study watersheds chosen for modeling have a wide variability in
terms of their physical characteristics, their flow records, and their correlation to climatic
indices. These variables will be considered in conjunction with the results of modeling in

Chapter 5.
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3. GCMs/Gridded Weather Data

The use of hydrologic modeling to anticipate future flood risk requires forcing based on
some projection of future climate. This chapter gives an overview of the methods used to
project climate, discusses the selection of representative models and scenarios, and

specifies the different ways in which the climate data was altered before application.

3.1 Overview of Projected Climate Data

Global Circulation Models (GCMs) are numerical coupled models that take into account
oceanic, atmospheric, and other variables in order to simulate the overall climate patterns
of the planet (Zorita and VVon Storch 1999). They provide good estimates of climate at a
coarse scale, but are less accurate at finer-scale resolutions (Zorita and VVon Storch 1999).
This limitation must be somehow dealt with in order to model more localized processes,
including hydrologic processes at the watershed scale (Wilby et al. 2004). The data must
be “downscaled”, or translated from a coarse grid of data to a finer grid. There are three
main approaches to downscaling: dynamical downscaling, statistical downscaling (SDS),

and the delta change method.

Dynamical downscaling involves the use of regional climate models (RCMs). These
approaches take boundary conditions from GCM output and use them to force a smaller,
higher resolution climate model. This method is effective but extremely computationally

intensive (Fowler et al. 2007).
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Statistical downscaling links local climate variables and GCM output to create a
statistical relationship used for simulating climate at finer scales. There are various
methods of statistical downscaling in existence, all varying in complexity and efficacy
(Wilby et al. 2004). The SDS approach uses relationships between historical GCM output
and observed local climate, and applies these same relationships to future GCM output in
order to predict future local climate (Wilby et al. 2004). One drawback of SDS is that it
assumes relationships derived between global climatic variables and local climate will
not change under future climate conditions (Wilby et al. 2004). Additionally, the
statistical relationships often simplify the many complex physical processes at work

(Hidalgo et al. 2008).

The delta change method is the most simplistic way of simulating future climate, and
involves shifting the mean of an observed series by the average difference in model
output between the corresponding observed time period and the desired future period for
a specific area (Hamlet and Lettenmaier 1999, Hay et al. 2000, Wilby et al. 2004). The
delta change method is useful when considering many different climate models and
emissions scenarios at once, because it becomes impractical to downscale many sets of
output; thus, the delta change method is more commonly used in impact assessments

(Wilby et al. 2004).
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In the past, the nature of GCM output has been such that while capturing overall changes
in climate well, it produces implausible daily values of precipitation and temperature. In a
phenomenon known as the “drizzle effect”, the GCM has the tendency to spread out the
same amount of precipitation into a number of drizzles rather than one or two larger rain
events (DeFlorio et al. 2013, Maurer et al. 2013). This can be remediated via the delta
change method by simply applying the average monthly changes to an already observed
series, hence the popularity of the delta change method (Hamlet and Lettenmaier 1999,
Graham et al. 2007). The delta change method may be applied to an observed set of data
using GCM output, RCM output, downscaled output, bias-corrected output, etc., as long
as forecasted, hindcasted, and observed data are available. However, assuming the
variability of the climate will remain stationary while the mean shifts, which is
inconsistent with the predictions of climate scientists, is a limitation of the method. Yang
et al. (2010) and Rasmussen et al. (2012) both found that the delta change method was
lacking as far as capturing seasonal variability of precipitation, which certainly has an
impact when considering extreme flow events. However, it is a useful tool for performing

impact assessments of climate change when considering many different scenarios.

When not using the delta change method, further bias correction may still be required
even after statistical or dynamical downscaling and preliminary bias correction of GCM
data. This generally can be done by adjusting forecasts to account for differences between
an observed series of data and a hindcasted series of the same time period. A specific

method for doing this was recently recommended for the GCM data used in this research,
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and is discussed further in the following sections. As previously mentioned, this new

method is applied alongside the delta change method for comparison.

3.2 CMIP3 Climate Data

All climate data used for modeling herein was obtained from the World Climate Research
Programme's (WCRP's) Coupled Model Intercomparison Project phase 3 (CMIP3) multi-
model dataset available online at http://gdo-dcp.uclinl.org/downscaled_cmip_projections/
dcplinterface.html. Among other things, the website provides GCM output that has been
previously bias corrected using a quantile-mapping method (on a monthly timestep) and
downscaled using the method of constructed analogues to a resolution of 1/8 degree
(Brekke 2013). While this method has some limitations as far as reproducing the
variability of precipitation, it has been shown to outperform other methods in regards to
producing plausible stream flow values (Maurer et al. 2010). The “Bias Corrected
Constructed Analogue” (BCCA) dataset was therefore selected for use herein, and
associated climate projections will simply be referred to as CMIP3 data from here on out.
It should be noted that CMIP5 was released during the course of this research; however,

much of the modeling and analysis had already been completed by that point.

The daily data available from CMIP3 include gridded observed data for 1950-1999,
hindcasted data for 1961-1999, and forecasted data for the periods of 2046-2065 and
2081-2100. The models available are cccma_cgem3_1, cnrm_cm3, gfdl_cm2_0,

gfdl_cm2_1, ipsl_cm4, miroc3_2_medres, miub_echo_g, mpi_echam5, and
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mri_cgcm2_3 2a, and have been forced using either the Alb, B2, or B1 emissions
scenario. In addition, multiple runs have been conducted for select model/emissions
scenario combinations, resulting in a total of 53 simulated future datasets. The BCCA

dataset is further described in Maurer et al. (2010).

3.3 Selection of Representative Climate Projections

A set of representative climate projections covering a range of GCM/emissions scenario
combinations were selected to force the hydrologic model for each case study watershed.
Out of the 53 combinations available, only 9 were selected per basin to reduce the
computational burden. To make this selection, CMIP3 data sets for all 53
model/emissions scenario combinations were downloaded for each basin area for the
forecast period of 2046-2065 and hindcast period of 1961-1999; observed data for the
period of 1961-1999 were also obtained. The spatial mean of each data series over a

given watershed was used for selection purposes.

Although the CMIP3 data has been bias corrected, the precipitation data is known to still
exhibit a “dry bias” (Brekke 2013). Thus, an additional correction of the gridded data is
required prior to input to the hydrologic model (discussed further in Section 3.4), and a
correction must be applied to the spatially averaged data so that it can be used for
selection purposes. For each watershed, average monthly differences in precipitation
(mm/day) and temperature (°C) were calculated between the observed and corresponding

hindcast period for each GCM/emissions scenario combination. These differences
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represent “bias correction factors”, multiplicative for precipitation and additive for

temperature, which were then applied to the forecasted future data.

Equation 3.1 shows the method of calculating the bias correction factor for daily
precipitation in month j (PCF;) where {Xj1, Xj2, ..., Xjn} is the set of all historical daily
precipitation data available for month j between 1961 and 1999, X; is the average of all n
historical daily values, {yj1, Yj2. ..., Yjn} is the set of all hindcasted daily precipitation data
available for month j between 1961 and 1999, and y; is the average of all n hindcasted
daily values. Equation 3.2 shows the application of the bias correction factor to a single
day’s forecasted precipitation value in month j. These equations are evaluated separately

for each month of the year (j =1, 2, ...12).

=5
Egn. 3.1 PCF; 5
Eqn- 3.2 Pcorrected(mm) = Pprojected(mm) * PCF}'

While only the precipitation is known to be biased, the temperature was corrected here as
well in the interest of being thorough. Equation 3.3 shows the method of calculating the
bias correction factor for daily temperature in month j (T CF;), where {Xj1, Xj2, ..., Xjn} IS
the set of all historical daily temperature data available for month j between 1961 and
1999, x; is the average of all n historical daily values, {yj1, Yj2, ..., Yjn} is the set of all
hindcasted daily temperature data available for month j between 1961 and 1999, and y; is

the average of all n hindcasted daily values. Equation 3.4 shows the application of the
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bias correction factor to a single day’s forecasted temperature value in month j. These
equations are evaluated separately for both maximum and minimum temperature in each

month of the year (j = 1, 2, ...12).

Eqn- 34 Tcorrected (OC) = Tprojected (OC) + TCF}'

The overall average differences between the observed (1961-1999) and bias corrected
forecast (2046-2065) values of temperature and precipitation for each of the 53
GCM/emissions scenario combinations were plotted (e.g., Figure 3.1) with percent (%)
change in precipitation on the x-axis and absolute change in temperature on the y-axis.
The resulting “cloud” was used to select nine representative combinations for each
watershed, with one nearest to the median value of all 53 combinations, one indicative of
the median of each quadrant associated with warm/wet, warm/dry, cool/wet, and cool/dry
scenarios, and four extreme scenarios. Figures 3.1 — 3.4 show the “cloud” produced for
each watershed with the selected scenarios highlighted in pink. The actual combinations
of GCM, emissions scenario, and run which each pink square represents are indicated in

Tables 3.1 — 3.4.
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Figure 3.1 Absolute change in temperature and percent change in precipitation of 53
climate projections (bias corrected) for the Fish River watershed upstream of USGS Gage
Station 01013500; pink squares denote the 9 representative scenarios.
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Figure 3.2 Absolute change in temperature and percent change in precipitation of 53
climate projections (bias corrected) for the Eagle Creek watershed upstream of USGS
Gage Station 03093000; pink squares denote the 9 representative scenarios.
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Figure 3.3 Absolute change in temperature and percent change in precipitation of 53
climate projections (bias corrected) for the Wakatomika Creek watershed upstream of
USGS Gage Station 03144000; pink squares denote the 9 representative scenarios.
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Figure 3.4 Absolute change in temperature and percent change in precipitation of 53
climate projections (bias corrected) for the Pond Creek watershed upstream of USGS
Gage Station 03302000; pink squares denote the 9 representative scenarios.
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3.4 Climate Data Application

Full sets of gridded data (as opposed to the spatial means used in Section 3.3) were
downloaded for each of the nine representative scenario/model combinations for each of
the four case study watersheds. As noted in Section 3.3, a dry bias exists within the data
and the discrepancy between the observed and hindcasted data require some sort of bias
correction before gridded forecasted data can be used. Two methods were applied herein.
First, akin to the process employed for GCM/emissions scenario selection, the bias
correction factors for precipitation calculated at the basin scale (Equation 3.1) were
applied to the gridded forecasted daily precipitation data for each watershed. This
approach was recently recommended by the CMIP3 archiving team (Brekke 2013). The
differences in temperature data between the observed and hindcasted period were minor
(usually less than 0.25°C), so the bias corrections were not applied to forecasted

temperature data. Figure 3.5 contains a visual representation of this method.

GCM GCM

Hindcasted Forecasted
data (1961 Data (2046 -
- 1999) _ 2065)

Bias correction
is applied to
GCM forecast to
yield forecasted
dataset for
hydrologic
Observed Forecasted modeling

Weather data, suitable
data (1961 - for modeling
1999) (2046 — 2065)

Difference between
the modeled and
observed data over
the historic period
yields the bias

correction

Figure 3.5 Visual representation of bias correction for climate data application.
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Second, the delta change method was applied as described in previous publications
(Hamlet and Lettenmaier 1999, Hay et al. 2000, Graham et al. 2007). In this instance, for
each GCM/emissions scenario combination, the average monthly differences (delta
corrections) between hindcasted data for the period 1980-1999 and forecasted data for the
period 2046-2065 were calculated (multiplicative for precipitation and additive for

temperature), and applied to the observed dataset from 1980 to 1999.

Equation 3.5 shows the method of calculating the delta correction for daily precipitation
in month j (PDC;) where {X1, Xj2, ..., Xjn} is the set of all hindcasted daily data available
for month j between 1980 and 1999, x; is the average of all n hindcasted daily values,
{¥i1, V2, .., Yjn} is the set of all forecasted daily precipitation data available for month j
between 2046 and 2065, and y; is the average of all n forecasted daily values. Equation
3.6 shows the application of the delta correction for a single day’s precipitation value
observed in month j. These equations are evaluated separately for each month of the year

(=12 ..12)

Eqn.35  PDC =4

Xj

Eqn- 3.6 Pcorrected(mm) = Pobserved(mm) * PDC]'

Equation 3.7 shows the method of calculating the delta correction for daily temperature in
month j (TDC;), where {Xj1, X2, ..., Xjn} is the set of all hindcasted daily data available for

month j between 1980 and 1999, ; is the average of all n hindcasted daily values, {yji,
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Yi2, ..., Yjn} Is the set of all forecasted daily temperature data available for month j
between 2046 and 2065, and y; is the average of all n forecasted daily values. Equation
3.8 shows the application of the delta correction for a single day’s temperature value
observed in month j. These equations are evaluated separately for both maximum and

minimum temperature in each month of the year (j = 1, 2, ...12).

Eqn- 3.8 Tcorrected (OC) = Tprojected(oc) + TDCj

Figure 3.6 illustrates the delta change process. Whether the delta corrections should be
calculated based on a longer control period (1961-1999, as is available) was considered:;
however, it was decided it would be more appropriate to simply employ the differences
between the baseline period and the simulated future period. This is because the
corrections are being applied to the 1980-1999 dataset in order to simulate a 2046-2065
dataset; thus, it makes more sense to calculate the corrections based on the differences

between the 1980-1999 and 2045-2065 GCM projections.

It is important to note that the bias correction and delta change methods were applied to
the same representative set of GCM/emissions scenarios selected based on differences
calculated using spatially averaged observed data from 1961 to 1999. This is consistent
with the time period employed with the bias correction method. While it might have been

more appropriate to select separate scenarios for the delta change method, given the
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difference in periods used to apply each method, the scenarios had to be equivalent in

order to compare the two methods as discussed in Chapter 5.

Difference
GCM GCM between the
Hindcasted Forecasted GCM hindcast
data (1980 Data (2046 - and forecast
- 1999) 2069) yields the delta
correction

Delta correction

Forecasted is applied to
C\i\?éi%i? | data, observed data to
data (1980 suitable for yield forecasted
- 1999) modeling dataset for

2046 — 2065 hydrologic
modeling

Figure 3.6 Visual representation of delta change method for climate data application.

It is also important to note that while the bias correction was only applied to precipitation
data, the delta change method was applied to both temperature and precipitation data.
This is due to the nature of the delta change method, as adjusted future series are created
by shifting an observed series. On the contrary, the bias correction method is applied to
an existing (simulated) future series, and thus the temperature does not need to be

adjusted since differences between observed and hindcasted series are negligible anyhow.

Figures 3.7 and 3.8 show the effect of the respective data application methods on monthly
precipitation averages. The solid blue line represents, in each case, the final set of data to

be used in forcing the hydrologic model. The dashed blue line represents the dataset
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which was altered by either the bias or delta corrections in order to create the final
dataset. The dashed and solid pink lines represent the two datasets used to calculate the

needed hias or delta corrections.
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Figure 3.7 Monthly averaged observed, hindcasted, forecasted and bias corrected forecast
precipitation (mm/day) in the Fish River watershed (USGS Gage Station 01013500)
corresponding to climate model cccma_cgema3, emissions scenario alb, and model run 3.
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Figure 3.8 Monthly averaged hindcasted, forecasted, observed and delta changed
precipitation (mm/day) in the Fish River watershed (USGS Gage Station 01013500)
corresponding to climate model cccma_cgema3, emissions scenario alb, and model run 3.

Tables 3.1 — 3.4 summarize, for each watershed, the nine selected combinations of
GCMs, emissions scenarios, and runs, along with the corresponding overall changes in
temperature and precipitation projected by each data application method. For both the
bias correction method and the delta change method, the overall changes reported are
relative to the period of 1961-1999 for consistency in comparison. Figures 3.9 — 3.16
illustrate the differences in the overall change projected by the two methods. In general,
relatively similar changes in temperature are anticipated by the two methods, with a
tendency for the bias corrected data to project mildly greater temperature changes. In
regards to precipitation, an overall trend is not as clear, with the bias corrected data
projecting larger total amounts of precipitation in two of the watersheds (01013500 and

03302000), a tendency for the delta change method to project larger total amounts of
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precipitation, if any, for watershed 03093000, and no discernible pattern for watershed

03144000.

Figures 3.17 — 3.20 show clouds of AT versus AP similar to Figures 3.1 — 3.4, except they
show only the selected representative scenarios, and overlay the projected changes for the
delta change method with those for the bias correction method. The bias correction data
points are shown in blue, and the delta correction points are shown in pink. The median
lines are the same as those utilized in Figures 3.1 — 3.4 based on the bias corrected data
for all 53 GCM/emission scenario combinations. The purpose of Figures 3.17 — 3.20 is to
show the severity of the delta changed scenarios relative to the bias corrected scenarios.
The results of hydrologic modeling (Chapter 5) will examine the two methods on a
scenario-by-scenario basis, and consider the effects of the different scenario severities on

modeled flows.

