n = N/(1+ Ne2)
where:
N = population size of 2099

e = 95% confidence level (Adam, 2020).

This equated to 37 HUCS8s for six of the climate regions and 38 HUCS8s for an additional three.
All 2099 HUCS8s names were aggregated by climate region into individual Excel spreadsheets in
categories by season. The list of HUCS8s in each were "shuffled" using Excel's RAND() function.
The lists were then pasted into R individually, by region and season, and a built-in GNU General
Public License R algorithm for random sampling was used in R to acquire the random 37 or 38
HUCS8s used for each CR (Figure A4).

Following that, an R script was written to create files which showed the mean seasonal historic
data alongside each GCM, for each of the 336 "sample" HUCS8s (Script C3, Figure A5). For
each season, for each sample HUCS8, the yearly mean runoff in millimeters (RO_MM) was
aggregated into a new list according to GCM.

Next, Visual Basic (VBA) code was written to split each HUCS8's truncated yearly data file
together with its corresponding historic data file, into the same Excel file for each of the 26,880
files in the representative sample (336 * 4 * 20) of the RCP 4.5 scenario. All data were then
exported into folders as individual CSV files (Script C4).

These datasets were then graphed for comparison between GCM projected data and historic
data for each HUCS8 (Script C5). A linear regression was run in Excel on each set of data for all
files (Figure A6), and the files were saved as individual Excel spreadsheet (XLSX) files in order
to preserve the graphs.

At that point a Root Mean Square Error (RMSE) analysis (Padiyedath Gopalan et al., 2018) was
run on every Excel file, comparing the column of projected RO_MM for each GCM, in each
HUCS, against the historical data using R (Script C6). The RMSE calculates the accumulated
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Figure 22. HUCB8s showing significant shift in summer runoff under the RCP 4.5 scenario within the CONUS. This is overlaid
on an EPA Population Density Projection map for the year 2100.
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4.4 Results

This research shows that every Climate Region (CR) will experience significant seasonal
changes in surface runoff volume under the intermediate scenario during at least one season in

the coming decades (Table 1).

124



Table 1. A record of projected significant trends in HUCs across the CONUS under the

Intermediate (RCP 4.5) climate scenario. (“Climate Change in Australia,” 2019)

Percent of Percent of Percent of
Season Whole with | Percent of Percent of [SIGNIFICANT SIGNIFICANT
and SIGNIFICANT whole whole TREND TREND
RCP Climate Region TREND Positive Negative Positive Negative
Fall 4.5 Northwest 1.98% 1.49% 0.50% 75.00% 25.00%
Rockies and Plains 2.24% - 2.24% - 100%
Upper Midwest 4.59% 0.51% 4.08% 11.11% 88.89%
Ohio Valley 5.75% - 5.75% - 100%
Northeast 1.24% 1.24% - 100% -
Southeast 9.87% 9.87% - 100% -
South 8.05% 8.05% - 100% -
Southwest 16.81% 16.81% - 100% -
West 0% - - - -
Spr 4.5 Northwest 26.24% 1.98% 24.26% 7.55% 92.45%
Rockies and Plains 10.07% 7.09% 2.99% 70.37% 29.63%
Upper Midwest 15.31% - 15.31% - 100%
Ohio Valley 0% - - - -
Northeast 2.48% - 2.48% - 100%
Southeast 4.93% 4.93% - 100% -
South 2.93% 2.68% 0.24% 91.67% 8.33%
Southwest 10.50% 10.50% - 100% -
West 4.00% - 4.00% - 100%
Sum 4.5 Northwest 30.69% - 30.69% - 100%
Rockies and Plains 2.99% - 2.99% - 100%
Upper Midwest 0% - - - -
Ohio Valley 0% - - - -
Northeast 3.73% - 3.73% - 100%
Southeast 0% - - - -
South 13.17% 13.17% - 100% -
Southwest 31.51% 31.51% - 100% -
West 16.00% - 16.00% - 100%
Win 4.5 Northwest 47.52% 47.52% - 100% -
Rockies and Plains 10.45% 100% - 100% -
Upper Midwest 30.61% 30.61% - 100% -
Ohio Valley 0% - - - -
Northeast 23.60% 23.60% - 100% -
Southeast 1.79% 1.79% - 100% -
South 6.83% 6.83% - 100% -
Southwest 42.02% 42.02% - 100% -
West 30.86% 30.86% - 100% -
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Most CRs will experience significant seasonal changes during two or more seasons, often
consecutively. Some CRs will experience significant seasonal changes during every season.
The fall season shows water deficit across lower Wisconsin in a cluster of ten HUCS8s. In the
same season northeast Missouri also shows a cluster- eight HUC8s in Missouri, and two shared
with lllinois in deficit. lllinois has three additional HUCS8s in deficit as well as those portions of its
northern border shared with Wisconsin. Also in the fall season, Florida shows nearly a third of
the state seeing significantly increased runoff. Georgia also shows ten watersheds, two shared
with Florida, with a surfeit all along its coast. These clusters in FL and GA could reflect a
possible increase in hurricanes in that area. The winter season in the IS scenario shows vast
increases in runoff in the northern southwest and west CRs, as well as the northwest. More than
20 HUCSs in California's NW, almost half of Nevada's HUC8s show a significant increase in
runoff. Two-thirds of both Utah and Colorado's HUC8s, almost half of Oregon's and nearly all of
Idaho's HUCS8s also show a surfeit. Further surfeits are widespread in northern Wisconsin,
Michigan, New York, Vermont, New Hampshire and Maine. In the spring season the
predominant stress appears as deficit in the HUC8s in the western third of Washington state.
Oregon also faces deficit in more than 15 watersheds in its west-central region, and a portion of
the east central area. Michigan, shows 26 watersheds in deficit across its upper boundaries,
about a third of the state. Summer shows a continuation of deficit for western Washington and
Oregon and this situation extends into NW California. There is deficit across a wide part of
northern Maine. Nearly all of Arizona is projected to experience a surfeit of runoff, as is west
Texas and a significant portion of New Mexico. Under the HS scenario the number of HUCs
within each CR projected to experience significant seasonal changes in surface runoff volume is
notably higher (Table 2). The fall season shows a scattered belt of HUCS8s in deficit from
southwest TX through southwest MT. AZ, NH and GA have widespread surfeit. In the winter
season under the HS scenario, three of the nine climate regions (the Northwest, Upper Midwest,
and Ohio Valley) show a projected positive trend for more than 60% of their watersheds.
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Table 2. A record of projected significant trends in HUCs across the CONUS under the High

Stress (RCP 8.5) climate scenario. (“Climate Change in Australia,” 2019)

Percent of Percent of Percent of
Season Whole with | Percent of Percent of |[SIGNIFICANT SIGNIFICANT
and SIGNIFICANT whole whole TREND TREND
RCP Climate Region TREND Positive Negative Positive Negative
Fall 8.5 Northwest 15.84% 14.85% 0.50% 96.9% 3.1%
Rockies and Plains 5.97% 1.12% 4.85% 18.75% 81.25%
Upper Midwest 0% - - - -
Ohio Valley 0% - - - -
Northeast 9.94% 9.94% - 100% -
Southeast 5.83% 5.83% - 100% -
South 3.17% - 3.17% 100% -
Southwest 12.61% 4.20% 8.40% 33% 67%
West 1.71% 1.14% 0.57% 67% 33%
Spr 8.5 Northwest 12.38% 2.97% 9.41% 24% 76%
Rockies and Plains 5.22% 5.22% - 100%
Upper Midwest 32.14% 2.04% 30.10% 6.34% 93.65%
Ohio Valley 0.44% 0.44% - 100%
Northeast 19.25% - 19.25% - 100%
Southeast 3.14% 2.24% 0.90% 71.43% 28.57%
South 0.73% 0.24% 0.49% 33% 67%
Southwest 8.82% 3.78% 5.04% 42.86% 57.14%
West 15.43% 0.57% 14.86% 3.70% 96.30%
Sum 8.5 Northwest 66.34% - 66.34% - 100%
Rockies and Plains 17.16% - 17.16% - 100%
Upper Midwest 7.65% - 7.65% - 100%
Ohio Valley 7.52% 4.42% 0.44% 94.12% 5.88%
Northeast 42.24% - 42.24% - 100%
Southeast 10.31% 8.97% 1.35% 86.96% 13.04%
South 1.22% 1.22% - 100%
Southwest 34.87% 13.87% 21.01% 39.76% 60.24%
West 43.43% 9.14% 34.29% 21.05% 78.95%
Win 8.5 Northwest 64.85% 64.85% - 100% -
Rockies and Plains 17.54% 17.54% - 100% -
Upper Midwest 77.55% 77.55% - 100% -
Ohio Valley 70.80% 70.80% - 100% -
Northeast 98.76% 98.76% - 100% —
Southeast 35.43% 34.08% 1.35% 96.20% 3.80%
South 15.12% - 15.12% - 100%
Southwest 35.71% 0.84% 34.87% 2.35% 97.65%
West 35.43% 35.43% - 100% -
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In the Northeast 99% of the climate region is projected to see increased runoff. A small section
of coastal Delaware did not show increased runoff but this may have to do with the GCM's
projected sea level rise. Much of the west central CONUS also shows a surfeit over significant
sections of four climate regions. A deficit appears through much of eastern Texas,
encompassing Houston, Austin, Dallas and Ft. Worth. Spring, under the HS scenario shows a
deficit of runoff for nearly all of Michigan, much of Wisconsin and Maine, portions of northern NY
and extensive areas of northern CA and southwest OR. Summer continues that trend for nearly
all of ME, NH, and the eastern half of NY. Almost all of Vermont shows summer deficit. OR, WA,
much of the north part of CA, and most of Idaho are also showing deficit. For summer, portions
of PA, FL, UT, ND, and NM show deficit. And Wyoming, Colorado and Michigan have

