The International Journal of

Climate Cr

Impacts ar

ange:
d Responses

OOOOOOOOOOOOOO






The International Journal of Climate
Change: Impacts and Responses

ooooooooooooooooooooooooooooooooooooooo

VOLUME 5 ISSUE 2 2013

CO
G R

MMON
OUND



THE INTERNATIONAL JOURNAL OF CLIMATE CHANGE: IMPACTS AND RESPONSES
www.on-climate.com

First published in 2014 in Champaign, Illinois, USA
by Common Ground Publishing LLC
www.commongroundpublishing.com

ISSN: 1835-7156

© 2013-2014 (individual papers), the author(s)
© 2013-2014 (selection and editorial matter) Common Ground

All rights reserved. Apart from fair dealing for the purposes

of study, research, criticism or review as permitted under the
applicable copyright legislation, no part of this work may be
reproduced by any process without written permission from the
publisher. For permissions and other inquiries, please contact
cg-support@commongroundpublishing.com.

The International Journal of Climate Change: Impacts and Responses is
peer-reviewed, supported by rigorous processes of criterion-

referenced article ranking and qualitative commentary,

ensuring that only intellectual work of the greatest substance

and highest significance is published.



EDITOR

Gordon Wilson, The Open University, UK

EDITORIAL ADVISORY BOARD

ooooooooooooooooooooooooooooooooooooooo

Alison Anderson, University of Plymouth, UK
Erach Bharucha, Bharati Vidyapeeth Univeristy, India
Tapan Chakrabarti, National Environmental Engineering Research Institute (NEERI), India
Amareswar Galla, International Institute for the Inclusive Museum, Paris, Chicago, Sydney and Hyderabad
Thomas Krafft, Geomed Research Corporation, Germany
R. Mehta, Ministry of Environment and Forests, Government of India, India
Zhihua Zhang, Beijing Normal University, China

ASSOCIATE EDITORS

Subhash Appana
John Harrington, Jr.
Tanzina Mohsin
Andy Pearson
Vijaya Raghavan
Angela Ruiz






Climate Change in St. Louis: Impacts and
Adaptation Options

John Posey, East-West Gateway Council of Governments, USA

Abstract: This paper uses dynamically and statistically downscaled projections to assess potential changes in the climate
of the St. Louis metropolitan area, USA. Two sets of downscaled projections are used. The North American Climate
Change Assessment Program (NARCCAP) provides dynamically downscaled projections for the relatively high A2
emissions scenario. The United States Geological Survey (USGS) provides statistically downscaled projections for multiple
emissions scenarios; for this analysis, the A2, and the somewhat lower B1 emissions scenarios were used. For both data
sets, projections for the 1971-2000 period are compared with projections for the 2041-2070 time period to assess potential
changes by mid-century. There is a consensus among the models that temperatures in the St. Louis region would be
expected to rise in each season. There is also an agreement among most models that increased greenhouse gas (GHG)
concentrations would be associated with increases in spring and winter precipitation. The biggest discrepancy between
the downscaled projections regards summer precipitation, with NARCCAP projecting decreases in summer precipitation,
and USGS projecting increases. There is also an agreement among most model runs that increases in heavy precipitation
would be associated with rising GHG concentrations. Socio-economic implications include a rising risk of flooding in the
St. Louis area, rising risk of heat stress, and increased energy use. Possible adaptation options include levee system repair,
adoption of stormwater best management practices, energy conservation and a multi-faceted response to heat waves.

Keywords: Impacts, Adaptation, Urban, Transportation

Introduction

rban planners are among those on the front lines of climate change adaptation. These are

the professionals charged with planning and running transportation systems, stormwater

systems, emergency response and public health systems. Unfortunately, information
about changing climatic conditions is rarely available at a scale that would be useful to urban
planners. The 2009 National Climate Assessment commented that "there is an indisputable need
to improve understanding of climate system effects at these smaller scales, because these are often
the scales of decision making in society” (Karl, Melillo and Peterson, 2009).

The metropolitan area is an appropriate scale for analysis of climate impacts, as decisions
about urban infrastructure are often made at the metropolitan level. This paper uses dynamically
downscaled climate projections from the North American Climate Change Assessment Program
(NARCCAP) and statistically downscaled projections from the United States Geological Survey
(USGS) to assess potential impacts on the St. Louis metropolitan area, USA.

Three research questions are investigated:
1. What changes in the climate of the St. Louis metropolitan area are projected to occur
by the middle of the 21%t Century?
2. What types of socio-economic impacts would be associated with the projected
changes in the regional climate?
3. What kinds of adaptation options can be identified?

Six sections follow: first, a brief overview of related literature; second, an overview of climate
in St. Louis; third, a description of the downscaled climate projections used in this analysis; fourth,
a description of projected changes in temperature and precipitation in the St. Louis region; fifth,
potential socio-economic impacts and adaptation options; and finally, a conclusion.
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Literature Review

Global climate models known as Atmospheric-Oceanic General Circulation Models (AOGCM)
are used to project changes in climate given certain assumptions about greenhouse gas levels.
While useful for describing climatic change at a global or continental scale, the models do not offer
fine enough resolution to be of use in local planning. As Hayhoe et al. (2010) explain, “typical
AOGCM resolution is too course to capture the nuances of regional-scale change. For that reason,
downscaling techniques are often used to transform AOGCM output into higher-resolution
projections on the order of tens rather than hundreds of square miles.”