Table 3.5 contains the average monthly observed temperature and precipitation for the
periods of 1961-1999 and 1980-1999 for each watershed, and Table 3.6 shows standard
deviations for the same periods, corresponding to the time periods used for development
of the bias and delta corrections, respectively. Relatively little difference is evident for
either statistic between the two time periods, and no overarching patterns emerge. This is
important because it suggests that there should be no large difference between the two
data application methods due to the different observed time periods used to

compute/apply them. For additional comparison, monthly averaged projected temperature
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and precipitation for the periods of 1961-1999, 1980-1999, and 2046-2065 are tabulated

in Appendix A.

Table 3.1 Summary of selected GCM/emissions scenario/run combinations, and
associated overall changes in temperature and precipitation projected by each climate
data application method, relative to the baseline period of 1961-1999, for the Fish River
watershed (USGS Gage Station 01013500).

GCM SRES | Run Method AT (°C) | AP (%)
Bias Correction 2.66| 15.01%
alb 3
Delta Change 2.40 9.95%
cccma_cgem3_1
Bias Correction 1.95 9.99%
bl 2
Delta Change 1.58 6.14%
Bias Correction 2.48 7.17%
gfdl_cm2_1 a2 1
Delta Change 2.51 4.63%
Bias Correction 435 10.84%
alb 1
Delta Change 4.18 9.24%
ipsl_cm4
Bias Correction 3.86 4.18%
a2 1
Delta Change 3.69 2.54%
Bias Correction 2.99 4.75%
miroc3_2_medres bl 2
Delta Change 3.03 5.08%
Bias Correction 2.98| 10.29%
miub_echo_g alb 2
Delta Change 2.71 7.39%
Bias Correction 1.93 5.08%
a2 5
Delta Change 1.87 3.45%
mri_cgcm2_3_2a
Bias Correction 1.28 6.60%
bl 1
Delta Change 1.14 8.08%
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Table 3.2 Summary of selected GCM/emissions scenario/run combinations, and
associated overall changes in temperature and precipitation projected by each climate
data application method, relative to the baseline period of 1961-1999, for the Eagle Creek
watershed (USGS Gage Station 03093000).

GCM SRES | Run Method AT (°C) | AP (%)
Bias Correction 3.01 8.79%
a2 2
Delta Change 2.73| 11.36%
cccma_cgem3_1
Bias Correction 2.15 1.11%
bl 2
Delta Change 1.86 3.38%
Bias Correction 242| 13.50%
cnrm_cm3 alb 1
Delta Change 2.22| 14.61%
Bias Correction 2.56 3.55%
gfdl_cm2 a2 1
Delta Change 2.57 7.70%
Bias Correction 4.24 4.38%
ipsl_cm4 alb 1
Delta Change 4.04 4.96%
Bias Correction 3.78| -7.49%
miroc3_2_medres alb 1
Delta Change 3.61| -5.09%
Bias Correction 2.20 8.58%
mpi_echam5 a2 1
Delta Change 2.10 8.20%
Bias Correction 1.70 0.36%
mri_cgcm2_3_2a bl 4
Delta Change 1.59 4.98%
Bias Correction 2.86 1.07%
ipsl_cm4 bl 1
Delta Change 2.66 1.58%
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Table 3.3 Summary of selected GCM/emissions scenario/run combinations, and
associated overall changes in temperature and precipitation projected by each climate
data application method, relative to the baseline period of 1961-1999, for the
Wakatomika Creek watershed (USGS Gage Station 03144000).

GCM SRES | Run Method AT (°C) | AP (%)
Bias Correction 3.06 8.52%

alb 1
Delta Change 2.79| 4.89%
Bias Correction 2.05 8.71%

cccma_cgem3_1 1
Delta Change 1.77 5.13%

bl

Bias Correction 2.15 1.22%

2
Delta Change 1.89| 243%
Bias Correction 248 | 13.65%

cnrm_cm3 alb 1
Delta Change 2.28 | 13.41%
Bias Correction 3.01 1.86%

gfdl_cm2_1 alb 1
Delta Change 3.03| 4.76%
Bias Correction 3.96| -7.08%

miroc3_2_medres | alb 2
Delta Change 4.04| -7.14%
Bias Correction 2.38 5.48%

a2 2
Delta Change 252 | 4.59%%
Bias Correction 140 | 11.04%

mri_cgcm2_3_2a 3
Delta Change 111 7.73%

b1l

Bias Correction 1.67| -0.45%

4
Delta Change 1.60 1.90%

50



Table 3.4 Summary of selected GCM/emissions scenario/run combinations, and
associated overall changes in temperature and precipitation projected by each climate
data application method, relative to the baseline period of 1961-1999, for the Pond Creek
watershed (USGS Gage Station 03302000).

GCM SRES | Run Method AT (°C) | AP (%)
Bias Correction 2.72 8.76%
a2 3
Delta Change 2.67 1.72%
Bias Correction 2.01 1.02%
cccma_cgem3_1 2
Delta Change 1.86 -4.38%
bl
Bias Correction 1.95 9.25%
3
Delta Change 1.90 2.51%
Bias Correction 2.48 6.19%
cnrm_cm3 alb 1
Delta Change 2.23 2.30%
Bias Correction 3.88 5.49%
ipsl_cm4 alb 1
Delta Change 3.75 -1.00%
Bias Correction 3.68 | -12.45%
alb 1
miroc3_2 Delta Change 3.62 | -16.71%
_medres Bias Correction 2.80 0.80%
bl 2
Delta Change 2.84 -5.62%
Bias Correction 1.90 12.58%
a2 1
mri_cgcm? Delta Change 1.82 7.53%
3 2a Bias Correction 1.63 1.03%
bl 4
Delta Change 1.52 -2.40%
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Figure 3.9 Overall changes in temperature projected by each data application method,
relative to the baseline period of 1961-1999, for the nine representative climate scenarios
for the Fish River watershed (USGS Gage Station 01013500).
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Figure 3.10 Overall changes in precipitation projected by each data application method,
relative to the baseline period of 1961-1999, for the nine representative climate scenarios
for the Fish River watershed (USGS Gage Station 01013500).

52



o 450 4
&
@ 400 -
o 350 -
a
@ 3.00 -
8 250 -
£ 200 -
F - -
'T‘; 1.50 - —8—Bias Correction
£ 1.00 - —e— Delta Change Method
(@)
. 050 -+
la 000 T T T T T T T T 1
N 5 o 0 O . o 0 0
'Zf;o Qbe’o Qféb c,'zj"\' e,‘;b & Q,‘;b > N
N I\ I\ & N g I\ & &
SRR - R SR AN M
2 N o ad Vv > N hd 'y
Y o & LS S o @ L
2 & o) o N Y & & ¢
&g ¢ & & N S & P
o 27 L & 24/ N
LG & & (50 o7
&7 & O
&

Figure 3.11 Overall changes in temperature projected by each data application method,
relative to the baseline period of 1961-1999, for the nine representative climate scenarios
for the Eagle Creek watershed (USGS Gage Station 03093000).
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Figure 3.12 Overall changes in precipitation projected by each data application method,
relative to the baseline period of 1961-1999, for the nine representative climate scenarios
for the Eagle Creek watershed (USGS Gage Station 03093000).
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Figure 3.13 Overall changes in temperature projected by each data application method,
relative to the baseline period of 1961-1999, for all selected GCM/emissions scenario/run
combinations, for the Wakatomika Creek watershed (USGS Gage Station 03144000).
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Figure 3.14 Overall changes in precipitation projected by each data application method,
relative to the baseline period of 1961-1999, for all selected GCM/emissions scenario/run
combinations, for the Wakatomika Creek watershed (USGS Gage Station 03144000).
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Figure 3.15 Overall changes in temperature projected by each data application method,
relative to the baseline period of 1961-1999, for all selected GCM/emissions scenario/run
combinations, for the Pond Creek watershed (USGS Gage Station 03302000).

o 0.15
I
@ 010 -
8 0.05 -
a
0.00 -
8
@ 005 -
=
< 010 -
o —8—DBias Correction
a‘e‘ -0.15 -
- —&—Delta Change Method
% -0.20 T T T T T T T T 1
\") N N s 0 0 N > v
» & & SO S A
& & &N L & A
¢ : B > : o o
Sy v Lo S % % 4
o &’ ,,)'} A% < d N N A2
&L % & &L L
& W N N < < ns
& < & < (,Q? (?0
Vv 8’}/ é(\’b/ % @"V SO
08’/ . {\0 RY O (55, <.."‘§ &7
&8

Figure 3.16 Overall changes in precipitation projected by each data application method,
relative to the baseline period of 1961-1999, for all selected GCM/emissions scenario/run
combinations, for the Pond Creek watershed (USGS Gage Station 03302000).
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Figure 3.17 Absolute change in temperature and percent change in precipitation for both
bias corrected and delta changed data of 9 representative climate projections for the Fish
River watershed upstream of USGS Gage Station 01013500.
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Figure 3.18 Absolute change in temperature and percent change in precipitation for both
bias corrected and delta changed data of 9 representative climate projections for the Eagle
Creek watershed upstream of USGS Gage Station 03093000.
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Figure 3.19 Absolute change in temperature and percent change in precipitation for both
bias corrected and delta changed data of 9 representative climate projections for the
Wakatomika Creek watershed upstream of USGS Gage Station 03144000.

15% - | |
L] |
10% - ! !
__________ Y _
® L 1
5% | - - -
| |
L I ]
0% mmmmmmm 2o d
S T I ®
o ¢ o! 1 ® Bias
<D 5% - I b Correction
| |
. | |
-10% - | | ® Delta Change
| | ® Method
15% - ! !
| | o
| |
-20% . ! L .
0 1 2 3 4
AT (°C)

Figure 3.20 Absolute change in temperature and percent change in precipitation for both
bias corrected and delta changed data of 9 representative climate projections for the Pond
Creek watershed upstream of USGS Gage Station 03302000.
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Table 3.5 Means of observed daily temperature (°C) and precipitation (mm) calculated
for each month and each watershed over the periods of 1961-1999 and 1980-1999.

01013500 03093000 03144000 03302000
T P T P T P T P
-13.85 218| -395 189 -362 206| 036 258
-12.44 174 | -255 177 | -189 199 | 267 294

-561 193 | 276 243 3.71 268| 8.05 3.83
197 216 | 887 284 950 3.04| 13.64 3.46
943 2772|1467 286| 1514 3.29| 18.68 3.86

1514 2811|1949 318| 1999 3392321 331

1773 3301|2175 323| 2210 3.60| 2535 3.54

16.37 3262086 2.73| 2116 2.95| 2452 288

Observed (1961 - 1999)

1134 3121714 3.02| 1743 255 20.83 2.62

531 2775|1102 229| 11.05 200 | 1445 231
-1.58 279 | 509 275 516 270 | 843 3.04
976 243| -081 233 -060 229, 3.01 314

-1413 233 | -337 192| -293 212| 099 252
-1225 166 | -1.72 181 | -102 209| 337 3.01
-591 186 | 260 236 351 250| 7.87 344
240 215| 899 286 951 2922|1335 3.05
9.71 2777|1468 297 | 1515 354 18.68 4.09
1488 2941|1947 336| 20.04 3.69|23.30 3.42
17.69 3.25| 2207 3.40| 2245 3.68| 2579 3.19
16.58 3.22|21.02 278| 2133 2.82|2480 259
1139 3.01|1701 310| 1731 2312083 218
505 2721|1082 240| 1091 207 | 1446 235
-1.65 279 | 505 296 519 291| 852 3.06
-958 217 -060 232| -035 232| 3.02 311

Observed (1980 - 1999)

O zZ2 0 »w » « « £ » £ M «|lO Z2 0 »nw » o o I » Z T «
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Table 3.6 Standard deviations of observed daily temperature (°C) and precipitation (mm)
calculated for each month/watershed over the periods of 1961-1999 and 1980-1999.

01013500 03093000 03144000 03302000
T P T P T P T P
971 379| 795 3.24| 836 3.82| 845 568

10.05 323| 811 3.06| 835 3.88| 850 6.71
932 345| 842 3.96| 859 4.72| 857 854
727 362| 853 434| 865 4.96| 843 6.84
836 441| 825 443| 833 512| 764 761
804 417| 764 512| 764 575| 687 585
745 493| 710 561| 717 592| 644 7.03
759 535| 708 496| 731 529| 669 572

Observed (1961 - 1999)

775 563| 7.65 573| 812 542| 759 6.44
708 497| 773 405| 851 412| 822 590
6.77 463| 702 465| 766 473 | 780 578
864 426| 725 379 770 413| 790 6.54
976 416| 768 337| 810 4.09| 802 579
10.14 311| 784 295| 814 392| 850 7.04
946 348 | 852 391| 861 416| 858 7.84
726 343 | 835 437| 859 488 | 841 566

834 442| 806 446| 814 537 | 755 754
8.00 447| 754 556 | 750 6.43| 6.85 6.06
740 485| 696 6.06| 697 6.21| 640 6.86
759 560| 696 529| 721 556| 6.76 522
769 533| 749 558 | 805 483 7.78 5.07
694 474 | 747 418 | 835 432 818 597
6.68 467| 690 514 759 501 779 571
873 379| 737 369| 781 430| 808 6.58

Observed (1980 - 1999)
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4. Hydrologic Modeling with ArcSWAT

The Soil and Water Assessment Tool (SWAT) (Arnold et al. 1998, Srinivasan et al.
1998) is the hydrologic model employed in this study. Now available as an interface with
ArcGIS called ArcSWAT, it allows hydrologic models to be built quickly and easily.
This chapter provides an overview of the SWAT model, reviews its use in hydrologic
modeling, and presents the specific methodology applied to the case study watersheds

investigated herein.

4.1 Model Overview and Background

SWAT is a physically-based hydrologic model that uses spatial and climatic data to
model runoff (Arnold et al. 1998). Basic required inputs include land cover, elevation,
slope, and soil characteristics. The model analyzes the spatial inputs, and divides the
watershed accordingly into “hydrologic response units” (or HRUS) that are assumed to
have a homogenous hydrologic response. A time series of temperature and precipitation

data can either be provided by the user or generated by SWAT.

Within each HRU, a water balance equation representing the land phase of the hydrologic
cycle (Equation 4.1) is used on a daily time step, and accounts for initial and final soil
water contents (SW, and SW;, respectively), precipitation (Rqay), surface runoff (Qsur),

evapotranspiration (E,), percolation (Wseep), and groundwater return flow or base flow
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(Qqw) (Neitsch et al. 2009). Surface runoff is calculated using the SCS curve number
equation (USDA-SCS, 1972). SWAT calculates potential evapotranspiration using the
users’ choice of method; the Penman-Monteith method is the default and was maintained
for this research. Percolation is calculated within each soil layer, and occurs if the soil’s
water content on a given day exceeds the soil’s water content at field capacity, the
underlying layer is not saturated, and the soil is not frozen. Groundwater return flow, or

base flow, occurs if water storage in the shallow aquifer exceeds a specified threshold.

Eqn 4.1 SWt = SWO + Zf:l(Rday - qurf - Ea — Wseep — ng)

The resulting flow from each HRU is routed through the stream network of the watershed
to the outlet using one of two routing methods; the variable storage routing method or the
Muskingum method. The default method of variable storage routing was chosen here.
Manning’s Equation is used to define flow rate and velocity (Arnold et al. 1998). SWAT
also allows the user to calibrate or specify hundreds of other variables, such as

groundwater flow characteristics and snowmelt patterns, in order to fine-tune the model.

SWAT output from calibrated models has been shown to compare reasonably well to
gaged streamflows in the United States (e.g. Srinivasan et al. 1998, Takle et al. 2005),
and it has been used numerous times to simulate flow under climate change conditions
(e.g. Hanratty and Stefan 1998, Stone et al. 2003, Takle et al. 2005b, Zhang et al. 2007,

Ficklin et al. 2009, Githui et al. 2009). However, most studies considered average
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streamflow or water yield on a monthly or yearly time scale, while the interest of the
research herein is annual maximum instantaneous flows. As mentioned in Chapter 1,
studies using other modeling software have also been carried out, but again, the flows
simulated and considered were annual maximum daily flows as opposed to instantaneous
peak flows (Loukas et al. 2002, Prudhomme et al. 2002, Dankers et al. 2007). Simulating
AMF series with SWAT is relatively new, as is simulating instantaneous peak flows in

general, reiterating the need for this research.