substantial regions of projected deficit.

4.5 Discussion

Many factors influence volume of runoff. Precipitation patterns are effected temperature rise
(Dore, 2005). There is still much debate over exactly how high global temperatures may get in
coming decades (Raftery et al., 2017). The Working Group Il contribution to the Sixth
Assessment Report of the IPCC, released this past February, states that, "there is at least a
greater than 50% likelihood that global warming will reach or exceed 1.5°C in the near-term,
even for the very low greenhouse gas emissions scenario" (IPCC, 2022). These factors may
also influence human migration. Current projections for the CONUS show southern and
southwestern regions in particular as being the focal point of in-migration during this century
(Hauer, 2019; McKee et al., 2015; US EPA, 2017b). However these same sources also project
appreciable increases in population along the northeastern corridor from Washington DC to
Boston. Seven of the ten largest cities in the US today are in the south, southwest and west:
Houston, TX, Dallas, TX, San Antonio, TX, Austin, TX, Phoenix, AZ, San Diego, CA, and Los
Angeles, CA. Notably, Ft. Worth, TX, San Jose, CA, and San Francisco, CA are also within the
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top 20 largest cities, and expected to see growth (Hauer, 2019; McKee et al., 2015; US EPA,
2017b). Additionally, El Paso, TX, coming in at number twenty two (World Population Review,
2022), exists in a region of expected growth .

This research created a seasonal breakdown of significant areas of runoff change. Highlighting
the ten largest US cities (Figures 7-14), it appears that many of them will escape the direct of
surface water shift. However, watersheds rarely exist in isolation (Duan et al., 2019, 2018).
Regional connectivity of watersheds means that distant upstream seasonal shifts may impact
downstream water availability. Of the ten largest cities in the US, parts of the southwest around
the Phoenix area are projected to receive increased runoff in the summer and fall months, under
the RCP 4.5 scenario (Figures 7, 10, 15, 18). In a typically dry region such as the southwest US,
this could be the result of intensification of the North American Monsoon (NAM) season which
can cause damaging flash floods (Pascale et al., 2019; Smith et al., 2019). Runoff would almost
certainly be exacerbated by the increase in impervious surfaces that accompanies population
growth. For this same area under the RCP 8.5 scenario, significant change in runoff for the
summer months increases dramatically in number of watersheds (Figures 14/22). Fewer
watersheds in AZ show significant surfeit in fall RCP 8.5 (Figures 11/19), but following on the
tremendous number of surfeit areas of summer could compound the potential damages.

Apart from Phoenix, only Chicago, of the top ten cities, also shows watersheds with significant
changes under the RCP 4.5 scenario. At least ten HUC8s north and west of the Chicago area
may experience decreased runoff in the fall season (Figures 7/15). This may be due to
anthropogenic activity (W. S. Han et al., 2018)and would be exacerbated by projected increased
population in the area. Lake Michigan is the source of the Chicago area's drinking water.
Decreased runoff could also have an impact on the water level of Lake Michigan with
subsequent consequences for the drinking water of the city of Chicago and surrounding areas
(W. S. Han et al., 2018). Under the RCP 8.5 scenario, Lake Michigan is surrounded by water-

scarce watersheds for more than three quarters of its perimeter in the spring season (Figures
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9/21). This could have profound implications for the availability and quality of drinking water for
Chicago and its suburbs as the city expands. Lake Michigan is the source of Chicago's drinking
water and already been called the most polluted of the Great Lakes (Hoffman and Hittinger,
2017).

The Seattle area is not among the top ten largest cities, but, at number eighteen and expected
to also be a center of growth, it warrants attention because all of eastern Washington is
projected to see surface water deficit under the RCP 4.5, intermediate GHG emissions scenario.
Nearly the entire state of Washington, is expected to encounter deficits of runoff under the RCP
8.5 scenario. These projections are likely influenced by the waning glaciers and loss of
snowmelt in this area (IPCC, 2022). Even the relatively modest projections of the RCP 4.5
scenario could create problems with surface water availability for recreation, industry, human
consumption and ecosystem services as the population increases. Wildfires have become
catastrophic in many of the western CRs, including the northwest. Extreme loss of vegetation
due to wildfires often increases runoff (Ice et al., 2004; Wine et al., 2018). Wildfires can also
have severe impacts on levels of pollution within the watersheds it burns (Burke et al., 2010;
Hallema et al., 2018).

Although seasonal flooding is not uncommon in the northeastern US (Collins, 2019), our
research demonstrates that for the winter season under the RCP 8.5 scenario, nearly all of the
Upper Midwest CR, most of the Ohio Valley CR, almost half of the Southeast CR and all of the
Northeast CR will experience significantly higher runoff levels (Figures 12/20). This would have
various impacts depending on factors such as land use, slope, antecedent soil moisture,
precipitation intensity, but would almost certainly create problems for bridges, roads and other
infrastructure. Furthermore, the repeated increase in runoff on agricultural fields could intensify
erosion as well as eutrophication of water bodies throughout those regions. Likewise, the runoff
and flooding of chemicals from roads and other impervious surfaces, industrial sites, as well as
wastewater and sewage plants in urban areas will be magnified as urban areas grow. This could
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lead to chronic accumulation of heavy metals, organic and inorganic compounds in surface
water across the those climate regions. New York City, within this CR, is already a megacity. It
relies on watersheds in the Adirondacks. An increased level of pollution in rivers, lakes and
streams, coupled with increased population all along the Boston to Washington DC corridor as
well as significant changes in surrounding watersheds could mean that there may be less
surface water available for human and ecosystem needs.

For these reasons the following cities appear to be at most risk from the confluence of increase
population and significant changes in surrounding watersheds: those cities within the Boston to
Washington DC corridor— Boston, New York City, Philadelphia, Washington DC, as well as
Phoenix, and Seattle. Under the RCP 4.5 scenario cities in Texas do not appear to face
significant changes in levels of runoff. However, increased population alone in the five largest
cities in the state, which are each among the top twelve in the country, suggests that there will

be a negative impact on surface water availability in the region.