There are two general approaches to downscaling global climate projections (Daniels et al.,
2012; Winkler et al., 2012). The first, statistical downscaling, relies upon statistical relationships
between local and global climate. The second approach, dynamical downscaling, uses regional
climate models (RCM) that take into account local topographical and hydrological features that
can affect circulation patterns. Each approach has advantages and disadvantages. Data processing
for statistical downscaling is less intensive than that for RCM. As a result, statistically downscaled
projections can be offered for more emissions scenarios and for more global climate models. With
more intensive data processing requirements, RCMs are more restrictive with respect to the number
of global climate models and the number of emissions scenarios that are considered. Still, RCMs
offer the advantage of taking local conditions into account.

Several recent projects have used AOCGM output, with or without downscaling, to produce
climate projections at a sub-national scale. Horton, Gornitz and Bowman (2010), in a report for
the New York City Panel on Climate Change, use AOGCM outputs without downscaling to assess
potential impacts on the New York region. Outputs from 16 AOGCMs were used. For each model,
projections for the model’s grid cell containing New York City were extracted. Since different
AOGCMs use grid cells of different sizes, the area covered by grid cells from the various AOGCMs
ranged from about 7,500 square miles (~12,000 km) to about 68,000 square miles (~100,000 km).
The 16 models broadly agreed in projecting rising temperatures, rising levels of precipitation, and
continued sea level rise.

Hayhoe et al. (2010) use statistical downscaling techniques to develop projections for the City
of Chicago. Aside from rising temperatures, the model projections generally pointed to rising
winter and spring precipitation, with higher levels of uncertainty regarding summer precipitation.

The Wisconsin Initiative on Climate Change Impacts (2011) commissioned statistically
downscaled projections from the Nelson Institute Center for Climatic Research at the University
of Wisconsin. The analysis used 14 AOCGMs. The models projected annual average temperature
rising between four and nine degrees (F) by mid-century. As in the Chicago study, projections
pointed to increasing precipitation levels in winter and spring, with uncertainty about summer
precipitation. The models also agreed in projecting more frequent extreme precipitation events.

Kunkel et al. (2013) use dynamically downscaled data from NARCCAP to assess potential
changes in the climate of the Midwestern part of the United States under the A2 scenario.
NARCCAP averages are presented on maps for an eight state region. On average, average annual
temperatures are projected to increase between four and five degrees. For summer, the increase is
projected in the range of four to six degrees, with the highest changes in the southern portion of
the Midwest. In the aggregate, the NARCCAP ensemble projects increasing precipitation
throughout the Midwest in winter and spring, with small increases in summer precipitation for the
upper Midwest, and decreases in the southern portion of the region.

This paper presents both statistically and dynamically downscaled projections for the St. Louis
region. Individual model outputs are reported as well as averages, to show ranges and levels of
agreement among the models.
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The St. Louis Region

The St. Louis Metropolitan Statistical Area (MSA) is home to about 2.8 million people, spread out
over 6,400 square miles. Located in the central portion of the U.S. mainland, the MSA includes 7
counties in Missouri, and another 8 in Illinois. The nation's two largest navigable rivers, the
Mississippi and the Missouri, flow through the region. Map 1 shows the 15 counties of the MSA,
with Illinois counties shaded more darkly.

Over the last century, the average annual temperature in St. Louis has been 13.4 degrees (C),
with about 957 mm of precipitation (National Weather Service, 2012a; National Weather Service,
2012Db). Seasonal averages are shown in Table 1.

The St. Louis MO-IL Metropolitan Statistical Area

St. Charles County
s ouri

{ 5t Lou:
St. Louis County Mo
Miss ouri n

Jefferson Coumty
Missouri

0 50 100 Miles

Map 1
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Downscaled Data Sets

This paper uses both statistically and dynamically downscaled data sets. Dynamically downscaled
projections are taken from the North American Regional Climate Change Assessment Program
(NARCCAP) (Mearns et al., 2009; Mearns et al., 2011). Statistically downscaled projections are
from a dataset developed for the U.S. Geological Survey (USGS) by Katherine Hayhoe (Stoner et
al., 2012).

NARCCAP is an international program coordinated by the University Consortium for
Atmospheric Research (UCAR). Phase Il of the project consists of RCM runs nested in AOGCM.
These Phase 11 projections are the ones used in this analysis. Projections are available to registered
users from the Earth System Grid (http://www.earthsystemgrid.org/ project/NARCCAP.html).

NARCCAP modelers couple different global climate models with different RCMs. The global
climate models and RCMs that produced outputs used in this paper are shown in Table 2. Eight
different RCM/GCM couplings were available for this analysis, and results for each coupled pair
are presented. A description of the RCMs used by NARCCAP is given by Wehner (2012).

NARCCAP offers downscaled projections for the period 1971-2000 and 2041-2070, allowing
for a comparison of the recent past with projected conditions in the middle of the 21st century.
The projections used in this paper take the form of simulated weather conditions at three hour
intervals throughout the life of a 30 year period. Comparing outputs from the historic and future
model runs shows what changes are projected by the different models.