One general limitation of SWAT is its ability to model groundwater flow, which may be
overcome by pairing it with groundwater models such as MODFLOW (Tuppad et al.
2011), but it was determined that since the main interest of this research was
instantaneous peak flows which are largely influenced by runoff rather than groundwater,

this extra model coupling was not necessary.

4.2 Acquisition and Manipulation of Spatial Data

Watershed boundaries were extracted from the GAGES |1 (Falcone 2011) watershed
boundary dataset. Using ArcGIS, these watershed boundaries were then buffered by one
kilometer, and used to clip all spatial data. Spatial data needed to characterize watershed
properties include soil type, elevation, and land cover parameters. Statewide Gridded Soil
Survey Geographic (gSSURGO) databases were obtained from the NRCS Geospatial
Data Gateway. Digital Elevation Models (DEMs) from the National Elevation Dataset
(NED) (Gesch 2002, 2007) with a resolution of 1/3 ArcSecond (approximately 10
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meters) were obtained from the National Map Viewer. NLCD layers from 1992
(Vogelmann et al. 2001) in a 30 meter ArcGrid format were also downloaded using the
National Map Viewer, and subsequently converted to shapefiles for input to ArcSWAT.
The 1992 NLCD dataset was used to model all watersheds, and calibration periods
corresponded to this timeframe. Land cover layers are shown on the maps in Section 2.2,

and Appendix B contains figures of DEMs and soil layers used for each watershed.

4.3 Model Building

ArcSWAT has the capability to delineate a watershed and define streamlines based on the
input DEM and a specified pour point (e.g. gage location), or the user may specify the
watershed boundary and streamlines themselves. Watershed boundaries available from
the GAGES Il dataset (Falcone 2011) were overlaid with ArcSWAT-delineated
watershed boundaries, and no significant difference was apparent. Computational
problems are minimized when ArcSWAT delineates watersheds, so In this case,
ArcSWAT was allowed to delineate and define the watershed and its main flow conduits.
Soil and land cover were reclassified using existing SWAT databases that include
information on NLCD codes and NRCS Soil Survey codes. Slopes derived based on the
10 m DEM were divided into two subclasses: “mild” (1-10% slopes) and “sloped” (10%
slopes and above). This division is considered reasonable based on previous research
which demonstrates that model accuracy does not increase proportionally with the

number of slope classes (Yacoub and Foguet 2012).
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SWAT uses soil, slope, and land cover to divide a watershed into hydrologic response
units (or HRUSs), each of which has a relatively homogeneous response to runoff. A
watershed may be modeled as a single unit using a lumped approach, or multiple HRUs
can be employed to provide a more accurate representation of the watershed’s response.
In the latter case, overland and subsurface flows are calculated within each HRU
separately, and then the program uses the variable storage method and Manning’s
Equation to route the flow through the main channel. If multiple HRUs are specified, the
user may also specify thresholds for land cover, soil and slope at which very minimal
percentages are eliminated; this may be necessary in large watersheds to avoid excessive
computation time. Multiple HRUs per subbasin were allowed in the applications herein,
and thresholds were all set at 0, meaning no minimal soils, slopes or land cover types

were eliminated, in order to obtain maximum possible accuracy.

4.4 Calibration

Based on the availability of continuous daily data for the case study watersheds, a
calibration period of 1987 to 1995 (with 1987 and 1988 serving as warm-up years) was
employed, and the model was validated for the period of 1996-1999 (following a warm-
up period of 1980-1995). Watershed 03302000 was the exception as fewer years of
continuous data were available; therefore, it was calibrated using the period of 1996-1999
(with 1996 as a warm-up year) and validated using the period of 1990-1992 (following
warm-up from 1980 to 1989). The selected time periods are consistent with the use of the

1992 NLCD dataset. For each watershed, gridded observed climate data for the
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calibration and validation periods was downloaded from the CMIP3 dataset and imported
into ArcSWAT. Modeled daily flows at the watershed outlet were compared against

observed daily data obtained for the relevant USGS gage station (USGS 2012).

Calibration was performed using the SWAT Calibration and Uncertainty Procedures
(SWAT-CUP) autocalibration software available from Neprash Technology. The
Sequential Uncertainty Fitting Version 2 (SUFI-2) algorithm was chosen based on results
provided by Yang et al. (2008) which demonstrate that SUFI-2 is able to reach the same
level of calibration in fewer simulations than the other two algorithms available in
SWAT-CUP — Generalized Likelihood Uncertainty Estimation (GLUE) and the
Parameter Solution (ParaSol) program. The Nash-Sutcliffe model efficiency (NSE)
coefficient was chosen as the objective function for calibration based on widespread use
in other applications of SWAT (e.g. Jha et al. 2004, Zhang et al. 2007, Yang et al. 2008,

Ficklin et al. 2009).

Ten core parameters were calibrated in all watersheds: runoff curve number, alpha
baseflow factor, groundwater delay, soil hydraulic conductivity, soil available water
content, soil evaporation compensation factor, Manning’s n in the main channel, soil
hydraulic conductivity in the main channel, threshold water level in shallow aquifer for
base flow, and a groundwater revap coefficient. These parameters were chosen because
of their basic importance in determining runoff. Watershed 01013500 was determined to

have an extremely snowmelt dominated flow pattern, so snow parameters were also
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calibrated for this watershed. Complete lists and descriptions of calibrated parameters,
and their value employed for modeling herein, are provided for each watershed in
Appendix C. SUFI-2 works by slowly narrowing down the range of uncertainty on each
of the modeled parameters (Abbaspour et al. 2007). The models were calibrated until the
range of uncertainty on the parameters was relatively small as compared to the overall

range of the parameter (less than 5% in most cases).

There is of course a limit to the ability of model calibration to capture the true physical
processes at work in the watersheds (Beven and Smith 2014). SWAT-CUP does not seek
to use the most accurate parameter values, but rather those that maximize the objective
function. However, physical accuracy as far as is possible was certainly the aim when
calibrating. There are absolute bounds on the parameters which are based in reality, and
these are listed along with the calibration values in Appendix C. Additionally, parameters
which are spatially variable (runoff curve number, soil hydraulic conductivity, and soil
available water content) were first determined using the spatial inputs to the model (soil
and land cover layers), and then calibrated by way of a multiplier, which could be applied

to values across the watershed among the various HRUs while maintaining variability.

Goodness-of-fit measures for each of the four watersheds (NSE and R?) over both the
calibration and validation periods are reported in Table 4.1, and hydrographs for the
modeled and observed data over the validation periods are shown in Figures 4.1 — 4.4,

The models could be reasonably calibrated, but there were some issues matching
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modeled peak flows with observed. Obviously the peak flows are the focus of the

research, so some sort of correction to account for model bias was required. This was

done in the form of quantile mapping, and is further discussed in Section 4.5.

Table 4.1 Goodness-of-fit measures for the calibration of four modeled watersheds.

Watershed Calibration Validation
NSE R? NSE R?
01013500 0.688 0.712 0.756 0.790
03093000 0.423 0.442 0.454 0.499
03144000 0.561 0.567 0.640 0.657
03302000 0.395 0.435 0.399 0.402

=} Observed
= ()} Modeled

1/1/1996

1/1/1997

T
1/1/1998
Date

1/1/1999 1/1/2000

Figure 4.1 Observed and modeled daily flows over the validation period 1/1/1996 -
12/31/1999 for the Fish River watershed (USGS Gage Station 01013500).
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Figure 4.2 Observed and modeled daily flows over the validation period 1/1/1996 -
12/31/1999 for the Eagle Creek watershed (USGS Gage Station 03093000).
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Figure 4.3 Observed and modeled daily flows over the validation period 1/1/1996 -
12/31/1999 for the Wakatomika Creek watershed (USGS Gage Station 03144000).

68




140 -+

120 -

=} Observed

100 +
= ()} Modeled

10/1/1990 4/1/1991 10/1/1991 3/31/1992 9/30/1992
Date

Figure 4.4 Observed and modeled daily flows over the validation period 10/1/1990 -
9/30/1992 for the Pond Creek watershed (USGS Gage Station 03302000).

4.5 Projection of Flood Series

Projected and bias-corrected climate data (prepared as discussed in Chapter 3) for the
period of 2046-2065 was imported into the calibrated models in order to simulate future
flow series under each of the nine representative future GCM/emissions scenario
combinations. For each combination, the SWAT model was forced using climate data
adjusted by both the bias-correction and delta change methods, thereby resulting in 18
simulations for each watershed. The 2046 climate data was duplicated in each case in

order to provide the model a warm-up year.

Model output includes average daily flow; these values were converted to instantaneous

peak flows using a procedure described by Fill and Steiner (2003). This procedure takes a
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3-day series of daily flow values and uses a simple statistical conversion to calculate the
peak instantaneous flow for the second day. Fill and Steiner (2003) clearly demonstrated
this method to be an improvement upon anything else in the literature, and therefore is

reasonable to use herein.

As noted above, the calibrated SWAT models do not adequately capture peak daily
flows, and thereby, will not yield good estimates of instantaneous peak flows. Therefore,
a form of quantile mapping was used to further correct model output and account for
model bias. The purpose of quantile mapping is to find a transformation such that after
this transformation, the distribution of a modeled variable (X.») matches the distribution

of an observed variable (X,). The basic form of this transformation is given by:

Eqn. 4.2 Xy = F1(En(Xm))

where F, is the cumulative distribution function (CDF) of X, and F-1 is the inverse CDF
corresponding to X, (Gudmundsson et al. 2012).

Quantile map transformations were calculated based on the differences between the log-

Pearson type 3 (LP3) distributions fit to the observed AMF series from 1980 to 1999 and
the modeled AMF series produced using observed gridded climate data corresponding to
the same period. The LP3 distributions were fit to the data using the Method of Moments
in log space, and thus differences between quantiles of the associated Pearson Type 3

(log space) distributions provide the necessary transformation. An empirical form of
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quantile mapping was used, which means that a transformation was calculated at each
fitted percentile of the AMF distributions, represented by a plotting position (P;)

calculated using Blom’s formula:

Eqn.43  Pi=(i-2)/(N+7)

where i is the rank of an observation in a set of N total observations (Blom 1958). Here N

= 20 years given the time period of 1980-1999.

The resulting transformations were then applied to the logs of the modeled AMF series
produced using projected climate data (2046-2065), assuming that the model bias for the
future period is equivalent to that of 1980-1999. The LP3 distribution fit to the
transformed future series was the final output used for impact analysis and comparison to
the LP3 distribution fit to the observed data in the historic period. Figures 4.5 — 4.8 show
the different distributions produced for the modeled and observed AMF series over the

historic period and illustrate the need for a quantile mapping correction procedure.
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Figure 4.5 LP3 distributions (P3 in log space) fit to observed and modeled AMF
series over the period of 1980-1999 for the Fish River watershed (USGS Gage
Station 01013500).
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Figure 4.6 LP3 distributions (P3 in log space) fit to observed and modeled AMF
series over the period of 1980-1999 for the Eagle Creek watershed (USGS Gage
Station 03093000).
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Figure 4.7 LP3 distributions (P3 in log space) fit to observed and modeled AMF
series over the period of 1980-1999 for the Wakatomika Creek watershed (USGS

Gage Station 03144000).
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Figure 4.8 LP3 distributions (P3 in log space) fit to observed and modeled AMF
series over the period of 1980-1999 for the Pond Creek watershed (USGS Gage

Station 03302000).
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5. Results of Hydrologic Modeling

The first four sections of this chapter provide detailed results of the application of the
calibrated SWAT models with projected climate data to estimate future flood risk in each
of the four case study watersheds. Future flood risk associated with each representative
future climate scenario is estimated based on a LP3 distribution fit to the projected AMF
series following adjustment via quantile mapping as discussed in Chapter 4. Differences
between flood risk estimates obtained using the two data application methods (bias
correction versus delta change) are discussed for each watershed individually, and then
general observations on patterns and trends are made in the final section of the chapter.
Where possible, the estimated future flood risk is contrasted with anticipated watershed

response given physical watershed parameters.

5.1 USGS Gage 01013500

Summary statistics for the observed (1980-1999) and projected (2046-2065) AMF series
for the Fish River watershed are reported in Table 5.1 for each of the nine representative
future climate scenarios; selected flow percentiles of the corresponding LP3 distributions
are shown in Table 5.2. The latter results for the bias correction and delta change
methods are visually displayed across the range of percentiles considered in Figures 5.1

and 5.2, respectively.
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Table 5.1 Summary statistics of observed and modeled AMF series for the Fish River
watershed (USGS Gage Station 01013500) and associated changes in temperature and
precipitation projected under nine representative future scenarios.

GCM SRES Run (fg) (ﬁ /ﬁ) (cgs) (ci?s) Go
Modeled (2046-2065) with Bias Correction
ipsl_cm4 a2 1 3.9 4.2 200.1 41.2 0.4
miroc3_2_medres bl 2 3.0 4.7 2324 288 05
mri_cgcm2_3 2a a2 5 1.9 5.1 2214 355 0.1
mri_cgcm2_3 2a bl 1 13 6.6 254.4 200 -04
gfdl_cm2_1 a2 1 2.5 7.2 2456 444 0.1
cccma_cgem3_2 bl 2 1.9 10.0 235.7 586 -0.1
miub_echo g alb 2 3.0 10.3 2649 618 05
ipsl_cm4 alb 1 4.4 10.8 1945 342 -07
cccma_cgem3_1 alb 3 2.7 15.0 2941 403 -1.3
Modeled (2046-2065) with Delta Change
ipsl_cm4 a2 1 3.7 25 170.3 398 0.9
miroc3_2_medres bl 2 3.0 5.1 183.1 509 14
mri_cgcm2_3_2a a2 5 19 3.5 202.2 549 1.6
mri_cgcm2_3_2a bl 1 1.1 81| 2662 740 14
gfdl_cm2_1 a2 1 2.5 4.6 196.6 476 1.1
cccma_cgem3_2 bl 2 1.6 6.1 2216 558 1.0
miub_echo_g alb 2 2.7 74 2145 555 0.8
ipsl_cm4 alb 1 4.2 9.2 178.0 44.6 1.0
cccma_cgem3_1 alb 3 24 10.0 223.0 577 0.6

Observed (1980-1999): 2357 66.2 0.7
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Table 5.2 Flow percentiles (cms) of LP3 distributions fit to observed AMF series for the
Fish River watershed (USGS Gage Station 01013500) and modeled AMF series for the
nine representative future climate scenarios each applied using two methods.

GCM SRES Run Q0.0l QO.lO QO.SO QO.90 Q0.99
Modeled (2046-2065) with Bias Correction
ipsl_cm4 a2 1 119.5 150.2 196.8 255.0 3124
miroc3_2_medres bl 2 175.0 197.4 230.3 270.3 309.6
mri_cgcm2_3 2a a2 5 147.9 177.3 219.4 268.6 314.3
mri_cgcm2_3 2a bl 1 202.2 227.8 255.9 279.0 293.6
gfdl_cm2_1 a2 1 146.0 188.7 245.5 303.2 347.5
cccma_cgem3_2 bl 2 115.9 161.9 232.1 315.8 3914
miub_echo g alb 2 147.3 190.7 259.1 347.7 438.1
ipsl_cm4 alb 1 100.5 147.1 199.9 234.4 247.3
cccma_cgem3_1  alb 3 167.5 237.7 304.8 335.2 341.0
Modeled (2046-2065) with Delta Change
ipsl_cm4 a2 1 112.6 128.5 161.9 222.7 310.4
miroc3_2_medres bl 2 123.2 135.5 169.5 246.9 382.7
mri_cgcm2_3 2a a2 5 138.7 151.4 187.4 270.5 416.6
mri_cgcm2_3 2a bl 1 164.5 1914 249.9 361.3 530.6
gfdl_cm2_1 a2 1 133.7 1489 1852 2583  373.0
cccma_cgem3 2 bl 2 144.4 164.4 209.0 294.6 424.5
miub_echo_g alb 2 129.3 154.6 203.9 288.3 404.0
ipsl_cm4 alb 1 107.9 129.4 170.0 237.0 325.7
cccma_cgem3_ 1 alb 3 128.8 158.5 213.1 300.9 413.8
Observed (1980-1999):  124.2  160.7 2255 3247 4459
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Figure 5.1 LP3 distributions (log space) produced using projected bias corrected climate
data overlaid with the LP3 distribution fit to observed AMF for the Fish River watershed
(USGS Gage Station 01013500).
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Figure 5.2 LP3 distributions (log space) produced using delta changed climate data
overlaid with the LP3 distribution fit to observed AMF for the Fish River watershed
(USGS Gage Station 01013500).
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For this watershed, the bias correction method generally (in 8 out of 9 scenarios)
produces an AMF with a higher mean than that of the delta change method. Further, the
means of the AMF produced using the delta change method are generally (in 8 out of 9
scenarios) lower than that observed over the historic period, whereas only half (5 out of
9) of the means produced using the bias correction method are lower than the mean of the

observed peak flows.

