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ABSTRACT

Trends and variability of the climate in the southeastern United States, including Alabama, Florida, Georgia,
Mississippi, North Carolina, South Carolina, and Tennessee was studied for an array of future scenarios in the
21st century. The region is a biodiversity hotspot affected by more billion-dollar disasters than any other region
in the country. Assessing the impacts of climate change in southeastern United States is important and often
requires knowledge of plausible future climate change (e.g. scenarios of temperature and precipitation change).
Although several methods are available in literature to develop plausible scenarios of the changes, there exists a
usability gap [gap between what scientists understand as useful information and what users recognize as usable].
A novel conceptual framework that represents the plausible future climate change scenarios in southeastern
United States was developed using information from meta-analysis and outputs from ~19 Coupled Model
Intercomparison Project (CMIP5) Global Climate Models (GCMs) [data analysis] in the form of scenario funnels
(represent the plausible trajectories of changes in climate). The systematic literature review provided 33 values
of precipitation changes from 15 studies and 35 for temperature changes from 14 studies. In general, the meta-
analysis revealed, the precipitation changes observed ranged from —30 to +35% and temperature changes
between —2°C to 6 °C by 2099. Fiftieth percentile of the GCMs predicts no precipitation change and an increase
of 2.5 °C temperature in the region by 2099. Among the GCMs, 5th and 95th percentile of precipitation changes
range between —40% to 110% and temperature changes between —2 °C to 6 °C by 2099. Finally, the usability of
scenario information to stakeholders in various southeastern United States ecosystems and guidelines for de-
veloping causal chains and feedback loops with three levels of complexity were provided. They include utilizing
the information from impact assessment studies, stakeholder's expertise and requirement as well as under-
standing the potential impacts in ecosystems (e.g. agroecosystems, coastal, wetland) by relating the structural
components of an ecosystem, their interactions with each other, within and across ecosystems for improved
management and sustainable use of their resources. These would improve understanding of ecosystem func-
tioning for better management and sustainable use of resources. Although the methodology was demonstrated
for southeastern United States, it could also be applicable to other regions of the world. However, the scenario
funnels, potential impacts on ecosystems and causal chain/loops are subjective to the study region, availability
of literature, the changes observed in the literature and data analyzed, the characteristics of the study region, the
stakeholder and their requirement.

1. Introduction

17% of total annual agricultural production of the USA) and is a major
contributor to the US economy (Mitra and Srivastava, 2016). Earlier

The southeastern United States is a biodiversity hotspot (Cartwright
and Wolfe, 2016) with the highest overall native richness of any tem-
perate region in North America (north of Mexico) (Lynch et al., 2016).
The region is considered the “wood basket” of the United States, pro-
ducing about half of the country's timber supply. The southeastern
United States is one of the major agricultural areas in the nation. It has
an annual output of about $55 billion in agricultural production (about
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studies observed, the region produced roughly one quarter of US agri-
cultural crops, and additionally produced a large portion of the nation's
fish, poultry, tobacco, oil, coal, and natural gas (Jones et al., 2001).
The southeastern United States receives ample rainfall throughout
the year (Rose, 2009). Despite this, the region has experienced recur-
ring droughts that have caused losses in agricultural productivity,
prompted water use restrictions on municipal and irrigated waters uses,
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and induced interstate water conflicts (Mitra and Srivastava, 2016).
This region is particularly vulnerable to a number of climate-driven
events, including sea-level rise and catastrophic floods, drought, heat
waves, winter storms, tropical cyclones, and tornadoes (Ingram et al.,
2013), and has been affected by more billion-dollar disasters than any
other region in the country (Carter et al., 2014). Furthermore, the
southeastern United States often suffers from low surface water avail-
ability due to frequent occurrences of La Nifia, which brings warm and
dry conditions between the months of October and April (Mitra and
Srivastava, 2016).