NARCCAP offers data at a resolution of 50 square kilometers, although each RCM uses its
own grid system. For this paper, the point closest to downtown St. Louis was selected from each
RCM/GCM output, and projected changes in temperature and precipitation were analyzed for this
point.

Currently, NARCCAP projections are available only for the Special Report on Emissions
Scenarios (SRES) A2 scenario. This scenario, sometimes referred to as a “business as usual”
scenario (Beniston, 2006) assumes that GHG concentrations will rise to about 850 ppm by 2100.
(In 2013, the atmospheric GHG concentration reached 400 ppm.)

The USGS data set uses a statistical downscaling technique known as asynchronous quantile
regression to determine how local weather observations relate to simulated weather data produced
by AOGCMs. The model used to produce the USGS data set is known as the asynchronous
regional regression model (ARRM). Quantile regression differs from Ordinary Least Squares
(OLS). OLS estimates the change in a dependent variable’s mean that is expected to occur in
response to a change in the independent variable. By contrast, quantile regression estimates the
change in a dependent variable at a given quantile in response to a change in the independent
variable. The most common use of quantile regression is median regression, which estimates the
change in the median value of y given a one unit change in x. Quantile regression can also be used
to model the tail of the distribution, i.e., how the 90" or 95" percentile of y would be expected to
change in response to a change in Xx.

In the case of ARRM, observed weather data is separated by month. Each month’s time series
is transformed into a probability distribution by ordering observations from high value to low
value:

For a time series containing N values there are N ranks in each vector. A model can
be constructed by regressing the value at rank n; of the simulated vector onto the value of
the same rank of the vector containing observed values....The regression is asynchronous,
i.e., data values that are regressed against each other did not necessarily occur on the same
calendar day, but rather correspond by quantile or rank.” (Stoner et al., 2013)

For a full discussion of the methodology, see Stoner et al., 2013.
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The USGS data set offers projections for daily maximum and minimum temperature. From
these values, an average temperature was estimated. Also available are projected daily
precipitation totals. Projection data from 10 different AOCGMs listed in Table 2 were used in this
study. To make the USGS projections comparable to NARCCAP, projections for the period 1971-
2000 were compared with projections from 2041-2071. Also for purposes of comparability with
NARCCAP, projections for the A2 scenario were selected. In addition, results were obtained for
the lower emission B1 scenario, which assumes a rise in GHG concentrations to about 600 ppm by
2100. The USGS data are offered at a resolution of approximately 12 km.

Results

Temperature: NARCCAP projections for changes in temperature are shown in Table 3. There is
agreement among each of the model couplings that temperatures would increase in each season
under the A2 scenario. Among all the model couplings, the average increase in summer
temperature is projected to be 3.5 degrees Celsius. The range for projected increase in summer
temperatures was 2.2 degrees to 5.5 degrees. The average winter temperature increase is 2.5
degrees. The increases in winter temperature projected by the models ranged from 1.5 degrees to
3.3.

USGS projections for changes in temperature under the A2 scenario are shown in Table 4a.
With only one exception, all projections show temperature increases for every season. The lone
exception is the Spring projection for BCM, which projects a decline of 0.7 degrees. The other
nine models show increases in Spring temperature ranging from 2.0 to 3.4 degrees.

As with NARCCAP, all models project increases in average summer temperatures, although
the BCM shows no change when rounded to one decimal point. The average change in summer
temperature for all ten models is 2.4 degrees. Other than the BCM projection, the projected change
in average summer temperature ranges from 1.5 to 3.6 degrees.

USGS projections for the B1 scenario are shown in Table 4b. As with the A2 scenario, a
single model projects small decreases in average Spring and Summer temperatures. Aside from
BCM, each of the other nine models projects increases in average temperature for each season.
Since emissions are assumed to be lower under the B1 scenario, projected temperature increases
are not as great as with the A2 scenario. The average projected increase in summer temperature is
1.8 degrees, with a range (excluding BCM) of 1.03 to 2.75. The average projected increase in
winter temperature is 2.5 degrees, with a range from 1.1 to 5.37 degrees.

Precipitation: NARCCAP projections for seasonal changes in precipitation are shown in
Table 5. Six of the eight model couplings project an increase in annual precipitation levels, with
a four percent average increase.

Seven of the eight model runs project an increase in winter precipitation. The average increase
for the eight model runs is 10 percent, with projected change ranging from -0.9 percent to +23.5
percent. Seven of the eight models also project increases in springtime precipitation. The average
change in spring precipitation is projected to be 8.8 percent, with a range of -1.5 percent to +23.3
percent.

Six of the eight model runs show a decline in summer precipitation, while two project an
increase. On average, the models project an 8.2 percent decline in summer precipitation (range -
29.2 percent to +23.6 percent). Six of the eight models project increases in autumn precipitation
as well, though the magnitude of change is smaller than for the other seasons.