For both climate data methods, a positive correlation is apparent between overall change
in precipitation and mean peak flow. On the contrary, temperature appears to have a
negative correlation with mean peak flow. This is particularly evident in scenario
ipsl_cm4.1.alb. While having a relatively large increase in precipitation, this scenario
also exhibits the largest increase in temperature, and produces much lower flows than
scenarios with comparable changes in precipitation, but smaller changes in temperature.
It makes sense for this watershed to be sensitive to temperature, as it is dominated by
snowmelt and is also the most vegetated, which perhaps increases the amount of
evapotranspiration. Increased temperatures could cause reduced snowpack in winter and

increased evapotranspiration in the summer, which would both lower flows.

Overall, both climate data application methods project flood distributions with reduced
variability compared to that observed over the historic period. However, in general the
standard deviation produced using the delta change method is greater than that produced

using bias correction. Further, the skews of the modeled AMF produced using the delta
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change are more consistent with the historical value than those of the AMF series
produced using the bias correction, suggesting that the delta change method produces

more realistic future scenarios.

Across the board, the bias correction method produces distributions with higher flows at
the 50" percentile as opposed to those produced with the delta change method, with
similar results at the 90" percentile in all but 3 scenarios. However, the delta change
method produces higher values at the 99™ percentile in all but 2 scenarios. There seems to
be a tendency for the bias correction method to produce distributions with greater flow
values than the delta change method at the lower percentiles, but for the distributions to
“cross” somewhere between the 50" and 99™ percentiles. Relative to the distribution for
the observed AMF, 6 distributions produced with the bias corrected climate data start
with higher flow values than the observed at lower percentiles and then cross to lower
values than observed at higher percentiles. On the contrary, 8 out of 9 distributions
produced by the delta change method give lower flow values than observed at most

percentiles.

While it is difficult to discern a trend in flow percentiles based on changes in
precipitation, it is interesting to note that the mri_cgcm?2_3 2a.1.b1 scenario produces the
highest flood risk and also has the smallest increase in temperature when considering
both the bias correction and delta change methods, while the ipsl_cm4 scenarios have the

greatest increase in temperature and produce the lowest flood risk. It would seem that
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overall change in precipitation does impact mean peak flow for this watershed, but that
temperature is more of an influence when considering peak flow percentiles. This

phenomenon may be attributable to the snowmelt dominated nature of the watershed.

Figures 5.3 — 5.5 show a comparison of the fitted LP3 distributions for the observed AMF
and the modeled AMF obtained with the two climate data application methods for the
median, driest, and wettest climate scenarios considered, respectively, with respect to
projected changes in precipitation. These three sets of distributions follow the general
pattern observed for the watershed; the bias correction method produces greater flows
than the delta change method for the bulk of the distributions, except for extremes in the
upper tails. The distribution produced for the ccma_cgcm3_1.3.alb (wettest) scenario
when using the bias correction method (Figure 5.5) exhibits a nearly asymptotic approach
to an upper bound, which is uncharacteristic and possibly introduced by either the bias

corrected climate data or the quantile mapping procedure.
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Figure 5.3 LP3 distributions (log space) of observed (1980-1999) and modeled (2046-
2065) AMF series using two different climate data methods and the median future
climate scenario (gfdl_cm2.1.a2) for the Fish River Watershed (USGS Gage Station
01013500).
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Figure 5.4 LP3 distributions (log space) of observed (1980-1999) and modeled (2046-
2065) AMF series using the two different climate data methods and the driest future
climate scenario (ipsl_cm4.1.a2) for the Fish River Watershed (USGS Gage Station
01013500).
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Figure 5.5 LP3 distributions (log space) of observed (1980-1999) and modeled (2046-
2065) AMF series using two different climate data methods and the wettest future climate

scenario (cccma_cgem3_1.3.alb) for the Fish River Watershed (USGS Gage Station
01013500).

In general, the majority of modeling results point towards reduced flood risk in the future,
and even more so when the delta change method is used. Changes in temperature are
strong enough to outweigh the influence of changes in precipitation in some scenarios.
These outcomes are reasonable for this watershed, given that for this watershed, yearly
peak flows are highly dependent on snowmelt. Warmer future temperatures could

decrease snow accumulation during the winter and therefore decrease flow magnitudes.

Regarding the differences between the distributions produced by the bias correction and
delta change methods, this watershed is anomalous in that the bias correction method
produces greater flow magnitudes in general, while the delta change method consistently
produces greater flow magnitudes in the other three watersheds. However, the delta
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change method still clearly produces a more variable range of high flows, which is

consistent with results from the other three watersheds.

5.2 USGS Gage 03093000

Summary statistics for the observed (1980-1999) and projected (2046-2065) AMF series
for the Eagle Creek watershed are reported in Table 5.3 for each of the nine
representative future climate scenarios. In every case, the mean of the AMF series
produced using the delta change method is greater than that obtained using the bias
correction method for the same scenario. In addition, the majority of the means produced
by the bias correction method are lower than the mean of the observed AMF series, while
the means produced by the delta change method are generally larger than the observed
value. As was observed for the previous watershed, increases in precipitation tend to
result in larger means. Also, increased temperature significantly decreases mean peak
flow when considering the ipsl_cm4.1.alb scenario, but only when using the bias

correction data application method.
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Table 5.3 Summary statistics of observed and modeled AMF series for the Eagle Creek
watershed (USGS Gage Station 03093000) and associated changes in temperature and
precipitation projected under nine representative future scenarios.

GCM SRES Run (ég) (ﬁ/lo)) (cgqs) (csrﬁs) Go
Modeled (2046-2065) with Bias Correction
miroc3_2_medres alb 1 3.8 -7.49 59.0 18.4 1.4
mri_cgcm2_ 3 2a bl 4 1.7 0.36 64.0 18.7 0.2
ipsl_cm4 bl 1 2.9 1.07 62.7 22.4 0.1
cccma_cgem3_1 b1l 2 2.1 111 70.3 21.9 -0.1
gfdl_cm2 a2 1 2.6 3.55 77.3 39.7 1.4
ipsl_cm4 alb 1 4.2 4.38 67.8 19.0 -0.4
mpi_echam5 a2 1 2.2 8.58 76.1 28.0 0.3
cccma_cgem3_1 a2 2 3.0 8.79 121.8 162.9 4.1
cnrm_cm3 alb 1 2.4 13.50 77.1 27.8 0.2
Modeled (2046-2065) with Delta Change
miroc3_2_medres alb 1 3.6 -5.09 79.4 41.0 1.3
mri_cgcm2 3 2a bl 4 1.6 4.98 90.1 23.7 -0.4
ipsl_cm4 bl 1 2.7 1.58 83.6 38.3 1.9
cccma_cgem3_1 bl 2 19 3.38 84.9 30.9 0.8
gfdl_cm2 a2 1 2.6 7.70 89.6 27.6 0.0
ipsl_cm4 alb 1 4.0 4.96 93.0 42.7 1.2
mpi_echam5 a2 1 2.1 8.20 93.7 32.7 0.5
cccma_cgem3_1 a2 2 2.7 11.36 123.1 90.8 2.9
cnrm_cm3 alb 1 2.2 14.61 101.6 31.4 -0.1
Observed (1980-1999): 88.6 26.5 0.0
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In regards to the variability of peak flows, the values of the standard deviation resulting
from use of the delta change method are higher than those produced by the bias
correction in most scenarios. Standard deviations produced by the bias correction method
are lower than that of the observed AMF series roughly half of the time, while most
standard deviations produced by the delta change method are greater than that for the
historic period. As previously noted, the latter case is more consistent with predictions by
the IPCC (2013). Skews do not seem more reasonable with one method versus the other;
the values are roughly equally distributed around the observed skew value of 0 for both

methods, so it is not possible to say which method is more realistic in this watershed.

Select flow percentiles of the LP3 distributions fit to the observed (1980-1999) and
projected (2046-2065) AMF series for the Eagle Creek watershed are provided in Table
5.4. These results are visually displayed in Figures 5.6 and 5.7 across the range of
percentiles considered for the bias correction and delta change methods, respectively. In 7
of the 9 scenarios, distributions produced by the delta change method yield greater flow
values than those obtained using the bias correction method at all percentiles. In the other
two scenarios, the delta change method produces higher flows than the bias correction
method in all but the upper flow percentiles. Most distributions produced using bias
corrected climate data give lower peak flow values than the observed distribution
throughout, and most distributions produced using the delta change method have higher
flow values than observed at the upper percentiles of the distribution, with mixed results

in the lower percentiles.
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Table 5.4 Flow percentiles (cms) of LP3 distributions fit to observed AMF series for the
Eagle Creek watershed (USGS Gage Station 03093000) and modeled AMF series for
nine representative future climate scenarios each applied using two methods.

GCM SRES Run Q0.0l QO.lO QO.SO QO.90 Q0.99
Modeled (2046-2065) with Bias Correction
miroc3_2_medres alb 1 26.9 38.1 57.0 82.8 110.0
mri_cgcm2_3 2a bl 4 24.4 40.0 63.8 88.6 106.0
ipsl_cm4 bl 1 20.3 35.0 60.8 94.0 1239
cccma_cgem3_1 bl 2 24.3 41.7 69.7 100.3 122.5
gfdl_cm2 a2 1 20.9 36.2 69.4 129.6 2114
ipsl_cm4 alb 1 24.6 42.1 68.3 93.2 108.4
mpi_echam5 a2 1 25.0 42.1 73.0 115.1 156.4
cccma_cgem3_1 a2 2 45.9 49.1 73.0 210.3 942.1
cnrm_cm3 alb 1 23.2 42.2 75.3 115.3 147.9
Modeled (2046-2065) with Delta Change
miroc3_2_medres alb 1 24.6 38.3 69.5 133.6 237.9
mri_cgcm2_3 2a bl 4 31.6 57.2 92.7 119.6 130.5
ipsl_cm4 bl 1 29.9 45.1 76.2 131.9 210.3
cccma_cgem3_1 b1l 2 32.9 49.7 80.5 126.7 179.6
gfdl_cm2 a2 1 34.3 54.8 88.0 127.5 161.1
ipsl_cm4 alb 1 34.8 49.9 82.9 149.3 256.4
mpi_echam5 a2 1 35.7 55.3 89.8 138.2 189.0
cccma_cgem3_1 a2 2 44.7 57.3 95.9 214.7 528.4
cnrm_cm3 alb 1 30.2 59.1 103.6 142.1 160.6
Observed (1980-1999): 30.4 53.6 89.1 123.5 144.4

The results produced under the cccma_cgem3_1.2.a2 scenario stand out significantly in
that for both climate data application methods they correspond to the largest mean peak

flow value and extremely large percentiles are produced in the upper tail of the
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distributions. Additionally, this scenario produces quite large standard deviations and
large positive skews relative to others. Further, the one distribution in Figure 5.6 that
appears to asymptotically approach a lower bound corresponds to the

cccma_cgem3_1.2.a2 scenario as modeled with bias corrected climate data.

Overall, the results do not suggest a strong relationship between change in precipitation
and peak flow percentiles except around the median (Qo.s0), and no clear influence of
temperature is apparent. The influence of precipitation is consistent between this
watershed and the last; it is related to mean peak flow but not necessarily peak flow
percentiles other than the median. However, temperature seems to play less of a role in

this watershed, likely due to decreased snowmelt impact.
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Figure 5.6 LP3 distributions (log space) produced using projected bias corrected climate
data overlaid with the distribution fit to the observed AMF series for the Eagle Creek
watershed (USGS Gage Station 03093000).
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Figure 5.7 LP3 distributions (log space) produced using delta changed climate data
overlaid with the distribution fit to the observed AMF series for the Eagle Creek
watershed (USGS Gage Station 03093000).

Figures 5.8 — 5.10 show a comparison of the fitted LP3 distributions for the observed
AMF series and the modeled AMF series obtained with the two climate data application
methods for the median, driest, and wettest climate scenarios considered, respectively.
Under the median scenario, relatively no change in flood risk is projected when using
delta changed climate data. Under the driest scenario, lower annual maximum flows are
projected by both methods at most percentiles, with the delta change method surpassing
the observed flows in the upper percentiles. The wettest scenario gives a modeled
distribution produced with bias corrected data that consistently falls short of observed

flows, with the converse being true for the distribution produced with delta changed data.
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Figure 5.8 LP3 distributions (log space) of observed (1980-1999) and modeled (2046-
2065) AMF series using two different climate data methods and the median future
climate scenario (gfdl_cm2.1.a2) for the Eagle Creek Watershed (USGS Gage Station
03093000).
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Figure 5.9 LP3 distributions (log space) of observed (1980-1999) and modeled (2046-
2065) AMF series using two different climate data methods and the driest future climate
scenario (miroc3_2_medres.1.alb) for the Eagle Creek Watershed (USGS Gage Station

03093000).
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Figure 5.10 LP3 distributions (log space) of observed (1980-1999) and modeled (2046-
2065) AMF series using two different climate data methods and the wettest future climate

scenario (cnrm_cma3.1.alb) for the Eagle Creek Watershed (USGS Gage Station
03093000).

In general, the delta change method consistently produces distributions with higher flow
values and greater variation than the bias correction method. The mean peak flows and
standard deviations produced by the bias correction method are generally smaller than
those of the AMF series observed in the historic period, while those produced by the delta
change method are generally higher than observed, the latter of which seems more
reasonable as previously noted. For this watershed, precipitation also has a greater impact
on mean peak flows than temperature, which makes sense because snowmelt is not a

major factor.
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5.3 USGS Gage 03144000

Summary statistics for the observed (1980-1999) and projected (2046-2065) AMF series
for the Wakatomika Creek watershed are reported in Table 5.5. For all nine future climate
scenarios considered, the mean of the AMF series produced using the delta changed
climate data is higher than that produced using the bias corrected data. The means of the
AMF series produced using the bias corrected data are also lower than the mean of the
observed AMF series in every case, while those produced by the delta change method are
lower than observed in 7 of the 9 cases. Generally, increased precipitation results in
increased mean peak flow; however, changes in temperature do not appear to

significantly affect mean peak flow.

The standard deviations of the modeled AMF series are generally higher for the delta
change method than the bias correction method. The standard deviation produced by the
bias corrected data is lower than that of the observed AMF series in every case; similar
results are observed in most scenarios for the standard deviations produced by the delta
changed data. When using the delta change method, the modeled skew is generally higher
than that of the observed AMF series and higher than the corresponding modeled skew
using the bias correction method. The majority of the skews produced using the bias

correction method are less than that of the observed AMF series.
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Table 5.5 Summary statistics of observed and modeled AMF series for the Wakatomika
Creek watershed (USGS Gage Station 03144000) and associated changes in temperature
and precipitation projected under nine representative future scenarios.

GCM SRES Run (ﬁg) (ﬁ/l:) (Cgs) (Csnfs) Go

Modeled (2046-2065) with Bias Correction
miroc3_2_medres alb 2 4.0 -7.1( 1331 198.3 3.7
mri_cgcm2_3 2a bl 4 1.7 -04 122.9 136.8 2.7
cccma_cgem3_1 bl 2 2.2 1.2 147.6 145.8 2.7
gfdl_cm2_1 alb 1 3.0 19 164.9 179.6 2.3
mri_cgcm2_3 2a a2 2 2.4 55| 1295  136.2 2.4
cccma_cgem3_ 1 alb 1 3.1 85| 1687 1704 2.0
cccma_cgem3 1 bl 1 2.0 8.7 2031 3109 3.8
mri_cgcm2_3 2a bl 3 14 11.0 188.4 211.8 2.7
cnrm_cm3 alb 1 2.5 13.7 241.8 342.7 3.3

Modeled (2046-2065) with Delta Change
miroc3_2_medres alb 2 4.0 -7.1( 1973 3218 3.9
mri_cgcm2_3 2a bl 4 1.6 19| 2541 3629 3.6
cccma_cgem3_1 bl 2 1.9 24 218.9 241.7 2.8
gfdl_cm2_1 alb 1 3.0 4.8 237.6 261.4 2.5
mri_cgcm2_3 2a a2 2 2.5 4.6 223.7 271.3 3.0
cccma_cgem3_ 1 alb 1 2.8 49| 250.1 3005 3.2
cccma_cgem3 1 bl 1 1.8 51| 2387 3025 3.4
mri_cgcm2_3 2a bl 3 1.1 7.7] 2825  390.2 3.4
cnrm_cm3 alb 1 2.3 134 308.3 434.5 3.6
Observed (1980-1999): 263.5 374.2 3.1

Select flow percentiles of the LP3 distributions fit to the observed (1980-1999) and

projected (2046-2065) AMF series for the Wakatomika Creek watershed are shown in
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Table 5.6. These results are visually displayed in Figures 5.11 and 5.12 for the bias
correction and delta change methods, respectively, across the range of percentiles
considered. For every scenario and at every percentile, the distributions produced by the
delta change method suggest greater flood risk than those produced by the bias correction
method. Most distributions produced with the bias corrected data project decreased
annual maximum flows than those observed in the historic period across the range of
percentiles. The distributions produced by the delta change data are varied, but if they
surpass the observed distribution, it is usually at mid and upper percentiles. Overall, peak
flow values seem to be positively correlated to change in precipitation at all percentiles

other than the 99™; no clear relationship to changes in temperature may be discerned.