Climate change can impact ecosystems in many ways, from effects
on species to phenology to wildfire dynamics (Cartwright and Wolfe,
2016). Assessing the potential vulnerability of ecosystems to future
changes in climate is an important first step in prioritizing and planning
for conservation (Costanza et al., 2016). Additionally, mitigation and
adaptation are widely known as the two major responses to climate-
driven events (Fu et al., 2016). Scenarios of changes in temperature and
precipitation are useful climate information for developing these re-
sponses. One way to assess vulnerabilities and impacts, initially through
a screening perspective and later with a more directed focus, is to pose
plausible and scientifically credible future conditions, or scenarios, with
regard to climate variables (Hall et al., 2016). Several methods are
available in literature to develop plausible scenarios of changes in near-
surface air surface temperature (here called temperature) and pre-
cipitation (Anandhi et al., 2008). This study used a novel conceptual
framework to develop the scenarios from meta-analysis and data-ana-
lysis.

The goal of the study was to provide information to stakeholders
while decreasing the usability gap [gap between what scientists un-
derstand as useful information and what users recognize as usable in
their decision-making (Lemos et al., 2012)]. The specific objectives of
this study were to (1) develop a novel conceptual framework that
communicates the plausible future climate change scenarios in a region,
(2) communicate the potential changes observed in a region (3) develop
the causal chain/loops from scenarios and potential impacts for im-
proved ecosystem functioning and informed decision making. The fra-
mework was applied to southeastern United States (Fig. 1a). For this the
peer-reviewed studies on temperature and precipitation changes in
southeastern United States were compiled and synthesized (referred as
meta-analysis, Fig. 1b). Also from the Coupled Model Intercomparison
Project (CMIP5) downscaled temperature and precipitation data
changes were estimated for the region and scenario funnels were de-
veloped. Information provided in the scenario funnel is not meant to
provide the actual magnitude, along with its timing, of future change;
rather, the scenarios are intended to provide a range observed that can
assist decision-makers and other stakeholders in making robust choices
to manage their risks in the context of plausible future temperature and
precipitation changes. The term stakeholders encompass a spectrum of
professions and is broadly used to ensure inclusivity as to whom can
utilize the methods/results used in this study. The scenario funnel and
the data used in developing it would provide a resource for authors of
the IPCC Assessment Report and the National Climate Assessment Re-
port (NCA, https://nca2014.globalchange.gov/). NCA is a report sub-
mitted to the President and Congress of United States every four years
on the status of climate change science and impacts. The NCA informs
the nation about already observed changes, the current status of the
climate, and anticipated trends for the future by integrating scientific
information from multiple sources and sectors to highlight key findings
and significant gaps in our knowledge.

2. Methodology
2.1. Definitions/descriptions of key terms

Meta-analysis is a systematic approach to identifying, appraising,
synthesizing, and (if appropriate) combining the results of relevant
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studies to arrive at conclusions about a body of research have been
applied with increasing frequency (Stroup et al., 2000). Snowball
sampling is a tool used in meta-analysis where one accumulates lit-
erature sources extracting the relevant references of a known reliable
source for use in the analysis, this step may be repeated multiple times
until sufficient material is accumulated. Systems thinking focuses on
understanding the relationships and feedbacks between the parts to
understand the entire system (Anandhi, 2017; Caulfield and Maj, 2001),
thereby providing a big picture of the system. Global climate models
(GCMs) are mathematical formulations of the mechanisms that make up
a climactic system (i.e. radiation, energy transfer by winds, formation
of clouds, evaporation and precipitation of water, and transport of heat
by ocean currents). An indicator can be defined as any variable that
indicates the magnitude (e.g., mean seasonal temperature) or varia-
bility (e.g., standard deviation seasonal rainfall) of a parameter (Alessa
et al., 2008), or the statistical relationship among variables (Anandhi,
2017; Gain et al., 2012). Stakeholders have been defined as, “in-
dividuals or groups with a vested interest in the outcome of a decision”
or in the research project (DeLorme et al., 2016). Scenarios represent
plausible descriptions of possible future climate states, that must be
coherent, internally consistent, and used as planning and communica-
tion tools to explore uncertain futures (Berkhout et al., 2002). Causal
chains/loops: a causal chain is an ordered sequence of events in which
any one event in the chain causes the next. When an event in the chain
causes an earlier event in the chain then the loop developed is referred
to as causal loop. A scenario is a coherent, internally consistent and
plausible description of a possible future state of the world. It is not a
forecast; rather, each scenario is one alternative image of how the fu-
ture can unfold (Mahmoud et al., 2009). The description of scenario
funnel is explained in the next section, Fig. 1a and Anandhi et al.
(2018).