USGS projections for changes in precipitation under the A2 scenario are shown in Table 6a.
As with NARCCAP, the ten models on average show an increase in annual precipitation. The
average change in annual precipitation in the USGS/A2 projections is 4.5%. As with NARCCAP,
there is a fairly strong consensus among the models, with nine of the ten models projecting
increases in annual precipitation.
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Eight of the ten USGS models agree with the NARCCAP ensemble in projecting increases in
spring precipitation, with an average increase of 7.5 percent. For winter precipitation there is less
agreement, as just six of the ten USGS models project an increase. The average projected change
in winter precipitation is 5.8 percent.

The biggest discrepancy between NARCCAP projections and USGS projections is for summer
precipitation. While NARCCAP, on balance, projected a decrease in summer precipitation, most
of the USGS models project an increase. For the USGS/A2 projections, the average change is
+2.2%. Of the four seasons, then, uncertainty about the direction of change is greatest for summer.

The downscaled model results for the B1 scenario are broadly in agreement with those for the
A2 scenario, particularly with respect to the direction of change. In the B1 scenario, seven of the
10 models project an increase in winter precipitation, eight of ten project an increase in spring
precipitation, seven of 10 project an increase in summer precipitation, and six of 10 project an
increase in autumn precipitation. Eight of the ten B1 projections indicate an increase in annual
precipitation, compared with nine of 10 for A2. The biggest discrepancy between the A2 and B1
scenarios for the USGS projections regards summer precipitation. On average, the USGS
ensemble projects an average change of +7.6 percent for the B1 scenario, while the average change
for the A2 scenario is -0.2. Much of the difference in projected average change for summer can
be accounted for by the GFDL model, which projects a decrease from 270mm to 157mm for A2,
while projecting a change from 266mm to 214 for B1.

Heating Degree Days/Cooling Degree Days: Table 5 shows projected changes in heating
degree days (HDD) and cooling degree days (CDD). As noted earlier, the NARCCAP data used
in this paper offered temperature projections at three hour increments, or eight observations for
each day in the 30 year period. The average of these eight observations was taken to determine
the daily average.

Table 7 shows unanimity among the NARCCAP model runs that the A2 scenario would result
in a decrease in the number of HDDs, and an increase in the number of CDDs. For HDD, the
projected percentage decrease in HDDs fell in a fairly tight band, ranging from -13.4 percent to -
19.1 percent. For CDD, there was a greater variety of projected increases. Two of the model runs
projected a doubling of CDDs, while the other six model runs projected increases ranging from 47
percent to 76 percent. In six of the eight model runs, the decrease in HDDs was greater than the
increase in CDDs.

Table 8a shows changes in HDD and CDD under the A2 scenario according to USGS
projections. As with NARCCAP, there is unanimity among the models regarding a projected
increase in CDD, and decrease in HDD. The range for USGS/A2 projections is a bit wider than
NARCCAP, with the models projecting decreases in HDD in the range of 10 percent to 26 percent.
For CDD, seven of the ten models in USGS/A2 project an increase within the range seen in
NARCCAP data. Table 8b shows changes in HDD and CDD under the B1 scenario, according to
USGS projections. There remains unanimity among models regarding the direction of change for
both HDD and CDD. As with other temperature variables, changes are not as pronounced as in
the A2 scenario.

Heavy Precipitation: Table 9a shows NARCCAP projected changes in the number of days
with more than one inch (2.54cm) of precipitation. Seven of the eight models project an increase
in the number of annual one inch precipitation events. On average, the models project an increase
of one additional day per year with more than an inch of precipitation, or an increase of about 16
percent.

USGS projections for the A2 and B1 scenarios are shown in Table 9b and 9c, respectively.
USGS projections agree with NARCCAP regarding the direction of change. Under both the A2
and B1 scenarios, models call for about one additional day per year of one inch precipitation. Eight
of the ten USGS models project increases in heavy precipitation under the A2 scenario. Nine of
ten project increases under the B1 scenario. Interestingly, the USGS models are evenly split as to
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whether the increase in the number of heavy precipitation events would be greater under the A2 or
B1 scenarios.

Socio-Economic Impacts and Adaptation

Flooding: Increases in winter and spring precipitation suggest an increasing risk of both riverine
flooding and ponding. This risk is amplified by the potential for an increase in the number of
heavy precipitation events.

St. Louis has experienced severe flooding many times in its history. The 1993 Mississippi
River flood killed 50 people and caused more than $15 billion in damage nationwide (National
Weather Service, 2008). The 2011 Mississippi River Flood placed severe strains on levee systems
south of St. Louis, causing the U.S. Army Corps of Engineers to demolish a levee near Birds Point,
Missouri in order to relieve pressure on levees in more populated areas (Olson and Morton, 2012).
A storm related to Hurricane Ike in 2008 caused as much as eight inches to fall on portions of the
St. Louis region, flooding thousands of homes and businesses (Wilson, 2008).

Given the rising risk of riverine flooding, one key adaptation measure is to ensure that levees
protecting the area are structurally sound. In 2009, the Federal Emergency Management Agency
(FEMA) notified regional officials that it no longer had confidence in the ability of levees
protecting the Illinois counties of Madison, Monroe and St. Clair. As a result, FEMA announced
its intention to deaccredit the levees (Southwest Illinois Flood Prevention District, 2012). This
would force many homes and businesses in the area to purchase flood insurance, and would also
be likely to negatively affect property values (Posey and Rogers, 2009). In response, the Southwest
Illinois Flood Prevention District was formed in 2009, with funding from a sales tax secured by a
referendum in the three counties. Multi-jurisdictional levee improvement projects such as this
should be considered one facet of adapting to changing flood risk.