131



4.6 References, Section 3

Adam, A.M., 2020. Sample Size Determination in Survey Research. J Sci Res Reports 26, 90—
97. https://doi.org/10.9734/jsrr/2020/v26i530263

Averyt, K., Meldrum, J., Caldwell, P., Sun, G., McNulty, S., Huber-Lee, A., Madden, N., 2013.
Sectoral contributions to surface water stress in the coterminous United States. Environ
Res Lett 8. https://doi.org/10.1088/1748-9326/8/3/035046

Ayers, J.R., Villarini, G., Jones, C., Schilling, K., 2019. Changes in monthly baseflow across the
U.S. Midwest. Hydrol Process 33, 748-758. https://doi.org/10.1002/hyp.13359

Bai, X., Son, Y., 2021. Perfluoroalkyl substances (PFAS) in surface water and sediments from
two urban watersheds in Nevada, USA. Sci Total Environ 751, 141622.
https://doi.org/10.1016/j.scitotenv.2020.141622

Baker, J., Swanson, D.A., Tayman, J., Tedrow, L.M., 2017. Cohort Change Ratios and their
Applications, Cohort Change Ratios and their Applications. Springer International
Publishing. https://doi.org/10.1007/978-3-319-53745-0_7

Baker, M.B., 1991. Hydrologic and Water Quality Effects of Fire. AGRIS Int Syst Agric Sci
Technol 31-42.

Bastiaansen, R., Doelman, A., Eppinga, M.B., Rietkerk, M., 2020. The effect of climate change
on the resilience of ecosystems with adaptive spatial pattern formation. Ecol Lett 23, 414—
429. https://doi.org/10.1111/ele.13449

Batt, A.L., Wathen, J.B., Lazorchak, J.M., Olsen, A.R., Kincaid, T.M., 2017. Statistical Survey of
Persistent Organic Pollutants: Risk Estimations to Humans and Wildlife through
Consumption of Fish from U.S. Rivers. Environ Sci Technol 51, 3021-3031.
https://doi.org/10.1021/acs.est.6b05162

Bernhardt, E.S., Rosi, E.J., Gessner, M.O., 2017. Synthetic chemicals as agents of global
change. Front Ecol Environ 15, 84—-90. https://doi.org/10.1002/fee.1450

Bierkens, M.F.P., Bell, V.A., Burek, P., Chaney, N., Condon, L.E., David, C.H., de Roo, A., DAll,
P., Drost, N., Famiglietti, J.S., Flérke, M., Gochis, D.J., Houser, P., Hut, R., Keune, J.,
Kollet, S., Maxwell, R.M., Reager, J.T., Samaniego, L., Sudicky, E., Sutanudjaja, E.H., van
de Giesen, N., Winsemius, H., Wood, E.F., 2015. Hyper-resolution global hydrological
modelling: What is next?: “Everywhere and locally relevant” M. F. P. Bierkens et al. Invited
Commentary. Hydrol Process 29, 310-320. https://doi.org/10.1002/hyp.10391

Bradford, J.B., Schlaepfer, D.R., Lauenroth, W.K., Yackulic, C.B., Duniway, M., Hall, S., Jia, G.,
Jamiyansharav, K., Munson, S.M., Wilson, S.D., Tietjen, B., 2017. Future soil moisture and
temperature extremes imply expanding suitability for rainfed agriculture in temperate
drylands. Sci Rep 7. https://doi.org/10.1038/s41598-017-13165-x

Brice, B., Fullerton, C., Hawkes, K.L., Mills-Novoa, M., O’Neill, B.F., Pawlowski, W.M., 2017.

The Impacts of Climate Change on Natural Areas Recreation: A Multi-Region Snapshot
and Agency Comparison. Nat Areas J 37, 86-97. https://doi.org/10.3375/043.037.0111

132



Brown, T.C., Froemke, P., Mahat, V., Ramirez, J.A.J.A., 2016. Mean annual renewable water
supply of the contiguous United States. Ft. Collins.

Brown, T.C., Mahat, V., Ramirez, J.A., 2019. Adaptation to Future Water Shortages in the
United States Caused by Population Growth and Climate Change. Earth’s Futur 7, 219—
234. https://doi.org/10.1029/2018EF001091

Burke, M.P., Hogue, T.S., Ferreira, M., Mendez, C.B., Navarro, B., Lopez, S., Jay, J.A., 2010.
The effect of wildfire on soil mercury concentrations in Southern California Watersheds.
Water Air Soil Pollut 212, 369-385. https://doi.org/10.1007/s11270-010-0351-y

Byun, K., Chiu, C.M., Hamlet, A.F., 2019. Effects of 21st century climate change on seasonal
flow regimes and hydrologic extremes over the Midwest and Great Lakes region of the US.
Sci Total Environ 650, 1261-1277. https://doi.org/10.1016/j.scitotenv.2018.09.063

Caldwell, P., Sun, G., Mcnulty, S., Myers, J.M., Cohen, E., Herring, R., 2013. WaSSI Ecosystem
Services Model.

Caldwell, P. V., Sun, G., McNulty, S.G., Cohen, E.C., Moore Myers, J.A., 2012. Impacts of
impervious cover, water withdrawals, and climate change on river flows in the
conterminous US. Hydrol Earth Syst Sci Discuss 16, 2839-2856.
https://doi.org/10.5194/hessd-9-4263-2012

Carriger, J.F., Castro, J., Rand, G.M., 2016. Screening Historical Water Quality Monitoring Data
for Chemicals of Potential Ecological Concern: Hazard Assessment for Selected Inflow and
Outflow Monitoring Stations at the Water Conservation Areas, South Florida. Water Air Soil
Pollut 227. https://doi.org/10.1007/s11270-015-2710-1

Carson, R., 1962. Silent Spring, Anniversar. ed. Mariner Books, Houghton Mifflin, Boston.

Chapagain, B.P., Poudyal, N.C., Bowker, J.M., Askew, A.E., English, D.B.K., Hodges, D.G.,
2018. Potential Effects of Climate on Downhill Skiing and Snowboarding Demand and
Value at U.S. National Forests. J Park Recreat Admi 36, 75-96.
https://doi.org/10.18666/jpra-2018-v36-i2-8365

Cheng, L., Hoerling, M., Aghakouchak, A., Livneh, B., Quan, X.W., Eischeid, J., 2016. How has
human-induced climate change affected California drought risk? J Clim 29, 111-120.
https://doi.org/10.1175/JCLI-D-15-0260.1

Chin, N., Byun, K., Hamlet, A.F., Cherkauer, K.A., 2018. Assessing potential winter weather
response to climate change and implications for tourism in the U.S. Great Lakes and
Midwest. J Hydrol Reg Stud 19, 42—-56. https://doi.org/10.1016/j.ejrh.2018.06.005

Climate Change in Australia [WWW Document], 2019. . CSIRO Bur Meteorol. URL
https://climatechangeinaustralia.gov.au/en/climate-projections/about/modelling-choices-
and-methodology/list-models/ (accessed 10.11.19).

Clow, D.W., 2010. Changes in the timing of snowmelt and streamflow in Colorado: A response
to recent warming. J Clim 23, 2293-2306. https://doi.org/10.1175/2009JCLI2951.1

133



Colby, S.L., Ortman, J.M., 2015. Projections of the Size and Composition of the U.S.
Population: 2014 to 2060. https://doi.org/P25-1143

Collins, M.J., 2019. River flood seasonality in the Northeast United States: Characterization and
trends. Hydrol Process 33, 687-698. https://doi.org/10.1002/hyp.13355

Condon, L.E., Atchley, A.L., Maxwell, R.M., 2020. Evapotranspiration depletes groundwater
under warming over the contiguous United States. Nat Commun 11.
https://doi.org/10.1038/s41467-020-14688-0

Cosgrove, W.J., Loucks, D.P., 2015. Water management: Current and future challenges and
research directions. Water Resour Res. https://doi.org/10.1002/2014WR016869

Costanza, R., de Groot, R., Farberll, S., Grassot, M., Hannon, B., Limburg, K., Naeem, S., O, R.
V, Paruelo, J., Raskin, R.G., Suttonllll, P., 1997. The value of the world’s ecosystem
services and natural capital. Nature 387, 253—260.

David Pimentel, Berger, B., Filiberto, D., Newton, M., Wolfe, B., Karabinakis, E., Clark, S., Poon,
E., Abbett, E., Nandagopal, S., 2004. Pimental 2004 -Water Resources- Agricultural and
environmental issues. Bioscience 54, 10pp.

Devineni, N., Lall, U., Etienne, E., Shi, D., Xi, C., 2015. America’s water risk: Current demand
and climate variability. Geophys Res Lett 42, 2285-2293.
https://doi.org/10.1002/2015GL063487

Dieter, C.A., Maupin, M.A., 2017. Public Supply and Domestic Water Use in the United States,
2015: U.S. Geological Survey Open-File Report 2017-1131. US Dep Inter.