Figures 5.13 — 5.15 show a comparison of the fitted LP3 distributions for the observed
AMEF series and the modeled AMF series obtained with the two climate data application
methods for the median, driest, and wettest climate scenarios considered, respectively.
The percentiles of the modeled AMF series are all lower than those of the observed AMF
series in both the driest and median scenarios regardless of the climate data application
method employed, while increased flood risk is projected under the wettest scenario

when using the delta change method only.

Overall, the results for this watershed suggest that flood risk may be reduced, and if they
are increased, it will be for very extreme floods at the upper end of their respective

distributions. Change in precipitation, again, seems to have an influence, in this case
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usually on the amount of flood risk reduction. Again, the delta change method
consistently produces distributions with higher flows and greater variability in flows than

the bias correction method.

Table 5.6 Flow percentiles (cms) of LP3 distributions fit to observed AMF series for the
Wakatomika Creek watershed (USGS Gage Station 03144000) and modeled AMF series
for nine representative future climate scenarios each applied using two methods.

GCM SRES Run Q0.0l QO.lO QO.SO Q0.90 QO.99
Modeled (2046-2065) with Bias Correction
miroc3_2_medres alb 2 25.0 33.4 70.1 261.8 1265.8
mri_cgcm2_3 2a bl 4 18.3 31.6 77.8 254.8 842.1
cccma_cgem3 1 bl 2 25.5 43.6 101.4 297.2 857.9
gfdl_cm2_1 alb 1 23.8 40.3 100.2 348.8 1269.2
mri_cgcm2_3 2a a2 2 17.2 32.0 83.1 273.4 870.5
cccma_cgem3_1  alb 1 20.0 39.6 108.6 363.2 1136.1
cccma_cgem3_1 bl 1 36.7 49.8 106.3 398.6 1907.8
mri_cgcm2_3 2a bl 3 32.1 50.2 115.7 386.6 1406.3
cnrm_cm3 alb 1 26.7 46.9 127.8 5156 2217.1
Modeled (2046-2065) with Delta Change
miroc3_2_medres alb 2 44.6 52.4 96.8 366.9 2097.8
mri_cgcm2_3 2a bl 4 43.7 61.4 135.7 511.2 2384.1
cccma_cgem3_1 bl 2 38.6 59.9 136.3 4478 1600.1
gfdl_cm2_1 alb 1 39.0 619 1452 4927 18084
mri_cgcm2_3 2a a2 2 39.1 57.8 130.0 4579 1863.9
cccma_cgem3_1  alb 1 44.5 67.2 151.1 507.7 1906.0
cccma_cgem3_1 bl 1 50.4 68.6 140.9 469.8 1899.6
mri_cgcm2_3 2a bl 3 51.2 70.5 152.1 566.6 2648.2
cnrm_cm3 alb 1 72.5 88.9 168.0 588.7 2840.4
Observed (1980-1999): 61.5 734 136.3 500.6 2682.8
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Figure 5.11 LP3 distributions (log space) produced using projected bias corrected climate
data overlaid with the distribution fit to the observed AMF series for the Wakatomika
Creek watershed (USGS Gage Station 03144000).
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Figure 5.12 LP3 distributions (log space) produced using delta changed climate data
overlaid with the distribution fit to the observed AMF series for the Wakatomika Creek
watershed (USGS Gage Station 03144000).
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Figure 5.13 LP3 distributions (log space) of observed (1980-1999) and modeled (2046-
2065) AMF series using two different climate data methods and the median future
climate scenario (mri_cgcm2_3 2a.2.a2) for the Wakatomika Creek Watershed (USGS
Gage Station 03144000).
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Figure 5.14 LP3 distributions (log space) of observed (1980-1999) and modeled (2046-

2065) AMF series using two different climate data methods and the driest future climate

scenario (miroc3_2_medres.2.alb) for the Wakatomika Creek Watershed (USGS Gage
Station 03144000).
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Figure 5.15 LP3 distributions (log space) of observed (1980-1999) and modeled (2046-
2065) AMF series using two different climate data methods and the wettest future climate
scenario (cnrm_cma3.1.alb) for the Wakatomika Creek Watershed (USGS Gage Station
03144000).

5.4 USGS Gage 03302000

Summary statistics for the observed (1980-1999) and projected (2046-2065) AMF series
for the Pond Creek watershed are reported in Table 5.7. The means of the future peak
flow series generated when using the delta change method are consistently greater (in all
9 cases) than those produced using the bias correction method. Most of the AMF series
produced with the delta changed data exhibit higher mean peak flows than that of the
observed AMF series, while most of those produced using bias corrected data yield mean
peak flows less than that for the historic period. Mean peak flows produced using the bias
correction method do not appear to be correlated with change in precipitation, whereas

there is a clear association between change in precipitation and mean peak flow when
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considering results from the delta change method. Results of neither method exhibit a

relationship with temperature.

Table 5.7 Summary statistics of observed and modeled AMF series for the Pond Creek
watershed (USGS Gage Station 03302000) and associated changes in temperature and
precipitation projected under nine representative future scenarios.

GCM SRES Run (fg) (ﬁ/lo)) (cgqs) (c?r?s) Go
Modeled (2046-2065) with Bias Correction
miroc3_2 medres alb 1 3.7 -12.4 84.4 25.7 -0.8
miroc3_2 medres bl 2 2.8 0.8 87.9 22.5 -1.1
cccma_cgem3_1 bl 2 2.0 1.0 103.3 22.6 2.1
mri_cgcm2 3 2a bl 4 1.6 1.0 66.6 14.9 -1.7
ipsl_cm4 alb 1 3.9 55 74.9 28.4 0.4
cnrm_cm3 alb 1 2.5 6.2 123.6 41.7 -0.1
cccma_cgem3_1 az 3 2.7 8.8 101.0 27.8 -0.1
cccma_cgem3_1 bl 3 2.0 9.2 95.6 27.4 -1.2
mri_cgcm2 3 2a a2 1 1.9 12.6 97.5 8.0 -0.1
Modeled (2046-2065) with Delta Change
miroc3_2 medres alb 1 3.6 -16.7 92.6 61.8 24
miroc3_2 medres bl 2 2.8 -5.6 95.8 474 19
cccma_cgem3_1 bl 2 1.9 -4.4 108.2 57.8 2.4
mri_cgcm2 3 2a bl 4 15 -2.4 103.6 42.1 1.6
ipsl_cm4 alb 1 3.8 -1.0 101.3 56.5 24
cnrm_cm3 alb 1 2.2 2.3 124.4 62.3 2.8
cccma_cgem3_1 a2 3 2.7 1.7 112.3 59.1 19
cccma_cgem3_1 bl 3 1.9 2.5 124.9 55.5 1.2
mri_cgcm2 3 2a a2 1 1.8 7.5 130.1 60.3 13
Observed (1980-1999): 103.5 41.3 1.1
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Standard deviations of the modeled AMF series are greater when using the delta change
method as opposed to the bias correction method in all cases. Most scenarios yield peak
flow series with a standard deviation less than that of the observed AMF series when the
bias corrected climate data is employed. Conversely, all scenarios yield future peak flow
series with a standard deviation greater than that of the observed data when using the
delta change method, which seems more plausible. In addition, the skews of modeled
AMEF series seem more reasonable when considering scenarios modeled using the delta
change method, as they are all positive, which is consistent with that of the observed
AMEF series. On the contrary, the bias correction method produces mostly negative skews

which do not seem as realistic.

Select flow percentiles of the LP3 distributions fit to the observed (1980-1999) and
projected (2046-2065) AMF series for the Pond Creek watershed are shown in Table 5.8.
At the 90" and 99" percentiles, all distributions produced by the delta change method
yield higher flows than the distributions produced by the bias correction method. Results
are mixed in the lower percentiles. A similar pattern emerges when comparing against the
distribution fit to the observed AMF series. In the upper tail of the distribution, the
majority of the percentiles produced by the bias correction method are lower than those
for the historic period, while the percentiles produced by the delta change method are

higher than observed.
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Table 5.8 Flow percentiles of LP3 distributions fit to observed AMF series for the Pond
Creek watershed (USGS Gage Station 03302000) and modeled AMF series for nine
representative future climate scenarios each applied using two methods.

GCM SRES Run Q0.0l QO.lO QO.SO Q0.90 QO.99
Modeled (2046-2065) with Bias Correction
miroc3_2 medres alb 1 18.9 46.7 89.3 115.2 120.9
miroc3_2 medres bl 2 22.7 54.4 94.8 110.5 111.9
cccma_cgem3_1 bl 2 26.5 68.5 113.3 122.1 122.3
mri_cgcm2 3 2a bl 4 23.3 44.3 70.1 83.8 86.6
ipsl_cm4 alb 1 26.9 42.0 70.5 114.6 166.6
cnrm_ cm3 alb 1 44.8 71.8 119.1 182.9 246.0
ccecma_cgem3_1 a2 3 39.7 64.5 101.2 137.7 161.9
cccma_cgem3_1 bl 3 19.6 53.8 103.4 125.1 127.5
mri_cgcm2 3 2a a2 1 78.5 87.2 97.7 107.8 115.5
Modeled (2046-2065) with Delta Change
miroc3_2 medres alb 1 11.2 32.7 85.8 161.2 219.8
miroc3_2 _medres bl 2 23.6 45.3 89.4 155.8 225.1
cccma_cgem3_1 bl 2 25.3 50.5 101.5 174.9 246.1
mri_cgcm2 3 2a bl 4 36.7 57.8 97.5 158.1 228.2
ipsl_cm4 alb 1 35.0 50.8 87.6 168.3 311.2
cnrm_ cm3 alb 1 64.2 75.0 107.0 192.1 376.9
cccma_cgem3_1 a2 3 30.2 52.7 101.0 187.5 303.3
cccma_cgem3_1 bl 3 35.8 63.1 116.8 198.9 289.6
mri_cgcm2 3 2a a2 1 23.8 58.8 128.3 205.0 250.7
Observed (1980-1999): 39.8 58.7 95.9 158.7 241.7

These results are visually displayed in Figures 5.16 and 5.17 for the bias correction and
delta change methods, respectively. These figures clearly show how the delta change

method consistently produces distributions with greater flow values than observed at the
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higher percentiles, and how the bias corrected GCM data produces the opposite (lower
flow values than observed at higher percentiles). In addition, a relationship to
precipitation is more apparent in results produced by the delta change method as opposed

to the bias correction method.
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Figure 5.16 LP3 distributions (log space) produced using projected bias corrected climate
data overlaid with the distribution fit to the observed AMF series for the Pond Creek
watershed (USGS Gage Station 03302000).
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Figure 5.17 LP3 distributions (log space) produced using delta changed climate data
overlaid with the distribution fit to the observed AMF series for the Eagle Creek
watershed (USGS Gage Station 03302000).

Figures 5.18 — 5.20 show a comparison of the fitted LP3 distributions for observed AMF
series and modeled AMF series obtained with the two climate data application methods
for the median, driest, and wettest climate scenarios considered, respectively. A strange
upper bound on the distribution produced by the bias correction method is seen for
scenario miroc3_2_medres.1.alb. This is the only scenario for which the bias correction
method projects a decrease in precipitation, and thus reduced flood risk is anticipated as
the results suggest. However, the fitted distribution is extreme and unrealistic with values

approaching an asymptote at an upper bound.
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Modeled distributions for the Pond Creek watershed indicate a general increase in flood

risk under future climate scenarios when using the delta change method; results are

mixed when the bias correction method is employed. As noted for other watersheds, the

delta change method again produces higher flows and projects greater variability in future

flows than the bias correction method. Further, skews of AMF series produced using the

delta change method are more comparable to those for the observed AMF series, which

makes it seem like a more realistic method of climate data application when modeling

future flood risk.
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Figure 5.18 LP3 distributions (log space) of observed (1980-1999) and modeled (2046-
2065) AMF series using two different climate data methods and the median future
climate scenario (cnrm_cma3.1.alb) for the Pond Creek Watershed (USGS Gage Station

03302000).
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Figure 5.19 LP3 distributions (log space) of observed (1980-1999) and modeled (2046-

2065) AMF series using two different climate data methods and the driest future climate

scenario (miroc3_2_medres.1.alb) for the Pond Creek Watershed (USGS Gage Station
03302000).
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Figure 5.20 LP3 distributions (log space) of observed (1980-1999) and modeled (2046-
2065) AMF series using two different climate data methods and the wettest future climate
scenario (mri_cgcm2 _3 2a.1.a2) for the Pond Creek Watershed (USGS Gage Station
03302000).
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5.5 Results across Watersheds

This section serves to identify any trends and patterns that were observed across all
modeled watersheds, to analyze the differences between the four regarding their
modeling responses, and attempt to explain some of those differences with physical

watershed characteristics.

5.5.1 Modeled Flood Risk vs. Observed

The results of the modeling in terms of implications for changes in flood risk are
obviously different when considering the two different methods of climate data
application. When comparing the results based on the delta change method across the
watersheds considered, the mean peak flows appear to have a relationship to precipitation
in every case. The Fish River watershed, likely due to reduced snowpack, exhibited a
decrease in peak flow magnitude, while increased peak flow magnitude was generally
evident in two of the other three watersheds (relative to precipitation increase, so, barring
extremely dry scenarios), especially in the upper tail of the distributions. Two of the
watersheds generally showed a decrease in the variability of peak flows, and two showed

an increase in the variability of peak flows.

On the contrary, the results produced using the bias correction method are quite different
from those obtained using the delta change method. While three of the four watersheds
still exhibit a relationship between mean peak flow and precipitation, the magnitude of
the mean peak flow and standard deviation are consistently lower than the values

computed for the observed AMF series.
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It is important to note that different GCM/emissions scenario/run combinations were
generally modeled in each of the four watersheds. And, the differences in modeling
response to similar projections for changes in temperature and precipitation are of course
attributable to the different hydrologic characteristics of the watersheds. A basic analysis
of differences in runoff contribution is shown in Table 5.9. Results reported for the
modeled AMF series consist of the mean of the AMF series produced using both the bias
correction (BC) and delta change (DC) methods averaged across each of the nine
representative climate scenarios considered. The means of the AMF series for both the
historic and future periods are scaled by watershed area to allow for comparison across
the four watersheds which vary considerably in size, and therefore, peak flow magnitude.
In this way, greater percentages represent a watershed where a greater portion of the peak
flows consist of runoff, suggesting a flashier response consistent with watersheds with

larger degrees of barren land or impermeable surface.

Table 5.9 Land cover distribution, scaled observed mean peak flow values, and scaled
modeled mean peak flow values for the four case study watersheds.

Watershed Land Cover (%) Me\?\? tPeal:] ';I(XV scaloid by
USGS Gage atershed Area (%)
Station Modeled
Forest Agricultural  Urban | Observed
BC DC
01013500 715 4.8 1.1 10.5 10.6 9.2
03093000 48.2 324 8.7 35.2 29.8 37.0
03144000 55.9 37.6 5.7 72.6 45.9 67.7
03302000 27.9 1.1 69.3 62.0 55.5 66.1
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The Fish River watershed (USGS Gage 01013500) has the lowest proportion of runoff,
likely due to its forested and pristine condition. Average base flow index as reported in
GAGES Il (Falcone 2011) is 53.6, 38.6, 36.9, and 22.9 for watersheds upstream of USGS
Gage Stations 01013500, 03093000, 03144000, and 03302000, respectively. A higher
base flow index indicates higher levels of recharge and groundwater contribution to
flows. Thus, it makes sense that the most unaltered watershed with the lowest level of

runoff (01013500) has the highest base flow index.