2.2. Conceptual framework of plausible future climate changes

The future climate is uncertain and unknown, so there can be a full
range of possible trajectories of future climate change (Carpenter et al.,
2006) often represented using scenarios. The conceptual framework
developed in this study (Fig. 1a) combines 1) interpretation to the de-
finition (previous section): scenarios are not forecasts or predictions,
but instead, they provide a dynamic view of the future by exploring
various trajectories of change that lead to a broadening range of plau-
sible alternative futures in a form of scenario funnel (Mahmoud et al.,
2009); 2) a modification of Carpenter et al.'s (2006) framework which
was used to explain scenarios for ecosystem services; 3) the concepts of
“There are known knowns. These are things we know that we know.
There are known unknowns. That is to say, there are things that we now
know we don't know. But there are also unknown unknowns. These are
things we do not know we don't know” (Rumsfeld, 2002). In our de-
veloped conceptual framework, the possible full and unknown range of
trajectories of future climate change is represented by the blue ellipse in
Fig. 1a. Many published studies provide some useful ideas about how
these trajectories might unfold in future. These studies have based their
trajectories on observations from measurements, analysis of historical
records, climate model simulations etc. These studies are collected and
combined using meta-analysis, to provide a range of trajectories of fu-
ture climate change represented by the magenta ellipse in Fig. 1a. We
have GCM simulation data from virtually the entire international cli-
mate modeling community for a range of plausible futures. These GCM
simulation data are analyzed to get a range of trajectories of future
climate change represented by the green ellipse in Fig. 1a. The meta-
analysis can be intended to synthesize the findings of change de-
termined through their evaluation of evidence (confidence) while data-
analysis could provide a probabilistic assessment of a variable or its
change, or some well-defined outcome having occurred or occurring in
the future (likelihood). Together, the circles of data-analysis and meta-
analysis represent the information we have access to project the range
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Fig. 1. (a) Conceptual framework used in this study could represent the plausible future climate change scenarios in southeastern United States. This was adapted
from Carpenter et al. (2006). (b) Steps followed in developing scenario funnel from meta-analysis. (c) Steps followed in developing the scenario funnel from CMIP5
data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

of trajectories of future climate change (“known knowns”). There can
be an overlap in the two analyses. Around the circles is a yellow ellipse
of uncertainty, the “known unknowns” that can be inferred from ex-
isting data-analysis and meta-analysis. These uncertainties can be de-
scribed probabilistically and addressed through the conventional tech-
niques of risk assessments. Example uncertainties are errors in model
development and data collection, literature unintentionally missed out
in the meta-analysis and multiple other methods and climate data
sources to generate plausible future climate change scenarios. The blue
space beyond the yellow ellipse represents the “unknown unknowns,”.
It represents the mysteries and surprises that have not yet been ima-
gined (Carpenter et al., 2006; Smith, 2002) or unrecognized un-
certainties of which we are unaware. An extreme, catastrophic, or
dramatically surprising trajectory of future climate change is not an
unknown unknown, if it had been envisioned but deemed too unlikely
to occur. By definition, unknown unknowns are not known. Just be-
cause something is currently unknown does not mean that it is un-
knowable. The knowledge that unknown unknowns are probably “out
there” can motivate the application of appropriate search strategies.
Structural uncertainty arising from incomplete understanding of or
competing conceptual frameworks for relevant systems and processes
(Mastrandrea et al., 2010) can be an example. In the conceptual fra-
mework (Fig. 1a) of the plausible range of future climate change sce-
narios proposed in this study represents the logical progression from
knowns to unknowns and divided into three parts. “Known knowns” are
the range of possible trajectories, of climate change obtained from
observed meteorological records, simulations from models such as
GCMs. The rest of the possible trajectories range of future climate