A second adaptation measure is to adopt best management practices for stormwater. The U.S.
Environmental Protection Agency (2011) recommends several such practices to reduce risk of
flash floods and ponding. These include the use of rain gardens, bioswales, permeable pavement,
and riparian buffers. The planting of street trees also has benefits for stormwater management
(Maco and McPherson, 2003).

A third adaptation option would be to participate in the National Flood Insurance Program's
(NFIP) Community Rating System (CRS). CRS is a program that offers reduced flood insurance
rates to residents of communities that take specific steps to reduce vulnerability to flooding. Larger
discounts are available to more proactive communities. Since CRS creates an incentive for using
effective stormwater management practices, it too may be considered an adaptation to the rising
risk of floods (Posey, 2009).

Heat Stress: The heat wave of 2012 killed more than 20 residents of St. Louis. Rising summer
temperatures are likely to increase the risk of heat-related mortality and morbidity. O’Neill et al.
(2009) offer several suggestions for reducing public health impacts associated with hotter
summers. These include heat wave warning systems, making air conditioned environments
accessible and public education. McPherson et al. (2005) note that street trees can be effective in
reducing the urban heat island effect.

Energy: Most of the models project a decrease in HDD that is greater than the increase in
CDD. This suggests that net energy use may decline as a result of a warmer climate. However,
we should be cautious about concluding that there will be a net benefit with respect to energy costs.
Many homes in the St. Louis region are heated by natural gas. By contrast, almost all homes in
the region are cooled by electricity. Thus, the net change in energy costs depends on the future
relative price of these fuels.

In addition, while winter costs are likely to decline, electricity use in summer will probably
increase as temperatures rise. Additional analysis would be required to determine whether the
increase in CDD would place a strain on the capacity of the region's electrical system.
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Energy conservation is a potential adaptation to challenges associated with rising summer
energy demands. Insulation, programmable thermostats, green roofs, white roofs and energy
efficient appliances reduce electrical costs, and have the added co-benefit of reducing greenhouse
gas emissions. Developing programs to increase the use of these conservation measures may be a
reasonable adaptation to warmer summer conditions.

Other challenges: Changing temperatures and precipitation patterns could create challenges
for other sectors in the region as well. Agriculture could be stressed by hotter, drier summers,
requiring changes in crops or farming techniques. Roads could be impacted by rising heat stress,
and traffic patterns disrupted by more intense precipitation (Alhassan,and Ben-Edigbe, 2011;
Cools, Moons and Wets, 2010; Meyer and Weigel, 2010). Public health could be affected by
changes in infectious disease vectors. Additional analysis on each of these areas would be
beneficial to the region.

In addition, although it is beyond the scope of this article, it should be noted that climate
change in other parts of the world could have the potential to affect St. Louis. For example,
declining global agricultural productivity could affect food security in St. Louis, and water
shortages elsewhere could lead to changes in migration patterns.

Conclusion

This paper has addressed three research questions. First, the paper analyzed potential changes in
the climate of the St. Louis region. Using statistically and dynamically downscaled climate
projections, the analysis found broad agreement that temperatures in St. Louis would rise under
the A2 emissions scenario. While the NARCCAP data set did not include projections for other
scenarios, the USGS data set projected temperature rise under the B1 scenario as well.
Temperatures are projected to rise in each season. There was also agreement among most models
that precipitation would be projected to rise in winter and spring. The highest uncertainty was for
summer precipitation, for which most NARCCAP projections suggested a decrease, while most
USGS projections indicate an increase. There was also broad agreement among the models that
events with an inch or more of precipitation would be more frequent under the A2 scenario, and
most models in the USGS data set projected increases in the number of heavy precipitation events
under to B1 scenario as well.

Second, the paper explored in a qualitative manner the types of socio-economic impacts that
could be anticipated if the projections correspond to future conditions. These included an increased
risk of heat-related mortality and morbidity, increased material stress on pavements, rising energy
costs in summer, and increased risk of flooding. This includes both riverine flooding from
increases in winter and spring precipitation, as well as flash floods and ponding from intense
precipitation events.

Third, the paper identified adaptation options. Public health programs such as heat wave
warning systems and public education campaigns and efforts to make air conditioners or air
conditioned environments more accessible were among the options for reducing the harms
associated with rising summer heat. Levee maintenance and repair will only increase in importance
if the risk of riverine flooding increases. Stormwater best management practices such as rain
gardens, bioswales and open space preservation can reduce runoff during heavy precipitation
events. Street trees are an adaptation option that addresses both the urban heat island effect and
stormwater management issues.