Dieter, C.A., Maupin, M.A., Caldwell, R.R., Harris, Melissa A. lvahnenko, Tamara l., Lovelace,
J.K., Barber, N.L., Linsey, K.S., 2018. Estimated Use of Water in the United States in 2015,
US Geological Survey.

Dodds, W.K., Perkin, J.S., Gerken, J.E., 2013. Human impact on freshwater ecosystem
services: A global perspective. Environ Sci Technol 47, 9061-9068.
https://doi.org/10.1021/es4021052

Dore, M.H.1., 2005. Climate change and changes in global precipitation patterns: What do we
know? Environ Int 31, 1167—1181. https://doi.org/10.1016/j.envint.2005.03.004

Drijfhout, S., Bathiany, S., Beaulieu, C., Brovkin, V., Claussen, M., Huntingford, C., Scheffer, M.,
Sgubin, G., Swingedouw, D., 2015. Catalogue of abrupt shifts in Intergovernmental Panel
on Climate Change climate models. Proc Natl Acad Sci U S A 112, E5777-E5786.

Duan, K., Caldwell, P. V., Sun, G., McNulty, S.G., Zhang, Y., Shuster, E., Liu, B., Bolstad, P. V.,
2019. Understanding the role of regional water connectivity in mitigating climate change
impacts on surface water supply stress in the United States. J Hydrol 570, 80-95.
https://doi.org/10.1016/j.jhydrol.2019.01.011

Duan, K., Sun, G., Caldwell, P. V., McNulty, S.G., Zhang, Y., 2018. Implications of Upstream
Flow Availability for Watershed Surface Water Supply across the Conterminous United
States. J Am Water Resour Assoc 54, 694—707. https://doi.org/10.1111/1752-1688.12644

134



Duan, K., Sun, G., Sun, S., Caldwell, P. V., Cohen, E.C., McNulty, S.G., Aldridge, H.D., Zhang,
Y., 2016. Divergence of ecosystem services in U.S. National Forests and Grasslands
under a changing climate. Sci Rep 6, 2—11. https://doi.org/10.1038/srep24441

Dudley, R.W., Hirsch, R.M., Archfield, S.A., Blum, A.G., Renard, B., 2020. Low streamflow
trends at human-impacted and reference basins in the United States. J Hydrol 580.
https://doi.org/10.1016/j.jhydrol.2019.124254

Dudula, J., Randhir, T.O., 2016. Modeling the influence of climate change on watershed
systems: Adaptation through targeted practices. J Hydrol 541, 703—-713.
https://doi.org/10.1016/j.jhydrol.2016.07.020

El Kateb, H., Zhang, H., Zhang, P., Mosandl, R., 2013. Soil erosion and surface runoff on
different vegetation covers and slope gradients: A field experiment in Southern Shaanxi
Province, China. Catena 105, 1-10. https://doi.org/10.1016/j.catena.2012.12.012

Esri, TomTom, 2013. Esri, TomTom, U.S. Department of Commerce, U.S. Census bureau,
[WWW Document]. URL
https://www.arcgis.com/home/item.html|?id=99fd67933e754a1181cc755146be21ca#overvi
ew (accessed 2.13.20).

Ficklin, D.L., Maxwell, J.T., Letsinger, S.L., Gholizadeh, H., 2015. A climatic deconstruction of
recent drought trends in the United States. Environ Res Lett 10.
https://doi.org/10.1088/1748-9326/10/4/044009

Fu, G., Barber, M.E., Chen, S., 2007. Impacts of Climate Change on Regional Hydrological
Regimes in the Spokane River Watershed. J Hydrol Eng 12, 452—-461.
https://doi.org/10.1061/ASCE1084-0699200712:5452

Giersch, J.J., Hotaling, S., Kovach, R.P., Jones, L.A., Muhlfeld, C.C., 2017. Climate-induced
glacier and snow loss imperils alpine stream insects. Glob Chang Biol 23, 2577-2589.
https://doi.org/10.1111/gcb.13565

Gleason, K.E., McConnell, J.R., Arienzo, M.M., Chellman, N., Calvin, W.M., 2019. Four-fold
increase in solar forcing on snow in western U.S. burned forests since 1999. Nat Commun
10. https://doi.org/10.1038/s41467-019-09935-y

Good, P., Gregory, J.M., Lowe, J.A., 2011. A step-response simple climate model to reconstruct
and interpret AOGCM projections. Geophys Res Lett 38, 1-5.
https://doi.org/10.1029/2010GL045208

Gossling, S., Peeters, P., Hall, C.M., Ceron, J.P., Dubois, G., Lehmann, L.V., Scott, D., 2012.
Tourism and water use: Supply, demand, and security. An international review. Tour
Manag 33, 1-15. https://doi.org/10.1016/j.tourman.2011.03.015

Grant, R., 2019. Pretty Persuasion: The Advantages of Data Visualisation. Impact 2019, 19-23.
https://doi.org/10.1080/2058802x.2019.1633814

Gurtz, J., Zappa, M., Jasper, K., Lang, H., Verbunt, M., Badoux, A., Vitvar, T., 2003. A
comparative study in modelling runoff and its components in two mountainous catchments.
Hydrol Process 17, 297-311. https://doi.org/10.1002/hyp.1125

135



Hallema, D.W., Robinne, F.-N., Bladon, K.D., 2018. Reframing the Challenge of Global Wildfire
Threats to Water Supplies. Earth’s Futur 6, 772—-776.

Hallouin, T., Bruen, M., Christie, M., Bullock, C., Kelly-Quinn, M., 2018. Challenges in using
hydrology and water quality models for assessing freshwater ecosystem services: A
review. Geosci. https://doi.org/10.3390/geosciences8020045

Han, W.S., Graham, J.P., Choung, S., Park, E., Choi, W., Kim, Y.S., 2018. Local-scale
variability in groundwater resources: Cedar Creek Watershed, Wisconsin, U.S.A. 20, 38—
51.

Han, Y., Feng, G., Ouyang, Y., 2018. Effects of soil and water conservation practices on runoff,
sediment and nutrient losses. Water (Switzerland) 10, 1-13.
https://doi.org/10.3390/w10101333

Hauer, M.E., 2019. Population projections for U.S. counties by age, sex, and race controlled to
shared socioeconomic pathway. Sci Data 6, 1-15. https://doi.org/10.1038/sdata.2019.5

Havens, K., Paerl, H., Phlips, E., Zhu, M., Beaver, J., Srifa, A., 2016. Extreme weather events
and climate variability provide a lens to how shallow lakes may respond to climate change.
Water (Switzerland) 8, 1-18. https://doi.org/10.3390/w8060229

Hayhoe, K., Wuebbles, D.J., Easterling, D.R., Fahey, D.W., Doherty, S., Kossin, J., 2018. Our
changing climate, in: Reidmiller, D.R., Avery, C.W., Easterling, D.R., Kunkel, K.E., Lewis,
K.L.M., Maycock, T.K., Stewart, B.C. (Eds.), Impacts, Risks, and Adaptation in the United
States: Fourth National Climate Assessment, Volume Il. U.S. Global Change Research
Program, Washington, DC, USA, pp. 72—144. https://doi.org/10.5822/978-1-61091-885-5

Hirsch, R.M., Slack, J.R., Smith, R.A., 1982. Techniques of Trend Analysis for Monthly Water
Quality Data, Water Resources Research.

Hodgkins, G.A., Dudley, R.W., Huntington, T.G., 2003. Changes in the timing of high river flows
in New England over the 20th Century. J Hydrol 278, 244-252.
https://doi.org/10.1016/S0022-1694(03)00155-0

Hoekstra, A.Y., 2014. Water scarcity challenges to business. Nat Clim Chang 4, 318-320.
https://doi.org/10.1038/nclimate2214

Hoffman, M.J., Hittinger, E., 2017. Inventory and transport of plastic debris in the Laurentian
Great Lakes. Mar Pollut Bull 115, 273-281. https://doi.org/10.1016/j.marpolbul.2016.11.061

Hornberger, G.M., Wiberg, P.L., Raffensperger, J.P., D’Odorico, P., 2014. Elements of Physical
Hydrology. JHU Press. https://doi.org/10.1029/00e000022

Huerta, B., Rodriguez-Mozaz, S., Lazorchak, J., Barcelo, D., Batt, A., Wathen, J., Stahl, L.,
2018. Presence of pharmaceuticals in fish collected from urban rivers in the U.S. EPA
2008-2009 National Rivers and Streams Assessment. Sci Total Environ 634, 542-549.
https://doi.org/10.1016/j.scitotenv.2018.03.387

Ice, G.G., Neary, D.G., Adams, P.W., 2004. Effects of Wildfire on Soils and Watershed
Processes. J For 102, 16-20.