changes can be classified into two types of unknowns (“knowable un-
known” and “unknowable unknown”). The first type “knowable un-
known” is that we know, we don't know possible trajectories range of
future climate (e.g. uncertainties in the knowns). The second type of
unknown “unknowable unknown” are those possible trajectory range of
future climate changes that we don't even know, we don't know. The
stakeholders while using the possible trajectory range of future climate
changes need be aware that the evidence they have may just represent
the “known knowns” and/or “unknown knowns” and make appropriate
choices. Thus, the conceptual framework (Fig. 1a) developed in this
study could reduce the usability gap in one way by increasing aware-
ness among stakeholders of the possible trajectories range of future
climate changes available, and how their use of trajectories of future
climate change in evidence based decision making. Our framework
improves the usability gap in the literature and makes a significant
practical contribution: it helps stakeholders diagnose the use of tra-
jectories of future climate change in evidence based decision making,
recognize and reduce the likelihood of “unknowable unknown” and
thus deal more effectively with the otherwise unrecognized risks and
opportunities.

2.3. Meta-analysis

In general, meta-analysis (pink ellipse in Fig. 1b), is a systematic
approach to identifying, appraising, synthesizing, and (if appropriate)
combining the results of relevant studies to arrive at conclusions about
a body of research have been applied with increasing frequency (Stroup
et al., 2000). The steps in the meta-analysis followed in the study were
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provided in Fig. 1b.
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Table 1b

Changes in temperature observed from studies used in meta-analysis.
Temperature (T)  Time frame Change found Reference

[{9)]

T max summer 2001-2030 1.3 Jones et al. (2001)
T max winter 2001-2030 0.6
T annual 2001-2030 1
T annual 2001-2100 2.3
T annual 2001-2030 1.7
T annual 2001-2100 5.5
T annual 2007-2100 2-10 Greenberg et al. (2015)
T annual 1970-2015 1
T annual 1880-2016 1 Gutierrez and LePrevost
T annual 2007-2100 2-6 (2016)
T annual 2007-2100 1.5-5 Kim and Grunwald (2016)
T annual 2007-2090 3.2 Neubauer and Craft (2009)
T annual 2013-2100 1.5-3 Susaeta et al. (2016)
T annual 2001-2100 2.3 Flebbe et al. (2006)
T annual 2001-2100 5.5
T annual 1949-1994 —0.09 Greenland (2001)
T annual 1895-2001 0.5
T annual 1960-1995 3-4 Mulholland et al. (1997)
T annual 1960-1995 3-5 Mearns et al. (2003)
T annual 1900-1994  1-7
T annual 1961-1990 —1to —2 Soule (2005)
T annual 1961-1990 0.1
T annual 1961-1990 0.18
T annual 2013-2050  0.09
Tmin 1996-2091 1-3 Wuebbles et al. (2014)
Tmax 1996-2091 1
Tmin 1996-2091  3-10
Tmax 1996-2091 3-7
Tmax max 1950-2007 0--4 Grotjahn et al. (2016)
Tmax min 1950-2007  0-2
Tmin max 1950-2007 Oto —4
Tmin min 1950-2007  0-3
T annual 1895-2007 —-0.05 Rogers (2013)
T winter 1895-2007  —0.15
T summer 1895-2007 -0.7

Step 1: Reviewed the available literature covering quantitative and
qualitative climate change projections in terms of variables
temperature and precipitation. Three rounds of screening and
sampling was carried out. First, through author expert knowl-
edge (collaborators, list of publications in Florida Climate
Institute), then, an online literature search (Google Scholar,
Web of Science), and finally, snowball sampling [i.e., using the
references cited within confirmed studies of climate change, as
well as subsequent references to those studies; Lynch et al.,
2016].