Uncertainty about future conditions remains very high. Given the high uncertainty, it would
not be appropriate to attempt to generate specific point estimates for future conditions. Rather, the
approach taken in this paper is to determine the direction of change projected in the models, using
multiple models and downscaling techniques to assess the robustness of the projections. In this
way, potential challenges confronting local planners may be identified in a qualitative manner. The
identification of potential challenges can suggest strategies that planners can adopt to address the
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harmful impacts of climate change. An awareness of the direction of change allows planners to
develop scenarios, allowing planners to develop solutions that are robust across a range of
outcomes. In addition, an awareness of the reality of climate change may be useful for building
support for measures to build more resilient infrastructure.
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Table 1: Historic Climate Averages, St. Louis Region

APPENDIX 1:

Tables

Temperature Precipitation Heating | Cooling
©) (mm) Degree | Degree
Days Days
Winter 0.9 174.0
Spring 13.2 288.5
Summer 25.3 5703
Fall 14,5 223.3
Annual 13.4 957.1 4682 1589

Source: National Weather Service
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Table 2A: Climate Models (NARCCAP)

Abbreviation Name Organization Type

CRCM Canadian Regional Climate Model | OURANOS/UQAM RCM

HRM3 Hadley Regional Model 3 Hadley Centre, UK RCM

RCM3 Regional Climate Model 3 UC Santa Cruz RCM

WRFG \'\/Av(e;gg}er Research & Forecasting Pacific Northwest National Lab. RCM

CCSM ﬁ:ﬂc;n;g;unlty Climate System National Center for Atmospheric Research GCM

CGCM Th_lrd Generation Coupled Global Canadlfm Centre for Climate Modeling and GCM
Climate Model Analysis

GFDL Geophysical Fluid Dynamics Geophysical Fluid Dynamics Laboratory GCM
Laboratory

HAD3 Hadley Centre Coupled Model 3 Hadley Centre, UK GCM

Table 2B: Climate Models (USGS)

BCM Bjerknes Centre for Climate Research,
Bergen Climate Model Norway

CCSM f\:/lo(g;?unlty Climate System National Center for Atmospheric Research GCM

CGCMAT Th_lrd Generation Coupled Global Canadlgn Centre for Climate Modeling and GCM
Climate Model Analysis

CGCM63 Th_|rd Generation Coupled Global Canadlgn Centre for Climate Modeling and GCM
Climate Model Analysis

CRNM Centre Natlc_)nal de Recherches Centre Natlt_)nal de Recherches GCM
Meteorologiques Meteorologiques

ECHAM European Centre, Hamburg Max Planck Institute for Meteorology GCM

ECHO Meteorological Institute, University of Bonn | GCM

GFDL Geophysical Fluid Dynamics Geophysical Fluid Dynamics Laboratory GCM
Laboratory