One would expect the most urbanized watershed (USGS Gage 03302000) to have the
highest proportion of runoff, however, it does not. It is interesting to note that the
Wakatomika Creek watershed (USGS Gage 03144000) has the greatest percent slope at
7.1%, followed by the Fish River watershed (USGS Gage 01013500) at 6.9%, and the
Pond Creek (USGS Gage 03302000) and Eagle Creek (USGS Gage 03093000)
watersheds at 2.5% and 1.8%, respectively (Falcone 2011). The Wakatomika Creek
watershed (USGS Gage 03144000) has the steepest slope and lowest base flow index,
and perhaps this explains why it has the highest proportion of runoff. The mild slope of
the Pond Creek watershed (USGS Gage 03302000) could explain the lower than expected

relative proportion of runoff.
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Urban stormwater management methods (urban forestry, rain gardens, etc.) may also help
to explain the lower proportion of runoff in the urban watershed, however, no detailed
information on this aspect of the urbanization is available in GAGES II. Likewise,
agricultural drainage methods could serve to increase runoff in the more agricultural

watersheds.

Regardless, the three watersheds experiencing substantial urbanization and/or agricultural
use exhibit far higher proportions of flow than the pristine watershed. Most importantly
to this research, those watersheds that experience a higher proportion of runoff are also
projected to experience a greater change in flood risk. This suggests that more runoff-
heavy watersheds are, in general, more vulnerable to the impacts of climate change with

respect to potential increases or decreases in flood risk.

5.5.2 The Delta Change Method vs. Bias Corrected GCM Data

One pattern that can be seen across all four watersheds is the tendency for the delta
change method to produce peak flow series with greater variability than those produced
by the bias correction method. These results may possibly be attributed to the tendency of
the bias corrected GCM data to do a poor job simulating daily rainfall values, as
discussed in Chapter 3. It seems that the GCMs may “spread out” the precipitation — i.e.,
the same amount of rainfall may fall in a number of drizzle days according to a GCM,
while an observed set of climate data (on which the delta changed method is based) may

more accurately include large amounts of rainfall occurring over a shorter period of time

108



(DeFlorio et al. 2013, Maurer et al. 2013). This drizzle effect could perhaps be due in part
to errors in the GCMs themselves, or it could be introduced during the initial
downscaling and bias correcting procedures. The quantile mapping bias correction is

applied at a monthly time step (Brekke 2013), and a daily time step may be better.

Additionally, in three of the four watersheds, the delta change method overwhelmingly
produced higher flows in general. Annual maximum flow distributions produced using
the delta changed climate data made it seem much more likely for flood magnitudes to
increase based on an increase in precipitation, especially at the upper tails of the
distributions, which is consistent with what one would expect based on the predictions of
climate scientists (IPCC 2013). The exception was the Fish River watershed, which
seems to produce annual peak flows due to snowmelt, and perhaps higher temperatures

are reducing snow accumulation, thus decreasing the flow magnitudes during the melt.

The delta change method also produced more reasonable estimates of skew for the Fish
River and Pond Creek watersheds, with no discernible difference between the methods
for the other two watersheds. Finally, the delta change method did not produce any
unusual peak flow distributions that asymptotically approached upper or lower bounds,
which happened quite a few times when using bias corrected GCM data. In general, the
delta change method appears to be superior to using bias corrected GCM data when

modeling future flood risk.
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6. Conclusions

Referring back to Chapter 1, the stated objectives for this research were to:

1. Demonstrate use of hydrologic models forced by GCM output to provide future
flood risk estimates.

2. Analyze the application of GCM data in two ways: (i) direct application with a
bias correction of precipitation data; and, (ii) shift of an observed dataset using the
delta change method.

3. Interpret and understand differences in the climate data application methods in
terms of: (i) overall average change in temperature and precipitation; (ii) daily
distribution and variability of precipitation; and, (iii) impacts on modeled AMF

distribution.

In regards to the first objective, four hydrologic models built using ArcSWAT were
successfully forced with a host of projected climate data in order to provide future
estimates of flood risk. Overall, the results based on the use of the delta change method
are reasonably consistent with climate scientists’ predictions of increased peak flow
magnitudes and variability, with the exception of the snowmelt-dominated watershed.
Hydrologic modeling, when used on a larger scale (i.e. more than four watersheds as
considered herein) and with improved calibrations appears as though it may be a useful

tool for assessing possible changes in flood risk.
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When using the autocalibrator, as discussed in Chapter 4, the parameters were bounded
and guided manually in order to fit realistic watershed characteristics as well as possible.
However, more thorough and time-intensive research into the unique hydrologic
mechanisms in each watershed could possibly improve calibration. A pre-calibration
sensitivity analysis may be appropriate, as well as use of information in the GAGES II

database (and others) to guide the parameter bounds.

Leading into Objectives 2 and 3, major differences were evident between projected AMF
series obtained via forcing of the hydrologic models by the GCM bias correction and
delta change methods, even though only modest differences in overall changes in
temperature and precipitation are observed between the two correction methods. The
delta change method appears to provide a more reasonable degree of variability in
precipitation under future scenarios, and therefore more reasonable daily flow values are

simulated, as needed for modeling of peak flows.

Flood risk is of course affected by more than long-term global climate change, and future
models may be more useful when also considering the impacts of land cover change.
Including land cover projections in the models could provide a more accurate range of
flood risk to be anticipated in the future. This is especially necessary given that the
preliminary results suggest that more developed watersheds are more vulnerable to
changes in flood risk. Of course, the results herein are limited with only four case study

watersheds considered, and thus this should be explored further in future research.
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Overall, the work herein demonstrates that future estimates of flood risk can be derived
from hydrologic models forced by GCM projections. However, the results of these four
models cannot be used to draw any broad conclusions about flood risk in general, nor can
the individual models be used to directly predict flood risk in their respective watersheds.
They can only be used as a tool to illustrate what may happen over a range of plausible

future scenarios.

With more case study watersheds and better models, modeling results could be used in
conjunction with regressions involving land cover and other physical watershed
characteristics to incorporate long-term climate change into statistical models, and
potentially update Bulletin 17B. A larger scale study is needed in order to obtain results
that can truly be useful in determining the overarching impacts of climate change on
flood risk in the Northeastern and Upper Midwestern U.S. as well as anticipated impacts

in specific watersheds.
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Appendix A. Monthly Averaged Climate
Model Output

This appendix includes monthly averaged projected temperature and precipitation for the
periods of 1961-1999, 1980-1999, and 2046-2065 for purposes of comparison and to

provide more information on how corrections of climate data were performed. Results are
tabulated by watershed.
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Table A.1 Monthly averages of hindcasted gridded precipitation (mm/day) for the Fish
River watershed (USGS Gage Station 01013500) calculated over the periods of 1961-
1999 and 1980-1999.

2|3 Slo | S8
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GCM: ;'Z’ % EI < < N S e e
| I 5 £ = o @ > o

£ E | | o gl e | &S

s | 8 | & |8 |8 | € |E | E|E
EST;;::)IZS alb bl a2 alb a2 bl alb a2 bl
Run: 3 2 1 1 1 2 5 1
J 1.75 1.77 1.79 1.75 1.75 1.83 1.77 1.75 1.65

F 1.58 1.56 154 1.65 1.65 154 1.63 1.53 152
— M 1.81 1.86 1.71 1.75 1.75 1.68 1.62 1.64 1.72
% A 181 1.85 1.87 1.81 1.81 1.74 1.90 1.78 1.85
4 M 235| 222 | 217| 228| 228| 238| 242 | 212 | 214
§ J 2.54 2.59 2.62 2.56 2.56 2.54 254 | 256 2.56
'\g/ J 284 | 286 | 292| 274 274| 293 | 285| 287 | 281
% A 284 | 275| 265| 256| 256| 283 | 294 | 279 | 281
_E S 2.88 2.93 274 | 2.78 2.78 2.83 2.77 2.84 2.78
T O 242 | 238| 256| 251| 251| 254 | 252 | 257 | 251
N 236 | 235| 242 234 234| 244 | 241| 230 | 236

D 2.13 2.14 1.95 2.16 2.16 2.00 2.01 1.87 1.99

J 1.89 1.94 1.90 1.85 1.85 1.70 1.82 1.77 1.69

F 1.77 1.63 1.48 151 151 1.64 1.79 1.57 1.46
o M 2.07 1.89 1.87 1.72 1.72 1.57 1.46 1.54 151
§ A 199 190| 1.83| 1.83| 1.83| 1.79| 209| 169 | 161
o M 242 | 223 | 218| 223| 223| 225| 228 | 192 | 210
§ J 2.49 2.44 2.69 2.57 2.57 2.48 2.70 2.62 2.48
'\g/ J 284 | 281| 305| 272| 272| 288| 303| 273| 282
% A 271 | 274| 246| 264| 264| 274| 283 | 285| 280
_E S 2.79 3.11 2.79 | 3.07 3.07 289 | 3.16 2.95 2.79
T O 242 | 263 | 274| 257 | 257 | 249| 251 | 272 | 243
N 255 | 244 | 249| 230| 230| 250| 243 | 246| 233

D 2.26 2.17 1.92 2.05 2.05 2.05 1.87 2.03 2.13
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Table A.2 Monthly averages of hindcasted gridded temperature (°C) for the Fish River
watershed (USGS Gage Station 01013500) calculated over the periods of 1961-1999 and

1980-1999.
"
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Run: 3 2 1 1 1 2 2
J -13.81| -13.90| -13.94| -13.79| -13.79| -13.83| -13.81| -14.00| -13.99
F -12.43| -12.51| -12.52| -12.43| -12.43| -12.33| -12.41| -12.48| -12.45
- M -556| -5.71| -5.64| -5.70| -5.70| -5.70| -5.59| -573| -5.65
% A 199 1.79 184 1.83 183 1.79| 1.80| 1.76| 1.68
4 M 9.34| 9.18| 9.26| 9.23] 9.23| 9.14| 9.25| 9.23| 9.14
§ J 14.96| 15.04| 14.93| 15.09| 15.09| 14.99| 15.05| 14.88| 14.94
g J 1761 17.61| 17.63| 17.63| 17.63| 17.64| 17.58| 17.52| 17.55
% A 16.24| 16.27| 16.29| 16.32| 16.32| 16.31| 16.29| 16.17| 16.16
E S 11.28| 11.33| 11.29| 11.29| 11.29| 11.20| 11.19| 11.28| 11.24
- @] 5.33 5.33 5.33 5.42 5.42 5.37 5.27 5.26 5.20
N -1.61| -159| -157| -154| -154| -154| -1.60| -1.61| -1.64
D -9.84| -9.85| -9.85| -9.74| -9.74| -9.79| -9.88| -9.89| -9.85
J -13.39| -13.07| -14.13| -13.68| -13.68| -13.64| -13.33| -13.68| -13.73
F -11.98| -12.27| -12.43| -12.29]| -12.29| -12.46| -12.21| -12.35| -11.83
- M -5.04| -5.51| -5.54| -5.40| -5.40| -6.05| -550| -5.31| -5.67
% A 2.02 2.37 1.72 2.24 2.24 1.66 2.05 1.67 1.96
o M 9.73 9.95 9.18 9.39 9.39 9.80 9.59 9.39 9.42
§ J 15.50| 15.40| 15.10| 15.48| 15.48| 14.98| 15.38| 15.05| 15.13
g J 1791| 18.02| 17.74| 17.73| 17.73| 17.47| 17.73| 17.43| 17.63
g A 16.29| 16.94| 16.19| 16.55| 16.55| 16.40| 16.73| 16.15| 16.29
_E S 11.61| 11.89| 11.54| 11.46| 11.46| 11.58| 11.51| 11.45| 11.55
= (@] 541 5.44 541 5.58 5.58 5.37 5.86 5.46 5.70
N -157| -1.08| -145| -0.88| -0.88| -1.46| -1.03| -1.26| -1.39
D -9.28| -9.50| -9.52| -9.94| -9.94| -9.97| -9.41| -8.99| -9.26
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Table A.3 Monthly averages of forecasted gridded precipitation (mm/day) for the
Fish River watershed (USGS Gage Station 01013500) calculated over the period of

2046-2065.
ml ml 8 > (")I ml
g g A = o N N
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£ £ ! ! ! < 2 | |
[ [ © [7%2) [72) —_ = — —
3 3 i) 2 2 £ e e e
Em|35|o_n§ alb bl a2 alb a2 bl alb a2 bl
Scenario:
Run: 3 2 1 1 1 2 2 5 1
J 263 | 222| 218| 271| 220| 192| 1.89| 195| 1.98
F 226 | 212| 190| 202| 185| 190| 211| 1.76| 1.65
. M 205| 182| 1.75| 1.79| 192 | 164 | 228| 159| 1.76
§ A 207 | 222| 245| 149| 183 | 1.78| 206| 196| 1.96
(9]
o M 264 | 265| 270| 233 | 192| 257| 246| 218 | 2.38
§ J 256 | 266 | 234| 294| 228| 3.03| 227| 230| 293
9 J 272 | 280| 248| 3.05| 293| 277| 275| 3.12| 283
§ A 269 | 264 | 279| 261 | 283| 321| 247| 259| 288
2 S 3.03| 300| 281| 297| 258| 258| 3.02| 321| 289
LL
(@) 301| 269 | 265| 284 | 265| 254| 299| 234 | 270
N 297 | 279 | 232| 250| 260| 215| 3.14| 2.87| 2.67
D 275| 235| 240| 257| 238| 249| 270| 207 | 182
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Table A.4 Monthly averages of forecasted gridded temperature (°C) for the Fish River
watershed (USGS Gage Station 01013500) calculated over the period of 2046-2065.

ml ml 8 > C")I C")I
5 5 = g o o' o'
GCM:| g S | o < < o~ S = =
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Emissions| 1y | b1 | a2 | alb | a2 | bl | atb | a2 | b1
Scenario:
Run: 3 2 1 1 1 2 2 5 1
J -10.48| -11.61| -10.46| -851| -9.74| -10.60| -9.67| -11.86| -11.54
F -7.82| -10.07| -9.44| -7.48| -8.54| -9.70| -9.16| -9.29| -11.73
M -3.40| -3.53| -4.15| -1.69| -2.05| -2.68| -4.17| -3.98| -5.20
§ A 431| 3.38| b543| 6.26| 6.26| 5.66| 3.40| 3.28| 3.14
z M 11.66| 11.34| 11.03| 13.94| 13.00| 12.97| 11.51| 10.30| 10.18
§ J 17.57| 17.00| 17.07| 18.63| 18.26| 17.74| 17.99| 16.85| 16.28
3 J 20.20| 19.36| 20.38| 21.65| 21.19| 20.81| 20.97| 19.36| 19.47
§ A 18.70| 18.59| 18.82| 20.10| 19.81| 19.33| 19.43| 17.88| 17.73
(D]
LBL S 13.69| 13.24| 14.29| 14.85| 15.27| 13.84| 14.37| 13.12| 12.59
@) 7.69| 7.40| 6.93| 9.38] 9.03| 8.15| 8.53| 7.14| 6.70
N 1.01| 0.48| 0.26| 3.36| 3.14| 1.04| 2.15| 0.96| -0.23
D -7.02| -8.11| -6.20| -4.15| -5.13| -6.67| -5.54| -6.35| -8.00
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Table A.5 Monthly averages of hindcasted gridded precipitation (mm/day) for the Eagle
Creek watershed (USGS Gage Station 03093000) calculated over the periods of 1961-
1999 and 1980-1999.
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ml ml D c\JI
g LE) o™ — EI ué 2I
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Emlsspns_ a2 bl alb a2 alb alb a2 bl bl
Scenario:
Run:| 2 2 1 1 1 1 1 4 1
J 161 161, 178 156/ 1.60| 1.60| 1.63| 157 1.60
F 159 159 161| 1.70| 1.63| 1.66| 161| 171 1.63
g%; M 217\ 217 215| 2.02| 211| 212 211, 207 211
= A 231 231| 230 234 241 235| 233| 231 241
é M 2.26| 2.26| 225| 226| 229| 229| 224, 224 229
= J 248| 248| 226| 218 217| 225| 221 243| 217
'\g/ J 2.18| 218 222 215| 218| 233| 232 233| 218
2 A 207 207| 199 201, 202| 1.83| 2.03| 204 202
§ S 2.15| 2.15| 212 213| 222| 220| 229| 235 222
T (0] 206| 206| 194 214, 199 208| 208| 212| 1.99
N 232 232 225| 222 217| 229| 222| 226| 217
D 194 194, 207, 190 1.98| 197 193] 200, 198
J 173 173 189 1.71| 1.76| 153| 159| 174, 176
F 152 152 1.60| 1.69| 1.69| 158 158 181 1.69
g%; M 225 225| 217 216 219| 220| 223| 206| 219
S A 239 239| 242 233| 260 230| 247 245 260
é M 210 210 232| 228 231| 246| 238 201| 231
=2 J 2.48| 248 227 224 213| 233| 227, 234 213
'\g/ J 216 216| 217 1.99| 241| 246| 252, 221| 241
2 A 2.05| 205 2.09| 205 196| 192 216, 1.92| 1.96
§ S 220 220| 217 193, 239 200| 230| 237 239
T (0] 2.10| 210| 196| 212, 206| 214| 224| 210| 206
N 245| 245 235| 208| 201| 221| 215 211 201
D 187 187 202 1.82| 1.93| 191| 192 202 193
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Table A.6 Monthly averages of hindcasted gridded temperature (°C) for the Eagle Creek
watershed (USGS Gage Station 03093000) calculated over the periods of 1961-1999 and