136



IPCC, 2022. IPCC, 2022: Summary for Policymakers, in: Pértner, H.-O., Roberts, D.C.,
Poloczanska, E.S., Mintenbeck, K., Tignor, M., Alegria, A., Craig, M., Langsdorf, S.,
Léschke, S., Mdller, V., A., O. (Eds.), Climate Change 2022: Impacts, Adaptation, and
Vulnerability. Contribution of Working Group Il to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. https://doi.org/10.4324/9781315071961-11

IPCC, 2018. IPCC, 2018: Summary for Policymakers. World Meteorological Organization,
Geneva, Switzerland.

IPCC, 2015. IPCC, 2014: Climate Change 2014: Synthesis Report, Contribution of Working
Groups |, Il and 11l to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change, Intergovernmental Panel on Climate Change. Geneva, Switzerland.

Janssen, R., Uran, O., 2003. Presentation of information for spatial decision support A survey
on the use of maps by participants in quantitative water management in the IJsselmeer
region, The Netherlands. Phys Chem Earth 28, 611-620. https://doi.org/10.1016/S1474-
7065(03)00107-4

Jennings, D.B., Jarnagin, S.T., 2002. Changes in anthropogenic impervious surfaces,
precipitation and daily streamflow discharge: A historical perspective in a mid-atlantic
subwatershed. Landsc Ecol 17, 471-489. https://doi.org/10.1023/A:1021211114125

Jin, Z., Ainsworth, E.A., Leakey, A.D.B., Lobell, D.B., 2018. Increasing drought and diminishing
benefits of elevated carbon dioxide for soybean yields across the US Midwest. Glob Chang
Biol 24, e522—e533. https://doi.org/10.1111/gcb.13946e522|©2017 John Wiley & Sons
Ltdwileyonlinelibrary.com/journal/gcbGlob Change Biol.2018;24:€522—e533.

Jones, B., O’Neill, B.C., 2013. Historically grounded spatial population projections for the
continental United States. Environ Res Lett 8. https://doi.org/10.1088/1748-
9326/8/4/044021

Jones, B., Scott, D., Géssling, S., 2006. Tourism and global environmental change : Ecological,
social, economic and political interrelationships, in: Gdssling, S., Hall, C.M. (Eds.),
Contemporary Geographies of Leisure, Tourism and Mobility. Routledge, p. 323.

Karl, T., Koss, W.J., 1984. Regional and national monthly, seasonal, and annual temperature
weighted by area, 1895-1983, Historical Climatology Series 4-3, National Climatic Data
Center, Asheville, NC, 38 pp.

Kassambara, A., 2018. Linear Regression Essentials in R [WWW Document]. Stat tools high-
throughput data Anal. URL http://www.sthda.com/english/articles/40-regression-
analysis/165-linear-regression-essentials-in-r/

Keeler, B.L., Polasky, S., Brauman, K.A., Johnson, K.A,, Finlay, J.C., O'Neille, A., Kovacs, K.,
Dalzell, B., 2012. Linking water quality and well-being for improved assessment and
valuation of ecosystem services. Proc Natl Acad Sci U S A 109, 18619-18624.
https://doi.org/10.1073/pnas.1215991109

Kendall, M.G., Kendall, S.F.H., Smith, B.B., 1939. The Distribution of Spearman’s Coefficient of
Rank Correlation in a Universe in which all Rankings Occur an Equal Number of Times.
Biometrika 30, 251. https://doi.org/10.2307/2332649

137



Khan, A.J., Koch, M., Tahir, A.A., 2018. Impacts of climate change on the water availability,
seasonality and extremes in the Upper Indus Basin (UIB). Sustain 12.
https://doi.org/10.3390/su12041283

King, M., Altdorff, D., Li, P., Galagedara, L., Holden, J., Unc, A., 2018. Northward shift of the
agricultural climate zone under 21st-century global climate change. Sci Rep 8, 10.
https://doi.org/10.1038/s41598-018-26321-8

Kistner, E., Kellner, O., Andresen, J., Todey, D., Morton, L.W., 2018. Vulnerability of specialty
crops to short-term climatic variability and adaptation strategies in the Midwestern USA.
Clim Change 146, 145-158. https://doi.org/10.1007/s10584-017-2066-1

Konrad, C.P., 2003. Effects of Urban Development on Floods. US Geol Surv 1-4.
https://doi.org/USGS Fact Sheet FS-076-03

Konrad, C.P., Booth, D.B., 2005. Hydrologic changes in urban streams and their ecological
significance. Am Fish Soc Symp 2005, 157-177.

Kundzewicz, ZW., Gerten, D., 2015. Grand challenges related to the assessment of climate
change impacts on freshwater resources. J Hydrol Eng 20, 1-10.
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001012

Kundzewicz, Z.W., Mata, L.J., Arnell, N.W., DOLL, P., Jimenez, B., Miller, K., Oki, T., SEN, Z.,
Shiklomanov, I., 2008. The implications of projected climate change for freshwater
resources and their management. Hydrol Sci J 53, 3—-10. https://doi.org/10.1623/hysj.53.1.3

Lengnick, L., 2015. The vulnerability of the US food system to climate change. J Environ Stud
Sci 5, 348-361. https://doi.org/10.1007/s13412-015-0290-4

Lenton, T.M., Rockstréom, J., Gaffney, O., Rahmstorf, S., Richardson, K., Steffen, W.,
Schellnhuber, H.J.", 2019. Climate tipping points-too risky to bet against The growing
threat of abrupt and irreversible climate changes must compel political and economic
action on emissions. Nature 575, 592-595.

Leung, L.R., Prasad, R., 2019. Potential Impacts of Accelerated Climate Change, Third Annual
Report of Work for NRC.

Leung, L.R., Qian, Y., Bian, X., Washington, W.M., Han, J., Roads, J.O., 2004. Mid-century
ensemble regional climate change scenarios for the western United States. Clim Change
62, 75—-113. https://doi.org/10.1023/B:CLIM.0000013692.50640.55

Li, C., Sun, G., Caldwell, P. V., Cohen, E., Fang, Y., Zhang, Y., Oudin, L., Sanchez, G.M.,
Meentemeyer, R.K., 2020. Impacts of urbanization on watershed water balances across
the conterminous United States. Water Resour Res 56, 1-19.
https://doi.org/10.1029/2019WR026574

Liu, J., Liu, Q., Yang, H., 2016. Assessing water scarcity by simultaneously considering

environmental flow requirements, water quantity, and water quality. Ecol Indic 60, 434—441.
https://doi.org/10.1016/j.ecolind.2015.07.019

138



Mahat, V., Ramirez, J.A., Brown, T.C., 2017. Twenty-First-Century climate in CMIP5
simulations: Implications for snow and water yield across the contiguous United States. J
Hydrometeorol 18, 2079-2099. https://doi.org/10.1175/JHM-D-16-0098.1

Mallakpour, I., Villarini, G., 2016. Investigating the relationship between the frequency of
flooding over the central United States and large-scale climate. Adv Water Resour 92,
159-171. https://doi.org/10.1016/j.advwatres.2016.04.008

Mancosu, N., Snyder, R.L., Kyriakakis, G., Spano, D., 2015. Water scarcity and future
challenges for food production. Water (Switzerland) 7, 975-992.
https://doi.org/10.3390/w7030975

Marini, G., Zollo, R., Fontana, N., Giugni, M., Singh, V.P., 2016. Variability and Trends in
Streamflow in Northeast United States. Procedia Earth Planet Sci 16, 156—165.
https://doi.org/10.1016/j.proeps.2016.10.017

Matlock, M., Thoma, G., Cummings, E., Cothren, J., Leh, M., Wilson, J., 2013. Geospatial
analysis of potential water use, water stress, and eutrophication impacts from US dairy
production. Int Dairy J 31, S78-S90. https://doi.org/10.1016/j.idairyj.2012.05.001

Maupin, Molly A., Kenny, Joan F., Hutson, Susan S., Lovelace, John K., Barber, Nancy L., and
Linsey, K.S., 2014. Estimated use of water in the United States in 2010, U.S. Geological
Survey Circular 1405. https://doi.org/2327—- 6916

McCabe, G.J., Clark, M.P., 2005. Trends and variability in snowmelt runoff in the western United
States. J Hydrometeorol 6, 476—482. https://doi.org/10.1175/JHM428.1

McKee, J.J., Rose, A.N., Bright, E.A., Huynh, T., Bhaduri, B.L., 2015. Locally adaptive, spatially
explicit projection of US population for 2030 and 2050. Proc Natl Acad Sci U S A 112,
1344—-1349. https://doi.org/10.1073/pnas.1405713112

McNulty, S.C.G., Sun, G., Cohen, E.C., Myers, J.A.M., 2007. Change in the Southern US Water
Demand and Supply over the Next Forty Years. Wetl Water Resour Model Assess 43-57.