Step 2: Identified studies with quantitative directional change projec-
tions in literature. We included only peer-reviewed studies
conducted in southeastern United States or those which speci-
fically references the region and published between 1999 and
2016. We limited our search to studies of directional changes in
temperature and precipitation but did not require these studies
to demonstrate a clear change (i.e., negative, positive and no
change are all equally important). Research tool developed by
Anandhi and Baker (2013) was used in synthesizing the studies
into a table (Table 1a and 1b), in doing so simplifying multiple
complex topics/information into a easier to understand form.
This tool was developed to assist students in synthesizing co-
pious amounts of literature to preserve energy and time.

Step 3: Sorted the changes in the studies for each variable (temperature
and precipitation). For each variable, units of the changes were
observed, and the start and end year changes were noted.

Step 4: Analyzed the changes of temperature and precipitation

Table 1a

Percent change in precipitation observed from studies used meta-analysis.

Precipitation (P) Time frame  Change found Reference

(%)

P annual 2001-2090 20 Jones et al. (2001)

P annual 2001-2090 -10

P annual 2007-2050 6 Endale et al. (2014)

P fall and spring 2007-2050  5-20

P winter and summer  2007-2050 —5to —20

P annual 1901-2000 20-30

P heavy annual 1958-2007  15-20

P fall 1901-2009 30 Greenberg et al. (2015)

P annual 2009-2100 —10to —20 Kim and Grunwald
(2016)

P heavy annual 1901-2009 22 McNulty et al. (2015)

P annual 2007-2091 7-9 Neubauer and Craft
(2009)

P fall 2014-2100 10 Susaeta et al. (2016)

P winter 2014-2100 20

P heavy 1900-1999 15 Groisman et al. (2001)

P heavy 1950-1993  15-30 Gershunov and Barnett
(1998)

P annual 1900-1999  20-30 Greenland (2001)

P annual 1895-1997 10

P annual 1895-2000 10

P summer 1960-1995 —-20 Mearns et al. (2003)

P spring 1960-1995 35

P winter 1960-1995 20

P summer 1960-1995 -30

P spring 1960-1995 25

P max daily 1996-2091 5-15 Wuebbles et al. (2014)

P max daily 1996-2091  10-25

P annual 2007-2050 —2to —4 Ingram et al. (2013)

P annual 2007-2050 6

P annual 2007-2050 15

P annual 2007-2050 -12

P annual 2007-2050 6

P heavy 1910-2000 26 Groisman et al. (2003)

P annual 1907-1998 16 Groisman et al. (2004)

P occurrence 1931-1996 -5 Kunkel et al., 1999

observed in the literature using bar plots and funnel plots. Bar
plots provided the information about individual change values
in temperature and precipitation for southeastern United States
and the approximate range of values across studies, while the
funnel plot provided the changes across the studies and change
dates. Each quantitative change in temperature and precipita-
tion from the studies (Tables 1a and 1b) are plotted in a bar
plot. A study can have multiple values to represent the changes
across multiple time-periods (e.g. up to 2050, up to 2100), data
(e.g. one or more GCMs), seasons (e.g. summer, annual). Each
bar is created for a value (x-axis) and the length of the bar re-
presents the extent of change projected (y-axis) for a study with
a time-period/season/source. Funnel plots were developed to
show a range of plausible scenarios of future climate. These
plots synthesize the findings of literature used in the meta-
analysis portion of the study to determine a range of future
climate. The funnel plot lines drawn from individual bars and
lines were combined to form the scenario funnel (Fig. 2c and f).
The x-axis represented the year and y-axis represented the
change in temperature or precipitation. For each bar plot a line
was drawn between two points: the start year with no change
and end year with change in temperature or precipitation
documented by the study (Fig. 2d and g). The length of the
funnel represents the time and width of the funnel represents
the level of change in temperature and precipitation. Studies
with qualitative directional changes in temperature and pre-
cipitation were used in discussion. Seventeen publications were
finally identified that directly characterized temperature and
precipitation change in southeastern United States through
three rounds of screening and sampling. The list is provided in
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Fig. 2. (a) Land use/land cover Map of southeastern United States region used in data-analysis and some studies in meta-analysis. Land cover data from Homer et al.
(2015). (b, ¢, d) Bar plots, scenario lines and funnel plots for precipitation change in percent (y-axis). (e, f, g) Bar plots, scenario lines and funnel plots for temperature
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temperature observed in bar plot, will be +6 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Tables 1a and 1b.
2.4. Data-analysis