1980-1999.
- |- g g
% Cé ™ H| g| Lg :I

GCM: 2 2 e o < o~ s £ <

< < ° g 5 QI 3 ié,’ %
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s/ 8| s | 8| &8 | E | E| | 8

Esr:e'rﬁfigs; a2 bl alb a2 alb alb a2 bl bl

Run: 2 2 1 1 1 1 1 4 1
J -3.93 | -393 | -395 | -3.95 | -391 | -4.02 | -3.88 | -3.97 | -3.91
F -2.65 | -2.65 | -2.63 | -2.64 | -257 | -251 | -2.56 | -2.47 | -2.57
§ M 264 | 264 | 264 | 266 | 264 | 270 | 268 | 267 | 2.64
S A 869 | 869 | 867 | 873 | 873 | 885 | 871 | 885 | 8.73
é M | 1456 | 14.56 | 14.70 | 14.65 | 14.65 | 14.78 | 14.66 | 14.75 | 14.65
=2 J 19.53 | 19.53 | 19.59 | 19.58 | 19.52 | 19.60 | 19.60 | 19.55 | 19.52
§ J 21.85 | 21.85 | 21.81 | 21.84 | 21.81 | 21.82 | 21.82 | 21.86 | 21.81
j A | 20.92 | 20.92 | 20.89 | 20.87 | 20.86 | 20.86 | 20.87 | 20.87 | 20.86
§ S 17.09 | 17.09 | 17.06 | 17.07 | 17.09 | 16.93 | 17.20 | 17.08 | 17.09
T o] 10.93 | 10.93 | 10.89 | 10.94 | 10.96 | 10.94 | 10.97 | 11.02 | 10.96
N 496 | 496 | 483 | 5.03 | 5.05 | 498 | 511 | 5.00 | 5.05
D -0.81 | -0.81 | -0.99 | -0.92 | -0.84 | -0.98 | -0.95 | -0.79 | -0.84
J -3.26 | -3.26 | -3.35 | -4.23 | -3.79 | -3.93 | -3.49 | -3.58 | -3.79
F -2.60 | -2.60 | -253 | -2.46 | -2.30 | -2.32 | -2.16 | -1.98 | -2.30
§ M 292 | 292 | 331 | 280 | 3.67 | 350 | 291 | 295 | 3.67
S A 938 | 938 | 9.27 | 9.09 | 9.83 | 9.18 | 8.96 | 9.23 | 9.83
g M | 15.00 | 15.00 | 14.83 | 14.60 | 14.74 | 14.86 | 14.79 | 14.98 | 14.74
=2 J 20.19 | 20.19 | 19.74 | 20.01 | 19.82 | 19.86 | 19.56 | 19.88 | 19.82
§ J 2211 | 22.11 | 22.44 | 22.07 | 22.03 | 22.12 | 22.15 | 22.25 | 22.03
j A | 2152|2152 | 21.36 | 21.02 | 21.29 | 21.19 | 20.89 | 21.10 | 21.29
§ S 17.82 | 17.82 | 17.13 | 17.35 | 17.11 | 17.20 | 17.20 | 17.37 | 17.11
T 0] 11.04 | 11.04 | 10.89 | 10.71 | 11.04 | 11.56 | 11.25 | 11.26 | 11.04
N 563 | 563 | 5.03 | 526 | 537 | 541 | 566 | 498 | 5.37
D -0.37 | -0.37 | 0.19 | -0.27 | -0.40 | -0.56 | -0.50 | -1.13 | -0.40
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Table A.7 Monthly averages of forecasted gridded precipitation (mm/day) for the
Eagle Creek watershed (USGS Gage Station 03093000) calculated over the period of

2046-2065.
— — g ©
ool ool D Nl
£ £ 4 E |2 | O
GCM:| S > ™ | N 3 =
o o & N < c <
| | G = = o 3 > £
© © | o o O o [}
£ £ £ %I | < E.I o I
8 3 S = = £ £ = j=3
Emissions
Scenario: a2 bl alb a2 alb alb a2 bl bl
Run: 2 2 1 1 1 1 1 4 1
J 210 161 179/ 190, 196| 1.59| 204| 162| 171
F 229| 186/ 1.85| 198 185 1.92| 1.83| 1.89| 1.40
M 2.53| 233| 268 214 201| 2.28| 2.28| 1.87| 224
fg‘?\ A 2.62| 297| 256 279 205 253| 273| 258| 254
o M 2.61| 2.13| 240 271| 2.13| 2.36| 242 235 220
(o]
§ J 2.18| 2.12| 275| 194| 208| 1.60| 2.29| 248 1.97
2 J 195 1.77| 238 194| 259| 1.63| 227| 228 221
§ A 222 221| 222 1.84| 2.08| 1.55| 219| 210/ 201
[<B]
LBL S 244 199| 258 207 195 1.69| 232 239| 2.03
@) 1.65| 190| 2.38| 234| 224 214 254| 2.07| 2.00
N 2.86| 268| 237 202 235 211 219| 192| 2.38
D 2.08| 2.05| 229| 206| 257| 2.03| 218| 1.98| 2.38
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Table A.8 Monthly averages of forecasted gridded temperature (°C) for the Eagle Creek
watershed (USGS Gage Station 03093000) calculated over the period of 2046-2065.

I 8 8
ml ml 8 ml
S S - & "g !
GeM:| & | & | B | o | ¢ | & | & E | «
< < ° g £ o é > £
£ £ E | = | 2] 8| 2| D] 2
g | 8|/ s | £/ 8| | | €| &
ESmlssm_ns. a2 bl alb a2 alb alb a2 bl bl
cenario:
Run: 2 2 1 1 1 1 1 4 1
J -1.47 | -283 | -0.75 | -1.55 | 0.29 | -0.81 | -1.71 | -1.85 | 0.03
F 1.50 | -0.33 | -1.45 | -0.44 | 3.33 1.76 | -1.18 | -1.62 | 0.11
M 6.36 | 555 | 420 | 260 | 7.64 | 7.25 | 3.88 | 3.42 | 552
@ A | 1197|1147 | 10.82 | 11.20 | 13.74 | 13.40 | 10.16 | 10.27 | 11.88
o
N M | 1758 | 17.39 | 17.19 | 17.11 | 19.08 | 18.20 | 16.83 | 16.28 | 18.04
O
§ J | 2249 | 21.70 | 2258 | 22.49 | 22.73 | 22.67 | 21.44 | 21.59 | 21.68
9 J 2438 | 23.75 | 24.32 | 25.01 | 25.11 | 25.70 | 24.57 | 23.67 | 23.94
§ A | 23.57 | 23.01 | 23.71 | 24.90 | 24.67 | 24.86 | 23.65 | 21.74 | 23.46
LSL S |20.20 | 19.63 | 20.86 | 21.10 | 20.87 | 21.41 | 19.86 | 18.89 | 20.65
O | 1447 | 13.68 | 13.25 | 13.19 | 14.99 | 14.34 | 13.74 | 13.14 | 14.25
N 7.61 7.12 7.31 7.05 8.68 8.80 1.72 7.63 6.50
D 1.94 0.03 1.29 248 | 4.25 2.24 1.72 1.51 2.59
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Table A.9 Monthly averages of hindcasted gridded precipitation (mm/day) for the
Wakatomika Creek watershed (USGS Gage Station 03144000) calculated over the
periods of 1961-1999 and 1980-1999.

o s SE]S

5 5 E | o | - E o | o | &

GeM:| 2 | 2| | B | & | & | E £ £

ccsl cUl cUl ° g %I <§’ § ié:’

£ £ £ E | 2| | 2 2] 2

8 0 818 | s | 8| E| e | E|E

%T;;Z'flgs alb | bl | bl | alb | alb | alb | a2 | bl | bl
Run: 1 1 2 1 1 2 2 3

J | 175 | 175 | 168 | 182 | 159 | 177 | 173 | 1.54 | 1.56

F | 181 | 181 | 168 | 168 | 1.83 | 1.84 | 161 | 1.75 | 1.86

| M [ 223 ] 223|237 | 235 | 218 | 224 | 233 | 219 | 222

S | A | 250 | 250 | 252 | 252 | 251 | 252 | 2.68 | 256 | 2.52

: M | 255 | 255 | 251 | 247 | 251 | 254 | 255 | 257 | 258

S | 3 * | 250 | 257 | 239 | 246 | 2.31 | 249 | 240 | 251

5 | 3 [ 237 | 237 | 240 | 240 | 246 | 248 | 231 | 241 | 250

% | A | 208|208 203 | 1.93 | 200 | 191 | 206 | 199 | 2.03

S| s | 201|201 |18 | 178|185 | 177 | 196 | 195 | 1.95

T 7o [ 171 | 171 | 170 | 174 | 179 | 1.80 | 1.76 | 1.81 | 1.70

N | 205 | 205 | 208 | 203 | 206 | 216 | 213 | 210 | 213

D | 1.86 | 1.86 | 1.97 | 1.93 | 1.92 | 1.87 | 1.93 | 1.96 | 2.01

J | 184 | 184 | 178 ] 193] 172 | 18 | 173 | 161 | 172

F | 205 | 205 | 161 | 159 | 1.78 | 1.95 | 1.73 | 1.87 | 2.07

| M | 237|237 | 246 | 230 | 228 | 232 | 226 | 236 | 2.22

S | A | 255 | 255 | 256 | 2.67 | 252 | 2.53 | 2.91 | 2.64 | 2.64

Z M | 260 | 269 | 221 | 248 | 261 | 254 | 261 | 276 | 2.43

& | J | 242 | 242 | 252 | 244 | 244 | 222 | 254 | 240 | 2.43

5 | 3 [ 260 | 260 | 240 | 2.36 | 210 | 255 | 221 | 228 | 2.28

% | A | 227 [ 227 | 200 | 206 | 205 | 170 | 2.00 | 197 | 1.9

S s [212] 212|206 18 | 163 ] 170 | 1.96 | 206 | 1.90

T "o [175 | 175 | 170 | 1.76 | 1.77 | 202 | 187 | 190 | 167

N | 208 | 208 | 217 | 209 | 193 | 215 | 239 | 242 | 2.00

D | 195 | 1.95 | 1.95 | 1.91 | 1.89 | 2.09 | 1.96 | 2.17 | 2.06
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Table A.10 Monthly averages of hindcasted gridded temperature (°C) for the
Wakatomika Creek watershed (USGS Gage Station 03144000) calculated over the
periods of 1961-1999 and 1980-1999.

O s SS]S

5 5 E | o | - E ] o | o | o

GCM:| 2 | & | & | B | o | & | E £ £
ccsl ccsl cUl el g %I é <§’ §

£ £ £ e 2| 8| 2] 22

51 81 8| s | 8 €| | E|E

ggf;"r‘l’gs alb | bl | bl | alb | alb | alb | a2 | bl | bl
Run: 1 1 2 1 1 2 2 3 4

J | -362]-362]-354|-363|-362|-374|-370 | -3.77 | -3.65

F | -1.94|-194|-198 | 200 | 201 | -1.89 | -2.13 | -1.96 | -1.84

| M | 368 | 368 | 360 | 356 | 356 | 3.75 | 3.60 | 3.65 | 3.59
S | A | 945 | 945 [ 930 | 933 | 935 | 946 | 9.45 | 945 | 947
: M | 15.10 | 15.10 | 15.04 | 15.13 | 15.08 | 15.00 | 15.16 | 15.11 | 15.20
S | 3 |2000 2000 20.04 | 20.07 | 20.02 | 20.05 | 20.05 | 20.06 | 20.04
5 | 3 [2220] 2220 | 2219 | 22.16 | 2217 | 22.16 | 22.18 | 22.16 | 22.20
% | A [2125] 2125|2120 | 2022 | 21.15 | 21.18 | 2119 | 21.19 | 21.14
S| s [1740| 1740|1730 | 17.35 | 17.36 | 17.35 | 17.42 | 17.31 | 17.33
T 70 [1093 1093 | 1097 | 1096 | 10.99 | 11.00 | 10.99 | 11.03 | 11.03
N | 503 | 503 | 508 | 494 | 511 | 508 | 492 | 508 | 507

D | -062|-062|-055|-076|-0.71 | -0.62 | -0.78 | -0.66 | -0.59

J | -201]-291]-281|-301]-392]-384]-363|-378]-322

F | -055]-055]-1.94|-182 | -175 | -1.96 | -1.63 | -1.44 | -1.30

| M | 394|394 | 384|424 | 375|344 | 371 | 439 | 391
S | A | 9949940994992 | 0976|1004 915 | 1005 | 9.8
Z M | 1559 | 1550 | 1537 | 15.36 | 15.07 | 15.28 | 14.98 | 15.71 | 15.37
& | 3 |2037 2037|2065 |20.21 | 20.44 | 19.97 | 19.86 | 20.32 | 20.33
5 | 3 [2223] 22232245 | 2276 | 22.40 | 22.17 | 22.25 | 2254 | 22.59
% | A [2143]21.43 2172 | 2168 | 21.40 | 21.54 | 2152 | 21.56 | 21.42
S| s [1807|1807 | 1816|1752 | 17.60 | 17.50 | 17.58 | 17.80 | 17.58
T 70 [ 1101 12.01 | 1107 | 10.97 | 10.78 | 1137 | 11.45 | 11.61 | 1127
N | 572 | 572 | 578 | 506 | 535 | 508 | 494 | 599 | 506

D | -0.38 | -038|-012 | 048 | -0.04 | -0.61 | -0.82 | -0.14 | -0.98
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Table A.11 Monthly averages of forecasted gridded precipitation (mm/day) for the
Wakatomika Creek watershed (USGS Gage Station 03144000) calculated over the
period of 2046-2065.

ml ml ml 8 O’)I C‘OI C‘OI
= = = B 2 | | :
cem:| & | 8| & | | & | & B & | E
o o o | =) o o
< < < ° g 3 2 2 2
= = = £ _l S 200 202
s | 8| 8| E|E8| €| 8| ¢8|c¢
[&] [&] (&) (&) {@))
Esm'ss"’.”? alb | bl | bl | alb | atb | alb | a2 | b1 | b1
cenarilo.
Run: | 1 1 2 1 1 2 2 3 4
J | 191 | 168 | 159 | 1.86 | 210 | 1.76 | 1.60 | 1.78 | 1.69
F | 206 | 1.80 | 200 | 217 | 1.90 | 1.99 | 1.82 | 1.83 | 1.97
M | 270 | 250 | 264 | 2.80 | 2.66 | 2.65 | 2.61 | 278 | 2.02
@ | A | 319|310 | 317 | 306 | 312 | 236 | 264 | 271 | 284
o
N M | 248 | 302 | 209 | 283 | 279 | 218 | 2.83 | 2.46 | 2.49
[{o)
S | J | 243 | 242 | 221 | 305 | 206 | 236 | 238 | 278 | 270
S| J | 208 | 241 | 205 | 241 | 200 | 1.95 | 2.31 | 2.53 | 2.34
§ A | 235 | 225 | 227 | 205 | 162 | 117 | 2.33 | 2.34 | 2.03
|-
S | s | 18| 18 | 1.68 | 210 | 202 | 135 | 2.36 | 2.20 | 1.97
O | 146 | 1.75 | 1.65 | 201 | 158 | 1.92 | 1.57 | 2.10 | 1.85
N | 270 | 227 | 253 | 204 | 1.89 | 1.97 | 234 | 216 | 167
D | 256 | 257 | 200 | 217 | 2.08 | 210 | 213 | 237 | 1.93
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Table A.12 Monthly averages of forecasted gridded temperature (°C) for the
Wakatomika Creek watershed (USGS Gage Station 03144000) calculated over the
period of 2046-2065.