McNulty, S.G., Sun, G., Myers, J.A.M., Cohen, E.C., Caldwell, P., 2010. McNulty 2010 -Robbing
Peter to Pay Paul-Tradeoffs between Ecosystem Carbon Sequestration and Water Yield.
Madison, WI.

Meals, D.W., J., S., S.A,, D., J.B., H., 2011. Statistical Analysis for Monotonic Trends.
TechNotes 6 1-23.

Meixner, T., Manning, A.H., Stonestrom, D.A., Allen, D.M., Ajami, H., Blasch, K.W., Brookfield,
A.E., Castro, C.L., Clark, J.F., Gochis, D.J., Flint, A.L., Neff, K.L., Niraula, R., Rodell, M.,
Scanlon, B.R., Singha, K., Walvoord, M.A., 2016. Implications of projected climate change
for groundwater recharge in the western United States. J Hydrol 534, 124-138.
https://doi.org/10.1016/j.jhydrol.2015.12.027

Milly, P.C.D., Dunne, K.A., 2020. Colorado River flow dwindles as warming-driven loss of

reflective snow energizes evaporation. Science (80- ) 9187, eaay9187.
https://doi.org/10.1126/science.aay9187

139



Munoz, S.E., Dee, S.G., 2017. El Nifio increases the risk of lower Mississippi River flooding. Sci
Rep 7, 1-7. https://doi.org/10.1038/s41598-017-01919-6

Nash, L.L., Gleick, P.H., 1991. Sensitivity of streamflow in the Colorado Basin to climatic
changes. J Hydrol 125, 221-241.

O’Neill, B.C., Kriegler, E., Riahi, K., Ebi, K.L., Hallegatte, S., Carter, T.R., Mathur, R., van
Vuuren, D.P., 2014. A new scenario framework for climate change research: The concept
of shared socioeconomic pathways. Clim Change 122, 387—400.
https://doi.org/10.1007/s10584-013-0905-2

Ohana-Levi, N., Givati, A., Alfasi, N., Peeters, A., Karnieli, A., 2018. Predicting the effects of
urbanization on runoff after frequent rainfall events. J Land Use Sci 13, 81-101.
https://doi.org/10.1080/1747423X.2017.1385653

Olson, K., Matthews, J., Morton, L.W., Sloan, J., 2015. Impact of levee breaches, flooding, and
land scouring on soil productivity. J Soil Water Conserv 70, 5A-11A.
https://doi.org/10.2489/jswc.70.1.5A

Padiyedath Gopalan, S., Kawamura, A., Takasaki, T., Amaguchi, H., Azhikodan, G., 2018. An
effective storage function model for an urban watershed in terms of hydrograph
reproducibility and Akaike information criterion. J Hydrol 563, 657—668.
https://doi.org/10.1016/j.jhydrol.2018.06.035

Palecki, M.A., Angel, J.R., Hollinger, S.E., 2005. Storm precipitation in the United States. Part Il
Soil erosion characteristics. J Appl Meteorol 44, 947-959.
https://doi.org/10.1175/JAM2242.1

Pappenberger, F., Stephens, E., Thielen, J., Salamon, P., Demeritt, D., van Andel, S.J.,
Wetterhall, F., Alfieri, L., 2013. Visualizing probabilistic flood forecast information: Expert
preferences and perceptions of best practice in uncertainty communication. Hydrol Process
27, 132-146. https://doi.org/10.1002/hyp.9253

Pascale, S., Carvalho, L.M.V., Adams, D.K., Castro, C.L., Cavalcanti, I.F.A., 2019. Current and
Future Variations of the Monsoons of the Americas in a Warming Climate. Curr Clim Chang
Reports 5, 125-144. https://doi.org/10.1007/s40641-019-00135-w

Petersen, T., Devineni, N., Sankarasubramanian, A., 2012. Seasonality of monthly runoff over
the continental United States: Causality and relations to mean annual and mean monthly
distributions of moisture and energy. J Hydrol 468—-469, 139-150.
https://doi.org/10.1016/j.jhydrol.2012.08.028

Pétré, M.A., Genereux, D.P., Koropeckyj-Cox, L., Knappe, D.R.U., Duboscq, S., Gilmore, T.E.,
Hopkins, Z.R., 2021. Per- And Polyfluoroalkyl Substance (PFAS) Transport from
Groundwater to Streams near a PFAS Manufacturing Facility in North Carolina, USA.
Environ Sci Technol 55, 5848-5856. https://doi.org/10.1021/acs.est.0c07978

Pfahl, S., O’'Gorman, P.A., Fischer, E.M., 2017. Understanding the regional pattern of projected

future changes in extreme precipitation. Nat Clim Chang 7, 423-427.
https://doi.org/10.1038/nclimate3287

140



Pielke Jr, R., Burgess, M.G., Ritchie, J., 2022. Plausible 2005-2050 emissions scenarios project
between 2 °C and 3 °C of warming by 2100. Environ Res Lett 17, 024027.
https://doi.org/10.1088/1748-9326/ac4ebf

Pradinaud, C., Northey, S., Amor, B., Bare, J., Benini, L., Berger, M., Boulay, A.-M.M., Junqua,
G., Lathuilliere, M.J., Margni, M., Motoshita, M., Niblick, B., Payen, S., Pfister, S.,
Quinteiro, P., Sonderegger, T., Rosenbaum, R.K., 2019. Defining freshwater as a natural
resource: a framework linking water use to the area of protection natural resources. Int J
Life Cycle Assess 24, 960-974. https://doi.org/10.1007/s11367-018-1543-8

Puigdefabregas, J., 2005. The role of vegetation patterns in structuring runoff and sediment
fluxes in drylands. Earth Surf Process Landforms 30, 133—-147.
https://doi.org/10.1002/esp.1181

Raftery, A.E., Zimmer, A., Frierson, D.M.W., Startz, R., Liu, P., 2017. Less than 2 °c warming by
2100 unlikely. Nat Clim Chang 7, 637-641. https://doi.org/10.1038/nclimate3352

Ryberg, K.R., Lin, W., Vecchia, A. V., 2014. Impact of Climate Variability on Runoff in the North-
Central United States. J Hydrol Eng 19, 148-158. https://doi.org/10.1061/(asce)he.1943-
5584.0000775

Schwarzenbach, R.P., Egli, T., Hofstetter, T.B., Von Gunten, U., Wehrli, B., 2010. Global water
pollution and human health. Annu Rev Environ Resour 35, 109—-136.
https://doi.org/10.1146/annurev-environ-100809-125342

Shi, P., Ma, X., Chen, X,, Qu, S., Zhang, Z., 2013. Analysis of variation trends in precipitation in
an upstream catchment of Huai River. Math Probl Eng 2013.
https://doi.org/10.1155/2013/929383

Slater, L.J., Villarini, G., 2017. Evaluating the drivers of seasonal streamflow in the U.S.
Midwest. Water (Switzerland) 9, 1-22. https://doi.org/10.3390/w9090695

Smith, J.A., Baeck, M.L., Yang, L., Signell, J., Morin, E., Goodrich, D.C., 2019. The Paroxysmal
Precipitation of the Desert: Flash Floods in the Southwestern United States. Water Resour
Res 55, 10218-10247. https://doi.org/10.1029/2019WR025480