HADCM3 Hadley Centre Coupled Model 3 Hadley Centre, UK GCM

PCM Parallel Climate Model US Department of Energy GCM

RCM=Regional Climate Model; GCM=Global

Climate Model
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Table 3
CRCM/ | WRGH/ | CRCM/ | WRFG/ | HRM3/ | HRM3/ | RCM3/ | RCM3/ | .. é‘; £
CCSM | COSM | CGCM | CGCM | GFDL | HAD3 | CGCM | GFDL | 77 ange
(Degrees)
Hizstoric
Winter 01 4.7 -17 11 -13 0.3 -16 S1| -18
Spring 142 13.1 10.7 123 113 12.8 932 79| 113
Summer 291 15.6 25.4 233 24.6 258 24.4 224 231
Autuma 143 122 12.6 12.3 12.4 139 119 01| 123
Annpal 14.4 116 1.7 123 117 132 11.0 22| 119
Future
Winter 23 -14 0.8 26 16 28 0.7 23 09 23
Spring 16.7 14.8 12.7 13.8 143 14.8 113 93| 133 20
Summer 328 286 290 236 30.1 29.1 27.6 250 | 286 33
Avtumn 173 136 136 150 1351 169 131 121 133 28
Annual 173 14.4 143 142 153 15.9 13.7 113 146 27
Table 4a: USGS Projections: Change in Temperature, A2 Scenario, St. Louis Region
Average
Change
HISTORIC | BCM | CCSM | CGCM47 | CGCM63 | CRNWM | ECHAM | ECHO | GFDL | HADCM3 | PCM Average | (Degrees)
Winter 0.2 0.1 02 0.4 0.4 0.7 0.3 0.3 2 0.4 04
Spring 12.8 13.0 12.9 13.1 13.0 12.8 12.9 12.6 12.6 12.8 12.9
Summer 253 24 8 249 252 230 249 23.9 230 246 248 249
Fall 145 144 143 143 144 143 140| 144 41| 143 143
FUTURE BCM | CCSM | CGCM47 | CGCM63 | CRNM | ECHAM | ECHO | GFDL | HADCMS3 | PCM
Winter 56 3.3 2.7 3.1 4.0 27 1| 24 34 21 3.4 3.1
Spring 12.1 156 15.7 16.0 155 14.8 16.3 13.6 14.7 14.0 13.0 22
Summer 253|273 27.2 277 283 270 270 237 27.5| 262 27.2 24
Fall 21.1 169 16.4 16.4 17.5 16.6 17.6 16.3 16.4 15.5 17.1 2.8
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Table 4b: USGS Projections: Change in Temperature, B1 Scenario, St. Louis Region
Average
Change
HISTORIC | BCM | CCSM | CGCM47 | CGCMe3 | CENM | ECHAM | ECHO | GFDL | HADCM3 | PCM Average | (Degrees)
Winter 0.26 0.29 0.29 0.35 0.39 0.72 0.26 0.54 036] 041 0.4
Spring 12.8 13.04 12.86 13.17 12.94 12.81 13.08 12.3 12.71 12.8 12.9
Summer 252 2499 249 23.16 24 98 24 88 24.29 25 245 247 249
Fall 14.3 14.42 14.31 14.23 14 48 14.25 14.24 143 14.22 14.4 14.3
Annual 132 13.19 13.09 13.2323 13.2 13.165 13.04 13.1 12.9475 13.1 13.1
FUTURE BCM | CCSM | CGCM47 | CGCM6G3 | CENM | ECHAM | ECHO | GFDL | HADCMS3 | PCM
Winter 5.63 1.36 2.24 241 3.59 2.94 3.38 1.64 3.35 1.74 29 2.
Spring 10.9 14.93 15.29 15.13 15.21 14.84 13.7 14.7 17.34 13.7 14.8 1.9
Summer 249 26.33 26.41 27.14 2747 26.74 27.04 271 27.18 257 26.6 1.8
Fall 20.3 13.71 15.45 13.9 16.68 16.73 16.74 16 13.63 13.2 16.2 1.9
Annual 13.4 14.68 14.8473 15.143 15.74 15.318 15.72 14.9 15.475 14.1 13.1 2.
Table 5: NARCCAP Projections: Change in Seasonal Precipitation, St. Louis Region, A2
Scenario (mm)
CRCM/ | WRGH/ | CRCM/ | WRFG/ | HRM3 | HRM3 | RCM3/ | RCM3/ |, é}'; g
CCSM | CCSM | CGCM | CGCM | /GFDL | /HAD3 | CGCM | GFDL | '8 ange
{Percent)
HISTORIC
WINTER 155.6 1273 206.5 153 | 2112| 1868 190.8 1862 | 1772
SPRING 283.4 2309 | 3048 260 | 2824 | 2977 3319 313.4 | 23881
SUMMER 171.6 1442 | 2193 1845 | 2709 | 2643 305.2 330 | 2374
AUTUMN 177.8 190.5 192 1719 | 2488 | 1383 199.8 2196 | 1986
ANNUAL 7884 6929 | 9226 7694 | 10133 | 9373 | 10278 | 10583 | 9012
FUTURE
WINTER 167.2 1415 2109 1622 | 2609 | 2029 1891 225.1 195 10.0
SPRING 2879 250 | 3001 274 | 3463 | 3669 3349 3464 | 3133 g8
SUMMER 147 104.3 175.8 161.7 | 1918 327 311.7 323.7| 2179 22
AUTUMN 188.2 184 8 2019 1954 | 2802 215 1913 234 | 2114 6.4
ANNUAL 7903 6308 838 8 7933 | 10794 [ 11118 | 10260 [ 11291 | 9376 40

Shaded cells indicate projected increase.
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Table 6A: USGS Projections, Change in Seasonal Precipitation, A2 Scenario, St. Louis Region

(mm)
Average
Change
PAST BCM2 | CCSM3 | CGCM3 T47 | CGCM3 T63 | CNEM | ECHAMS | ECHO | GFDL | HADCM3 | PCM Average | (Percent)
WINTER 178.8 1831 1971 197.9| 1820 1919 | 1871 188.6 198.6 130.5 188.6
SPRING 2895 3011 2891 2916| 2885 2890| 2870 3006 36| 2991 2947
SUMMER 2611 2673 2818 2754 | 2545 2912 | 2772 | 2698 2476 | 2892 2715
FALL 2514 2353 236.7 2107 | 2300 2137 | 2248 | 2493 2463 | 2022 2300
ANNUAL 980.8 986.9 1004.7 9756 | 9549 9859 | 976.2 | 1008.3 10041 971.0 9848
FUTURE BCM2 | CCSM3 | CGCM3 T47 | CGCM3 T63 | CNEM | ECHAMS | ECHO | GFDL | HADCM3 | PCM
WINTER 196.4 177.1 177.7 158.1
SPRING 274.4 276.6
SUMMER 274.0 231.7 156.7 236.2
FALL 218.8 221.2 228.5
ANNUAL 893.6
Shaded cells indicate projected increase.
Table 6B: USGS Projections, Change in Seasonal Precipitation, B1 Scenario, St. Louis Region
(mm)
Average
Change
PAST BCM2 CCSM3 | CGCM3_47 CGCM3_63 CMRM | ECHAMS | ECHO | GFDL_20 | HADCM2 | PCM Average (Percent)
WINTER 181.3 180.2 152.8 202.2 182.4 192.2 | 187.5 189.2 191.7 183.4 188.3
SPRING 289.9 295.4 292.1 286.6 | 2884 290.5 | 289.8 303.6 297.6 310.6 294.5
SUMMER 260.2 264.3 2715 2709 | 250.6 291.0 | 277.0 265.6 260.6 284.1 2658.6
FALL 250.5 234.0 233.0 213.6 | 2304 213.7 | 2248 251.8 246.2 191.8 225.0
ANMNUAL 581.9 973.9 989.5 973.3 | 9519 987.3 | 979.1 1010.3 996.1 969.9 981.3
Average
Change
FUTURE BCM2 CCSM3 | CGCM3_47 CGCM3_63 CMRM | ECHAMS | ECHO | GFDL_20 | HADCM2 | PCM Average (Percent)
WINTER 164.1 173.4 1721
SPRING 274.3 268.0
SUMMER 230.3 213.6 228.7
FALL 230.2 224.0 185.2 242.2
ANMNUAL 9659.2 875.9