ml ml (”'JI 8 ('Y)I (")I (")I
= = = 4 2 | | :
eem:| & | 8| S| B | | & E|E|E
< < < ) g o S S S
= = = £ _ 3 (I I Ry
&) &) [&) — o] e - o -
8 8 8 s b= £ £ £ £
ESm'SS'O.”S_ alb | bl | bl | alb | alb | alb | a2 | b1 | b1
cenarilo.:
Run:| 1 1 2 1 1 2 2 3 4
J | -058|-179 | -255 | -0.40 | -0.98 | -0.28 | -1.57 | -3.26 | -1.53
F | 216 | 057 | 022 | 076 | 077 | 217 | 1.02 | -053 | -1.04
M | 752 | 657 | 639 | 530 | 480 | 9.16 | 5.89 | 5.16 | 4.29
= | A | 1295|1161 | 12.16 | 11.43 | 12.10 | 13.28 | 12.05 | 10.66 | 10.90
O
& | M | 1806 | 17.39 | 17.67 [ 17.50 | 18.23 | 18.99 | 17.92 | 16.78 | 16.68
({e)
S | J | 2320|2192 | 2222 | 23.04 | 23.27 | 23.14 | 22.03 | 21.83 | 21.97
S | J | 2532|2412 | 2417 | 2488 | 26.80 | 26.06 | 24.11 | 23.82 | 24.04
w
S | A | 2385|2367 2343|2418 | 2657 | 25.45 | 23.68 | 23.31 | 22.13
-
(@]
L | 5 |19.78 | 18.64 | 19.89 | 21.30 | 21.45 | 21.61 | 19.93 | 18.87 | 19.32
O | 14.16 | 12.66 | 13.82 | 13.52 | 13.43 | 14.87 | 13.95 | 12.65 | 13.20
N | 767 | 722 | 726 | 739 | 6.66 | 897 | 758 | 6.29 | 7.55
D | 189 | 116 | 029 | 1.47 | 217 | 326 | 1.21 | 039 | 1.68
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Table A.13 Monthly averages of hindcasted gridded precipitation (mm/day) for the
Pond Creek watershed (USGS Gage Station 03302000) calculated over the periods of
1961-1999 and 1980-1999.

o || s sl8ls

GCM: § § § 2 g' GE)' §I EI

B B N (R B 5| T ol ol S| 8

£ £ £ E | 2] 8 S | 2| 2

g 1 8/ 8| s | 8 |E|E|€E|E

Esrg'e'f]zflgs a2 | bl | bl | atb | alb | alb | b1 | a2 | b1

Run: | 3 2 3 1 1 1 2 1 4
J | 217 | 224 | 217 | 228 | 215 | 216 | 219 | 1.93 | 1.93
F | 228 | 211 | 228 | 220 | 233 | 242 | 242 | 227 | 256
o | M | 281 | 284 | 281 | 275 | 269 | 280 | 271 | 272 | 278
S | A | 272 | 284 | 272 | 287 | 282 | 281 | 282 | 292 | 2.95
= | M [ 290 [ 268 [ 290 [ 276 [ 279 [ 278 | 272 | 2.76 | 2.76
S |3 | 233 ] 254 | 233 | 223 | 221 | 220 | 217 | 251 | 2.38
5 | 3 [ 202205 [ 202 | 210 | 224 | 219 | 226 | 2.03 | 2.32
% [ A | 173 174 | 173 | 140 | 167 | 157 | 1.60 | 1.83 | 1.80
S | s | 171|164 | 171 | 160 | 170 | 173 | 159 | 1.84 | 1.95
T |0 | 184|185 | 184 | 1.88 | 1.80 | 1.92 | 1.95 | 1.94 | 167
N | 258 | 258 | 258 | 243 | 261 | 258 | 2.69 | 2.55 | 2.70
D | 250 | 257 | 250 | 239 | 257 | 257 | 2.60 | 2.54 | 2.60
J | 199 | 223 | 1.99 | 2.35 | 245 | 210 | 224 | 1.75 | 217
F | 248 | 192 | 248 | 215 | 231 | 2.25 | 2.74 | 233 | 2.93
S | M | 302 | 288 | 302 | 266 | 277 | 281 | 2.93 | 260 | 292
S | A 277283 277 | 295 | 316 | 277 | 273 | 306 | 3.04
o | M [ 293 | 248 [ 293 [ 275 [ 278 | 324 | 277 | 3.01 | 265
S |3 | 214 | 239 | 214 | 219 | 230 | 238 | 208 | 252 | 2.37
5 | 3 [ 227 [ 218 [ 227 | 211 | 234 | 222 | 219 | 1.93 | 2.01
% [ A | 18 | 1.86 | 1.88 | 1.40 | 165 | 155 | 1.47 | 1.99 | 161
S | s | 154 | 192 | 154 | 174 | 183 | 163 | 1.62 | 1.68 | 1.72
T | 0|18 | 18 | 184 | 1.79 | 201 | 220 | 230 | 1.88 | 1.69
N | 286 | 2.85 | 2.86 | 245 | 221 | 247 | 255 | 2.90 | 2.73
D | 282 | 265 | 2.82 | 236 | 267 | 260 | 3.05 | 2.45 | 2.69
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Table A.14 Monthly averages of hindcasted gridded temperature (°C) for the Pond Creek
watershed (USGS Gage Station 03302000) calculated over the periods of 1961-1999 and

1980-1999.
SR BRI I g g S1§
GCM:| 3 3 c < o~ ~ £ £
' ' o 2 § 3 3 3 3
£ = £ £ | o o ! o
o o 8 c a = = = =
_ o o o ) 2 e e e e
Emissions| > | b1 | b1 | atb | alb | alb | bl | a2 | bt
Scenario:
Run: 3 2 3 1 1 1 2 1 4
J 041 | 034 | 041 | 040 | 032 | 0.31 | 0.18 | 0.29 | 0.29
F 271 | 248 | 271 | 258 | 257 | 266 | 2.67 | 2.67 | 2.75
§ M | 789 | 795 | 789 | 800 | 791 | 8.03 | 8.07 | 7.99 | 8.03
=2 A | 13.70 | 13.55 | 13.70 | 13.57 | 13.52 | 13.75 | 13.68 | 13.63 | 13.69
é M | 18.74 | 18.71 | 18.74 | 18.79 | 18.66 | 18.76 | 18.73 | 18.82 | 18.82
= J | 23.19 | 23.25 | 23.19 | 23.27 | 23.20 | 23.26 | 23.24 | 23.19 | 23.24
g J | 25.37 | 25.35 | 25.37 | 25.36 | 25.35 | 25.37 | 25.33 | 25.37 | 25.36
% A | 2456 | 2453 | 24.56 | 24.57 | 2450 | 24.53 | 24,51 | 24.49 | 24.47
§ S |20.88 | 20.85 | 20.88 | 20.80 | 20.80 | 20.71 | 20.83 | 20.76 | 20.72
I O | 1455 |14.41 | 1455 | 1451 | 14.48 | 14.49 | 1450 | 14.47 | 1451
N 835 | 842 | 835 | 834 | 852 | 843 | 848 | 8.46 | 8.49
D 283 | 287 | 283 | 282 | 283 | 272 | 293 | 294 | 3.00
J 041 | 092 | 041 | 095 | 0.21 | 041 | 0.06 | 0.20 | 0.77
F 278 | 235 | 278 | 279 | 285 | 276 | 260 | 3.22 | 3.21
§ M | 778 | 803 | 7.78 | 876 | 890 | 899 | 7.77 | 7.70 | 8.43
=2 A | 1400 | 14.11 | 1400 | 14.23 | 14.45 | 13.94 | 14.29 | 13.39 | 14.18
g M | 19.03 | 1890 | 19.03 | 19.06 | 18.76 | 18.68 | 18.86 | 18.84 | 19.02
3 J | 23.53 | 23.88 | 23.53 | 23.50 | 23.30 | 23.29 | 23.28 | 23.58 | 23.57
g J | 25.61 | 25.65 | 25.61 | 25.79 | 25.60 | 25.50 | 25.40 | 25.53 | 25.80
% A | 24.87 | 24.90 | 24.87 | 24.89 | 25.01 | 24.65 | 24.83 | 24.92 | 24.76
é S |21.13 | 2155 | 21.13 | 21.06 | 20.84 | 20.90 | 21.06 | 21.39 | 20.90
I O |[1534 | 1442 | 15.34 | 1461 | 1450 | 14.88 | 14.94 | 15.22 | 14.71
N 830 | 891 | 830 | 840 | 8.67 | 8.81 | 847 | 9.22 | 8.48
D 278 | 3.16 | 278 | 3.86 | 3.39 | 2.88 | 284 | 286 | 2.48
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Table A.15 Monthly averages of forecasted gridded precipitation (mm/day) for the
Pond Creek watershed (USGS Gage Station 03302000) calculated over the period of

2046-2065.
| I 7 g g % &UI
GCM: S > > c < ~ N, g g
< < < it § 3 3 2 2
= £ £ £ | o o ! o
5 | 8| 8| 5| 8| € |€E|E|E

(&) [&] [&] [&] o —

ESm'SS'O.”S_' a2 | bl | bl | alb | alb | alb | b1 | a2 | b1

cenarilo.

Run:| 3 2 3 1 1 1 2 1 4
J | 223 | 203 | 262 | 226 | 2.07 | 1.67 | 2.34 | 237 | 2.26
F | 202 | 234 | 277 | 269 | 235 | 276 | 263 | 2.72 | 2.44
M 3.32 3.18 3.10 3.30 2.99 3.05 2.84 2.90 2.54

@ A 2.70 3.31 3.11 3.26 2.73 2.94 2.74 3.32 3.00

o

N M 2.92 2.16 3.04 3.24 2.56 2.22 3.00 2.65 2.73

({e)

S | 3| 285 | 204 | 268 | 243 | 211 | 166 | 240 | 254 | 267

T | J | 179|191 | 168 | 1.62 | 2.89 | 1.38 | 1.99 | 2.09 | 2.27

§ A | 178 | 163 | 156 | 1.45 | 1.98 | 1.11 | 1.49 | 2.16 | 2.03

-

L S 1.63 1.68 1.86 1.69 1.29 1.11 1.64 2.70 2.22
(@) 2.34 1.85 2.31 1.90 2.03 1.72 1.91 2.33 1.91
N 3.44 3.39 2.66 2.37 3.04 2.35 2.10 2.87 2.02
D | 316 | 2.68 | 3.05 | 249 | 3.00 | 279 | 2.86 | 2.79 | 2.41
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Table A.16 Monthly averages of forecasted gridded precipitation (mm/day) for the
Pond Creek watershed (USGS Gage Station 03302000) calculated over the period of

2046-2065.

- - - g g &U' &6'

% %’ % ™ CIE)I GE)I ZI :I

GCM:| 3 S £ < N, N g 5

< o < 2l g 3 3 g 8

E|E|E|E| | || & &

S ] S = 7 = = = =

8 | 8| 8| 5| & | E | €| E | E

ESm|ssm_n§ a2 bl bl | alb | alb | alb | bl a2 bl
cenario:

Run:| 3 2 3 1 1 1 2 1 4

202 | 107 | 1.71 | 331 | 452 | 3110 | 3.38 | 241 | 2.28
599 | 436 | 455 | 3.76 | 824 | 6.45 | 597 | 443 | 353
11.29 | 1045 | 9.42 | 10.22 | 12.36 | 11.53 | 11.94 | 9.75 | 8.44
16.27 | 16.12 | 15.73 | 15.82 | 17.62 | 17.27 | 15.71 | 15.47 | 15.05
21.31 | 21.13 | 21.08 | 21.01 | 22.30 | 21.97 | 20.75 | 20.47 | 20.17
26.12 | 25.56 | 25.70 | 26.18 | 26.29 | 26.63 | 24.94 | 25.25 | 25.06
28.27 | 27.58 | 27.42 | 27.98 | 28.11 | 29.62 | 28.10 | 27.11 | 27.22
27.25 | 26.90 | 27.65 | 27.32 | 28.03 | 29.19 | 27.66 | 26.40 | 25.53
23.60 | 23.21 | 23.32 | 24.65 | 24.51 | 25.77 | 23.83 | 22.97 | 22.91

Forecasted (2046 - 2065)

18.11 | 17.30 | 16.72 | 17.03 | 18.46 | 17.81 | 17.69 | 16.95 | 16.73

10.72 | 10.29 | 9.67 | 10.81 | 11.79 | 12.34 | 11.14 | 10.13 | 10.77

O|lZzZ|0lu|P ||| Z|>|Z2|T|uw

509 | 341 | 3.69 | 481 | 765 | 5.76 | 5.65 | 4.68 | 5.07
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Appendix B. Spatial Data: DEMs and Soil Layers

This appendix contains maps of digital elevation models (DEMSs) and soil layers input
into the SWAT models for each case study watershed. A table is also included which
provides identification information for relevant soil types included with each map,

relating the Map Unit Keys in the legend to the soil series names.
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Elevation (meters)
e High : 609.87

0 375 75 15 225 3% | i’
1
e Low : 155.225

Figure B.1 DEM of Fish River watershed (USGS Gage Station 01013500).
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Elevation (meters)

- High 1 421.438

B t5 3 6 9 12 -
Low : 264.892

Kilometers

Figure B.2 DEM of Eagle Creek watershed (USGS Gage Station 03093000).
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Elevation (meters)

High - 384 952
0 15 3 ] 9 12 i
Low - 224 12

Kilometers

Figure B.3 DEM of Wakatomika Creek watershed (USGS Gage Station 03144000).
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Elevation (meters)

0 125 25 5 75 10 -
Low :132.273

Kilometers

Figure B.4 DEM of Pond Creek watershed (USGS Gage Station 03302000).
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0 35 7 14 g 28
O e Hilometers

Figure B.5 SSURGO soils layer of Fish River watershed (USGS Gage Station
01013500).
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Figure B.6 SSURGO soils layer of Eagle Creek watershed (USGS Gage Station
03093000).
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0 125 25 5 75 10

hosas ] e

Figure B.7 SSURGO soils layer of Wakatomika Creek watershed (USGS Gage
Station 03144000).
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Figure B.8 SSURGO soils layer of Pond Creek watershed (USGS Gage
Station 03302000).
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Table B.1 Component soil series for all watersheds and SSURGO map units.

Map Unit Ma_p .
Watershed Unit Component Series Names
Key
Symbol
657964 s8369 Water
663057 s3194 Stetson-Masardis-Allagash
663058 $3195 Daigle-Burnham-Aurelie
663069 $3206 Monson-Elliotsville-Daigle-Aurelie
Fish River Wonsqgeak-VassaIboro-Stetson-Medomak-
663093 $3230 Masardis
(L\j\éaégsgzge 663094 s3231 Ricker-Monson-EIIio.tsville
01013500) 663099 $3236 Perham-Monarda-Daigle-Chesuncook
663112 $3249 Telos-Monarda-Burnham
663113 $3250 Telos-Monson-Monarda-Elliotsville
663114 s3251 Thorndike-Telos-Chesuncook
663115 $3252 Winnecook-Thorndike-Plaisted-Howland
663116 $3253 Vassalboro-Sebago-Cathro
666574 s6073 Haskins-Fitchville
Wooster-Ravenna-Frenchtown-Chili-
Eagle Creek | goeegs  s6083  |Canfield
(l\j\éaéesrsgzge 666587 |s6086 | Chili
666597 s6096 Remsen-Geeburg
03093000) .
666598 s6097 Wadsworth-Rittman
666631 s6130 Mahoning-Ellsworth
. |666564 $6063 Titusville-Mechanicsburg-Homewood
Waléa;g;rlzuka 666566 s6065 Rainsboro-Negley-Cana
Watershed 666590 s6089 Melvin-FitchviIIe-Echid
(USGS Gage 666601 $6100 C_oshocton-BrownsvnIe
03144000) 666673 s6172 nglgy-Coshocton . . .
666675 s6174 Sebring-Mentor-Lorain-Glenford-Fitchville
668155 $2630 Otwell-Newark-Lawrence-Huntington-Elk
Pond Creek |668200 $2675 Zanesville-Rockcastle-Memphis-Loring
Watershed |668259 s2734 Trappist-Lenberg-Colyer-Caneyville
(USGS Gage 668261 s2736 Garmon-Crider
03302000) (668271 s2746 Nicholson-Crider-Caneyville
668273 s2748 Nicholson-Faywood-Fairmount-Beasley
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Appendix C. Calibrated Parameters

This appendix includes tables for each watershed which provide descriptions, ranges, and
values of calibrated parameters used in modeling using ArcSWAT. The absolute min and
max listed in the table refer to the realistic physical bounds on the parameters, while the
calibrated min and max refer to the uncertainty bounds SWAT-CUP produced. The
official calibrated value used was generally the mean of the uncertainty bounds.
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