Sofia, G., Ragazzi, F., Giandon, P., Dalla Fontana, G., Tarolli, P., 2019. On the linkage between
runoff generation, land drainage, soil properties, and temporal patterns of precipitation in
agricultural floodplains. Adv Water Resour 124, 120-138.
https://doi.org/10.1016/j.advwatres.2018.12.003

Sohoulande, C.D.D., Stone, K., Szogi, A., Bauer, P., 2019. An investigation of seasonal
precipitation patterns for rainfed agriculture in the Southeastern region of the United States.
Agric Water Manag 223. https://doi.org/10.1016/j.agwat.2019.105728

Solander, K.C., Bennett, K.E., Middleton, R.S., 2017. Shifts in historical streamflow extremes in
the Colorado River Basin. J Hydrol Reg Stud 12, 363-377.
https://doi.org/10.1016/j.ejrh.2017.05.004

Steffen, W., Rockstrom, J., Richardson, K., Lenton, T.M., Folke, C., Liverman, D.,
Summerhayes, C.P., Barnosky, A.D., Cornell, S.E., Crucifix, M., Donges, J.F., Fetzer, |.,

141



Lade, S.J., Scheffer, M., Winkelmann, R., Schellnhuber, H.J., 2018. Trajectories of the
Earth System in the Anthropocene. Proc Natl Acad Sci U S A 115, 8252—-8259.
https://doi.org/10.1073/pnas.1810141115

Sun, G, Li, F., Jiang, W., 2019. Brief Talk About Big Data Graph Analysis and Visualization. J
Big Data 1, 25-38. https://doi.org/10.32604/jbd.2019.05800

Sun, G., McNulty, S.G., Moore Myers, J.A., Cohen, E.C., 2008a. Impacts of Climate Change,
Population Growth, Land Use Change, and Groundwater Availability on Water Supply and
Demand across the Conterminous U.S, AWRA Hydrology & Watershed Management
Technical Committee. USDA Forest Service.

Sun, G., McNulty, S.G., Moore Myers, J.A., Cohen, E.C., 2008b. Impacts of multiple stresses on
water demand and supply across the southeastern United States. J Am Water Resour
Assoc 44, 1441-1457. https://doi.org/10.1111/j.1752-1688.2008.00250.x

Sun, S., Sun, G., Cohen, E., McNulty, S.G., Caldwell, P. V., Duan, K., Zhang, Y., 2016.
Projecting water yield and ecosystem productivity across the United States by linking an
ecohydrological model to WRF dynamically downscaled climate data. Hydrol Earth Syst Sci
20, 935-952. https://doi.org/10.5194/hess-20-935-2016

Tabari, H., 2020. Climate change impact on flood and extreme precipitation increases with
water availability. Sci Rep 10, 1-10. https://doi.org/10.1038/s41598-020-70816-2

Tang, C., Liu, Y., Li, Z., Guo, L., Xu, A., Zhao, J., 2021. Effectiveness of vegetation cover
pattern on regulating soil erosion and runoff generation in red soil environment, southern
China. Ecol Indic 129, 107956. https://doi.org/10.1016/j.ecolind.2021.107956

Trisos, C.H., Merow, C., Pigot, A.L., 2020. The projected timing of abrupt ecological disruption
from climate change. Nature 580, 496-501. https://doi.org/10.1038/s41586-020-2189-9

Trnka, M., Feng, S., Semenov, M.A., Olesen, J.E., Kersebaum, K.C., Rétter, R.P., Semeradova,
D., Klem, K., Huang, W., Ruiz-Ramos, M., Hlavinka, P., Meitner, J., Balek, J., Havlik, P.,
Blntgen, U., 2019. Mitigation efforts will not fully alleviate the increase in water scarcity
occurrence probability in wheat-producing areas. Sci Adv 5, 1-11.
https://doi.org/10.1126/sciadv.aau2406

Tufte, E.R., 1983. Aesthetics and Technique in Data Graphical Design. Vis Disp Quant Inf 177—
191.

UNDESA, 2014. International Decade for Action “Water for Life” 2005-2015 [WWW Document].
URL https://www.un.org/waterforlifedecade/quality.shtml (accessed 2.25.22).

US Census Bureau, 2022. US Census Bureau Popclock [WWW Document]. URL
https://www.census.gov/popclock/ (accessed 3.9.22).

US Census Bureau, 2021a. US Census [WWW Document]. @uscensusbureau. URL
https://twitter.com/uscensusbureau/status/1425872268287217666 (accessed 12.16.21).

US Census Bureau, 2021b. US Census Bureau 2020 Census Demographic Data Map Viewer
[WWW Document]. URL https://mtgis-

142



portal.geo.census.gov/arcgis/apps/MapSeries/index.html?appid=2566121a73de463995ed2
b2fd7ff6eb7 (accessed 12.16.21).

US Census Bureau, 2010. State area measurements and internal point coordinates. US Dep
Commerce.

US EPA, 2021. Drinking Water Regulations [WWW Document]. EPA. URL
https://www.epa.gov/dwreginfo/drinking-water-regulations (accessed 2.25.22).

US EPA, 2017a. U.S. Environmental Protection Agency. Updates To The Demographic And
Spatial Allocation Models To Produce Integrated Climate And Land Use Scenarios (Iclus)
(Final Report, Version 2). U.S. Environmental Protection Agency, Washington, DC,
EPA/600/R-16/366F. Report 322479.

US EPA, 2017b. U.S. Environmental Protection Agency. Updates To The Demographic And
Spatial Allocation Models To Produce Integrated Climate And Land Use Scenarios (ICLUS)
(Final Report, Version 2)., Report. Washington, DC. https://doi.org/EPA/600/R-16/366F

USDA, 2000. Heavy Metal Soil Contamination, Natural Resources Conservation Service, 334-
844-4741 X-177 Urban Tech Note No. 3, Sept, Auburn.

USGS, 2015. Map of Croplands in the United States [WWW Document]. United States Geol
Surv. URL https://www.usgs.gov/media/images/map-croplands-united-states

van Beek, L., Metze, T., Kunseler, E., Huitzing, H., de Blois, F., Wardekker, A., 2020.
Environmental visualizations: Framing and reframing between science, policy and society.
Environ Sci Policy 114, 497-505. https://doi.org/10.1016/j.envsci.2020.09.011

Vicente-Serrano, S.M., Quiring, S.M., Pena-Gallardo, M., Yuan, S., Dominguez-Castro, F.,
2020. A review of environmental droughts: Increased risk under global warming? Earth-
Science Rev 201. https://doi.org/10.1016/j.earscirev.2019.102953

Vérésmarty, C.J., Mcintyre, P.B., Gessner, M.O., Dudgeon, D., Prusevich, A., Green, P.,
Glidden, S., Bunn, S.E., Sullivan, C.A., Liermann, C.R., Davies, P.M., 2010. Global threats
to human water security and river biodiversity. Nature 467, 555-561.
https://doi.org/10.1038/nature09440

Wada, Y., Wisser, D., Eisner, S., Florke, M., Gerten, D., Haddeland, |., Hanasaki, N., Masaki,
Y., Portmann, F.T., Stacke, T., Tessler, Z., Schewe, J., 2013. Multimodel projections and
uncertainties of irrigation water demand under climate change. Geophys Res Lett 40,
4626-4632. https://doi.org/10.1002/grl.50686

Ware, C., 2004. Information Visualization: Perception for Design, 2nd ed. Morgan Kaufmann
Publishers, San Francisco, CA.

Weng, Q., 2001. Modeling urban growth effects on surface runoff with the integration of remote
sensing and GIS. Environ Manage 28, 737-748. https://doi.org/10.1007/s002670010258

Wine, M.L., Cadol, D., Makhnin, O., 2018. In ecoregions across western USA streamflow
increases during post-wildfire recovery. Environ Res Lett 13. https://doi.org/10.1088/1748-
9326/aa9c5a

143



World Population Review, 2022. World Population Review [WWW Document]. World Popul Rev.
URL http://worldpopulationreview.com/us-cities (accessed 3.15.22).