The steps in the data-analysis (green ellipse in Fig. 1b) followed in
the study were provided in Fig. 1c. The various steps explain the sce- Step 2:
nario funnel developed from the downscaled data in the region (Fig. 3a
top).

Step 1: Downloaded data for the southeastern United States region at a Step 3:
1° x 1° grid scale. The region included the states of Alabama,
Florida, Georgia, Mississippi, North Carolina, South Carolina,
and Tennessee covers 98 grids (Fig. 2a). Downscaled CMIP5
multi-model monthly data measuring minimum, average, and Step 4:
maximum for temperature and precipitation was downloaded
(http://gdo-dep.ucllnl.org/downscaled_cmip_projections/). The
Representative Concentration Pathways (RCPs) were used in
the IPCC's Fifth Assessment Report to represent low-to-medium Step 5:
(RCP4.5) and high (RCP8.5) greenhouse gas emission trajec-
tories over time (Susaeta et al., 2016). The RCPs provide
plausible information about how the future may evolve with
regards to energy and land use, emissions of greenhouse gases,

and changes in socioeconomic and technological conditions
(Van Vuuren et al., 2011). More details of the data can be ob-
tained from Maurer et al. (2014). For each scenario, the time-
series from 19 GCMs with some of them having multiple runs
(up to 10) for all 98 grid points were used.

Plotted multi-model monthly time series for the 98 grids for
temperature and precipitation (Fig. 3a, g). Next a two-year
(24 month) moving average was applied to the data to
smoothen the projections.

Estimated future changes in precipitation and temperature
using Egs. (1) and (2). The changes were plotted. A two-year
(24 month) moving average was applied to the data to
smoothen the projections.

Estimated multi-model percentiles (5th, 10th, 25th, 50th 75th,
90th, 95th) of changes for each month from step 3. A two-year
(24 month) moving average was applied to the percentiles to
smoothen the projections.

Developed three scenario funnel boundaries for each RCP. The
first scenario funnel had time series of 5th and 95th percentile
projections as its boundary, while the second and third funnel
had 10th and 90th and 25th and 75th percentile values as its
boundaries. Finally, the six funnels for each variable were
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Fig. 3. The plot of various steps in developing the scenario funnel for precipitation (a to h) and temperature (Tas, i to p) by data-analysis, (a, i) time-series plot of raw
precipitation and temperature data, (b, j) time-series plot of 24 month moving precipitation and temperature data, (b, j) time-series plot of 24 month moving average
precipitation and temperature data, (c, k) time-series plot of delta change estimated for precipitation and temperature, (d, 1) various percentile values for RCP 4.5 for

precipitation and temperature (red: 5th, 95th; yellow:10th, 90th, blue: 25th, 75th,

black: 50th percentiles), (e, m) various percentile values for RCP 8.5 for pre-

cipitation and temperature (red: 5th, 95th; yellow:10th, 90th, blue: 25th, 75th, black: 50th percentiles), (f, n) Developing scenario funnel boundaries for RCP 4.5
from 24 month moving average of the percentiles (red: 5th, 95th; yellow:10th, 90th, blue: 25th, 75th, black: 50th percentiles), (g, o) Developing scenario funnel
boundaries for RCP 8.5 from 24 month moving average of the percentiles (red: 5th, 95th; yellow:10th, 90th, blue: 25th, 75th, black: 50th percentiles), (h, p) scenario
funnels for precipitation and temperature. In a, b, ¢, i, j, k red and blue color represents the RCP 8.5 and RCP 4.5 respectively. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

combined.
%change = future va'lue - historic base) 100
historic base o
Degree change = future value — historic base @

Step 6: Examined the spread of scenario funnel month. It informs us
about the changes in the extremes (e.g. 5th and 95th percen-
tiles), uncertainty and agreement between trend projections of
GCMs.