Shaded cells indicate projected increase.
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Table 7. NARCCAP Projections: Change in Heating Degree Days and Cooling Degree Days,
St. Louis Region, A2 Scenario

1971-2000 2041-2070 Change
HDD CDD HDD | CDD HDD | CDD Net
WRFG/CCSM 5905 | 1541 4852 2352 -1053 | 811 -242
WRFG/CGCM 4940 | 1043 4218 1567 -722 | 524 -198
RCM3CGCM 5041 | 1179 4927 1913 -1014 734 -280
RCM3GFDL 7012 810 6049 1467 -963 | 657 -306
HRM3GFDL 5542 | 1252 4444 2477 -1098 | 1225 127
HRM3HAD3 4895 | 1591 4009 2429 -886 | 838 -48
CRCMCCSM 4898 | 2417 4011 3419 -887 | 1002 115
CRCMCGCM 5715 | 1455 4716 2275 -999 | 820 -179
Average 5606 | 1411 4653 2237 -953 | 826 -126

Table 8A: USGS Projections: Change in Heating Degree Days and Cooling Degree Days, St.
Louis Region, A2 Scenario

1971-2000 2041-2070 Change Net
HDD | CDD HDD | CDD HDD CDD
BCM 5498 | 1088 4039 | 1447 -1459 358 -1101
CCSM 5532 | 1033 4353 | 1629 -1179 596 -583
CGCM47 | 5553 | 1061 4491 | 1571 -1062 510 -552
CGCM63 | 5487 | 1088 4388 | 1681 -1099 593 -505
CRNM 5483 | 1059 4221 | 1834 -1262 775 -487
ECHAM 5479 | 1042 4634 | 1591 -846 549 -296
ECHO 5714 | 1017 4077 | 1816 -1637 799 -838
GFDL 5544 | 1081 4644 | 1907 -900 826 -4
HADCM3 | 5388 925 4504 | 1626 -1389 753 -636
PCM 5522 | 1027 4991 | 1380 -531 353 -178
Average 5520 | 1042 4434 | 1648 -1136 611 -525
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Table 8B: USGS Projections: Change in Heating Degree Days and Cooling Degree Days, St.
Louis Region, B1 Scenario

1971-2000 2041-2070 Change

HDD CDD HDD CDD HDD CDD NET
BCM 5506 | 1085 4274 | 1309 -1232 224 -1007
CCSM 5496 | 1063 4888 | 1441 -608 378 -230
CGT47 5552 | 1058 4707 | 1366 -846 308 -538
CGT63 5486 | 1086 4681 | 1535 -806 449 -356
CNR 5485 | 1059 4403 | 1644 -1081 584 -497
ECHAM 5490 | 1044 4589 | 1554 -901 510 -391
ECHO 5543 | 1013 4449 | 1676 -1094 663 -431
GFDL 5544 | 1081 4890 | 1564 -653 483 -171
HADCM3 5346 | 928 4431 | 1524 -915 597 -318
PCM 5538 | 1022 5095 | 1257 -443 234 -208
Average 5499 | 1044 4641 | 1487 -857 443 -414
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Table 9: Days Per Year with 1 Inch (2.54 cm) or more of Precipitation

Table 9A: NARCCAP Projections

Historic | Future
CRCMCCSM 2.1 1.9
CRCMCGCM 4.0 4.8
HRM3GFDL 7.6 8.8
HRM3HAD3 7.3 10.0
RCM3CGCM 8.3 8.4
RCM3GFDL 7.2 9.0
WRFGCCSM 5.8 6.6
WRFGCGCM 6.7 7.6
Average 6.1 7.1
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Table 9B: USGS Projections, A2 Scenario

Historic | Future
BCM2_A2 PR 5.8 7.5
CCSM3 A2 P 4.7 6.0
CGCM3_T47 5.8 5.7
CGCM3_T63 5.2 6.1
CNRM_A2 PR 4.0 5.5
ECHAMb5 4.8 6.7
ECHO 4.0 5.7
GFDL20 6.5 5.1
HADCM3 5.4 6.4
PCM 4.5 6.4
Average 5.1 6.1

Table 9C: USGS Projections, B1 Scenario

Historic | Future
BCM2 Bl PR 5.7 7.2
CCSM3 B1 P 4.6 55
CGCM3_T47 5.4 6.3
CGCM3_T63 5.4 7.1
CNRM B1 PR 4.0 5.1
ECHAM5 B1 5.0 7.2
ECHO B1 PR 4.2 4.5
GFDL 20 B 6.5 5.0
HADCM3 5.6 6.9
PCM_B1 PR 4.6 6.8
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