Zeppel, M.J.B., Wilks, J. V., Lewis, J.D., 2014. Impacts of extreme precipitation and seasonal
changes in precipitation on plants. Biogeosciences 11, 3083-3093.
https://doi.org/10.5194/bg-11-3083-2014

Zhang, L., Sun, G., Cohen, E., McNulty, S.G., Caldwell, P. V., Krieger, S., Christian, J., Zhou,
D., Duan, K., Cepero-Pérez, K.J., 2018. An improved water budget for the El Yunque
National Forest, Puerto Rico, as determined by the water supply stress index model. For
Sci 64, 268—279. https://doi.org/10.1093/forsci/fxx016

Zheng, X., Wang, Q., Zhou, L., Sun, Q., Li, Q., 2018. Predictive contributions of snowmelt and
rainfall to streamflow variations in the Western United States. Adv Meteorol 2018.
https://doi.org/10.1155/2018/3765098

Zhou, W., Guan, K., Peng, B., Shi, J., Jiang, C., Wardlow, B., Pan, M., Kimball, J.S., Franz,
T.E., Gentine, P., He, M., Zhang, J., 2020. Connections between the hydrological cycle and
crop yield in the rainfed U.S. Corn Belt. J Hydrol 590, 125398.
https://doi.org/10.1016/j.jhydrol.2020.125398

Zimmerman, S., 2019. "HUC8 Geodatabase " map , 2019-09-25 [WWW Document]. URL
https://www.arcgis.com/index.html

Zischg, A.P., Felder, G., Weingartner, R., Quinn, N., Coxon, G., Neal, J., Freer, J., Bates, P.,
2018. Effects of variability in probable maximum precipitation patterns on flood losses.
Hydrol Earth Syst Sci 22, 2759-2773. https://doi.org/10.5194/hess-22-2759-2018

Ziter, C., Graves, R.A., Turner, M.G., 2017. How do land-use legacies affect ecosystem

services in United States cultural landscapes? Landsc Ecol 32, 2205-2218.
https://doi.org/10.1007/s10980-017-0545-4

144


https://doi.org/10.5194/hess-22-2759-2018

5. Conclusion
5.1 Goals
The purpose of this work was threefold: to determine whether or not global climate models
projected a significant seasonal change in runoff across the conterminous US in the coming
decades of the 215 century; to determine which USGS scale 8 hydrologic unit codes faced a
risk of significant seasonal changes during which seasons and provide visualizations of those
HUCSs for the benefit of decision makers in diverse spheres with wide-ranging backgrounds,
and finally to which cities might be most vulnerable to surface water stress.
To this end, we analyzed the potential for seasonal shift in quantity of runoff for each HUC8
scale watershed in the conterminous US. The investigation began with an assessment of
projections of water stress from twenty global climate models through the WaSSI model, under
two RCP scenarios. All models showed evidence of projected seasonal runoff shift. One model
closest to the historic values was chosen as representative, and maps were produced to provide
visual indication of the location of the HUC8s across the CONUS for each season. With that
information we then researched projections of population increase in the coming century and
analyzed potential areas of heightened intensification of water stress due to the confluence of
water stress and population increase.
The goal of this work was to answer three questions regarding runoff under a changing climate
across the conterminous US in the coming decades of the 215t century. Those questions were:
1. Does it appear that there will be a shift in seasonal water availability in the
CONUS in the latter half of the 215 century in comparison with historic levels?
2. Where are there regional vulnerabilities which are associated with surface water
availability, either surfeit or deficit?
3. What impact might a projected increase in US population, in conjunction with a
warming climate, have on surface water availability across the CONUS, and
where?

145



5.2 Findings

Our results indicate that the answer to the first question is affirmative for both the intermediate
RCP 4.5, and for the high stress RCP 8.5 climate scenarios. The HUC8 watersheds were
assessed through the overarching structure of nine discrete climate regions, delineated by the
NCEI. Using the WaSSI model, it was determined that significant water stress seasonal shift,
either surfeit or deficit, would occur in every climate region for nearly every season even under
lower projected GHG emissions. While it is important to remember that these data show shift in
projected seasonal runoff, and not quantity of seasonal runoff, a seasonal shift such as depicted
in most CRs will have pronounced implications for available surface water. Furthermore, in
considering an increase in population for much of the conterminous US over the next eight
decades, even a decelerated increase, it was evident that population would have an amplifying

effect on water stress.

5.3 Sources of error

In a body of work as encompassing as this project, there are many sources of ambiguity.

5.3.1 Climate models

In the words of George E.P. Box, "All models are wrong, but some are useful" (Box, 1979).
Climate models are mathematical models with discrete sets of underlying assumptions. Today's
models are very good, but no model can account for every constituent of the biological,
meteorological, geospatial world. All climate models make implied as well as acknowledged
biases when extrapolating climate data into the future (Kerkhoff et al., 2014). There is inherent
uncertainty in any model, and climate models are no different (Palmer et al., 2005). Most of the
nineteen additional models analyzed here would likely have given similar, but not identical,

results.
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5.3.2 HUCS8s

HUCS8 data records only go back to 1961 with any consistency. As with any data, longer records
at each of the collection points would yield more precise information. There is also a limited
number of streamgages across the CONUS. As of 2020 there were about 8500 of the 11,300
USGS streamgages working continuously to monitor streamflow (USGS, 2020). While these
gages provide satisfactory accuracy, more comprehensive accuracy would be derived from
increased numbers of gages. Moreover, in conjunction with current field data, researchers are
working on more accurate and faster methods of analyzing runoff data (Niu et al., 2018).

5.3.3 Population

Population projections are based on past population growth, forecasts of migration and current
trends. They are useful as a basis for hypotheses, but are highly speculative (Colby and
Ortman, 2014; Hauer, 2019). They obviously cannot account for unforeseen global pandemics,
wars, famine or other catastrophic population or migration-changing events.

5.3.4 Geospatial extrapolation

It isn't always possible to determine the soil/water composition of remote areas (Copeland et al.,
2010). Nor can meteorological events be pinned to exact geospatial locations. Meteorology is
based on models. Hydrology is also often based on simulations, and simulations contain
assumptions (Huang, 2020). All of these factors influence runoff assessment.

5.3.5 Uncertainty in RCPs

Representative concentration pathways were adopted by the IPCC Fifth Assessment Report in
2014. They describe possible future emissions based on potential global government reaction to
the threat of climate change. Each of them has a plausible degree of possibility. Which RCP the
planet's governments and industry leaders will tolerate remains to be seen. In addition, different
climate models are not equivalent in their projections for the same RCP (IPCC, 2014; Kerkhoff

et al., 2014).
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5.3.6 Not all voices are heard

The historical knowledge of indigenous peoples, in the US and globally, has been essentially left
out of the body of knowledge that constitutes the state of the planet before European-based
scientific methods were adopted (Ho et al., 2017; Maldonado et al., 2016). Seeking the
knowledge of the unvoiced could augment our current understanding of the world as well as
potentially provide as yet undiscovered paths forward in mitigation.

5.3.7 Future research

Future studies will benefit from a longer record of streamgage data. Improvements to increase
the granularity of satellite data will provide opportunities for better regional land and surface
water analysis, as well as meteorological understanding. More complex and precise global and
regional climate models will enable reassessments of current work in greater detail. The
literature will benefit from much more research into contaminants everywhere in the water cycle,
as well as the synergistic and compounded impact of multiple contaminants. The inclusion of
previously silenced people's perspective into the knowledge base may be a way to address
gaps in the literature, as well as providing alternative ways of engaging with the planet for future

generations.

5.4 Recommendations

A better picture of the actions of governments towards the threat of climate catastrophe will
emerge as the decades of the 215 century proceed. At this point in time, we appear not to have
begun to address the issues with any real resolve (Stoddard et al., 2021), but that may change.
We strongly suggest that resource managers and other surface water decision makers, in both
urban and rural areas, consider more vehemently the impact of the pollutants associated with
human endeavor and population growth on water stress across the CONUS.

Seasonal shift of runoff has the potential to be detrimental by itself, as noted, but is also

indicative of changes in the climate, the natural environment and the built environment. The
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impacts of seasonal shift of runoff will be noticed sooner than the impacts of chronic subcritical
accumulation of individual pollutants. It is our hope that this research will assist in building
awareness of seasonal shift and it is our strong recommendation that the impacts of seasonal

shift be considered when assessing water stress for all regions.
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