2.5. Study region

Southeastern United States was the study region selected. The re-
gion has multiple unique ecosystems [e.g. urban, coastal, wetland, in-
sular, forest, Fig. 2a Homer et al., 2015]. The boundary of southeastern
United States differed among the studies used in the meta-analysis.
These differences are discussed in more detail in Section 3.3. In the

data-analysis of CMIP5 models, southeastern United States boundary
included the states of Tennessee, North Carolina, South Carolina, Mis-
sissippi, Alabama, Georgia and Florida (Fig. 2a).

3. Results and discussion
3.1. Meta-analysis: pink ellipse in conceptual framework

The systematic literature review provided 33 values of precipitation
changes from 15 studies (Table 1a) and 35 for temperature changes
from 14 studies (Table 1b). In general, the meta-analysis revealed, the
precipitation changes observed ranged from —30 to +35% (bar plots in
Fig. 2b). Some studies showed a range of changes rather than a single
value change. Mearns et al. (2003) observed that the highest pre-
cipitation change (35% increase) was observed in spring precipitation
during the latter part of the 20th century. They observed largest de-
creases in precipitation (upto 30%) during the summer months. Endale
et al. (2014) observed a 20% decrease in precipitation during the
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summer. In the studies, 8 of 33 change values projected a decrease in
precipitation over the period. Among the 25 change values with in-
creasing precipitation, projections over the 20th century tend to depict
greater increases (14 out of 33 values) when compared to future pro-
jections (11 out of 33 studies).

Our meta-analysis of temperature changes using bar plots, scenario
lines and funnels show much less variation among studies (Fig. 2e, f, g).
Of the 35 values derived from literature 28 (80%) showed an increase
in temperature. All the studies projecting future temperature showed an
increase over their respective time frames, with a range of 1 to 5.5°C
increases. The 7 decreasing values all occurred during the 20th century,
as it is well documented the area went through a cooling period over
the latter half of the 20th century (Jones et al., 2001). Much like the
precipitation studies, we can see a clear contrast of studies analyzing
historic temperatures and projecting future temperatures. However,
unlike precipitation projections, the highest changes occur in projec-
tions of annual temperatures and not seasonal temperatures, suggesting
a more uniform change in seasonal temperature compared to pre-
cipitation. For both precipitation and temperature, a group of studies
focused on future changes based on historical studies as well as future
projections was observed. This study developed two future scenario
funnels for each variable with historical changes and future changes
(Fig. 2d, g). These two funnels can be combined to form a single funnel
(not shown in figure). We found for temperature, the most commonly
used unit of change was °C over time. The other units of change were °F
(Carter et al., 2014), indexes that count days relative to a critical
temperature threshold (Easterling, 2002; Ingram et al., 2013; Maloney
et al., 2014). For precipitation, the unit was % change over time. Other
measures for precipitation found include inches/decade (McNulty et al.,
2015) and centimeters over time (Doublin and Grundstein, 2008). The
units remained the same even though the time-period, seasonality and
definition of southeastern United States varied.

3.2. Data-analysis: green ellipse in conceptual framework

The changes in temperature and precipitation observed in our data-
analysis complement the meta-analysis and provide the likelihood of
changes observed from CMIP5 GCM simulations in southeastern United
States. Fiftieth percentile of the GCMs predicts no precipitation change
and an increase of 2.5 °C temperature in the region by 2099. The GCMs
predictions of increase in temperature by 2099 are more consistent than
precipitation change. Up to 110% precipitation change was observed as
the 95th percentile change in the region, while the changes are 90%
and 40% for 90th and 75th percentiles respectively by 2099. Negative
precipitation changes (—75%, —60% and — 40%) was observed by
5th, 10th and 25th percentile of the models by 2099. A high of 5 to 6 °C
temperature increase was observed as the 95th percentile in the region,
while the changes are in the range of +4to +5°Cand + 3 to +4 °C for
90th and 75th percentiles respectively by 2099. Smaller temperature
changes (up to +2.5°C) were observed for 5th, 10th and 25th per-
centile of the models by 2099. The changes in RCP 4.5 and RCP 8.5 are
quite similar. This can be observed from the overlap of scenario funnel
boundaries between RCP 4.5 and RCP 8.5 (for each red, blue and yellow
funnel boundaries) with RCP 8.5 showing a slightly more variability (1
to 3% difference for precipitation and 0.1 to 0.2 °C for temperature as
estimated from values) than RCP 4.5. These variability among RCP's
could also be observed from the concentric funnel boundary (e.g. red:
5th and 95th) of RCP 4.5 is inside the RCP 8.5. From the changes ob-
served among the GCMs, the precipitation change has an interquartile
range of = 40%, while the temperature has interquartile range of 5 to
6°C.

3.3. Uncertainties: yellow ellipse in conceptual framework

A variety of uncertainties, including those associated with human
behaviors, limit the predictive capabilities of climate-related sciences
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(Hall et al., 2016). Some of these are knowable unknowns, while others
are unknowable unknowns. While comparing studies for southeastern
United States, the spatial boundaries, the temporal scale (time-period
and time-scale), data sources are important. Accommodating these
variabilities can lead to uncertainties.

The variation of southeastern United States boundaries among stu-
dies could also result in the variability and uncertainty in the projected
changes in temperature and precipitation because some states can have
a different change than others. Our changes using data-analysis covered
seven states for southeastern United States (Tennessee, North Carolina,
South Carolina, Mississippi, Alabama, Georgia and Florida). These
seven states were also used by Selman and Misra (2016) and
Alexandrov and Hoogenboom (2000) in their studies on southeastern
United States. Some studies had different seven states for southeastern
United States. For example, Soule (2005) considered Virginia, instead
of Tennessee, the rest being the same. Some studies had smaller area in
southeastern United States, while some studies on southeastern United
States covered a larger area. For example Fraisse et al. (2006) con-
sidered three states (Alabama, Georgia and Florida), while Williams
(2016) defined southeastern United States to include five states (Ala-
bama, Florida, Georgia, North Carolina, and South Carolina). Some
included Louisiana and Arkansas in addition to the seven states we
considered (Mitra and Srivastava, 2016). Some studies included eleven
states: Kentucky, Virginia, Louisiana and Arkansas in addition to the
seven states we used in the study (Carter et al., 2014; McNulty et al.,
2015) while Ingram et al. (2013) in the NCA defined southeastern
United States includes Puerto-Rico and Virgin Islands in addition to the
eleven states.

The variation in the time-scales of the studies could also have
caused the variability in the changes documented by the studies. The
scales varied from annual time-scale (Carter et al., 2014; Ingram et al.,
2013; Jones et al., 2001), seasonal (Maloney et al., 2014; McNulty
et al., 2015), to monthly scales. The two funnels are for the two time-
periods. The way the funnels are combined could also cause un-
certainties in the future scenarios. Additionally, the data sources in
these studies were from either historical observed data (Groisman et al.,
2003; Soule, 2005), historical and future time-period modeled data for
multiple temporal scales (Greenland, 2001; Jones et al., 2001) etc. The
range of percent change in precipitation (e.g. —75 to 110% represented
by red funnel) and temperature change (upto + 6 °C represented by red
funnel) observed from different scenario funnels obtained from data-
analysis represent the variability among GCM model simulations.

Southeastern United States is somewhat anomalous in climate
change research as most analyses show this area did not warm sig-
nificantly during the twentieth century (Soule, 2005). The importance
of convective precipitation in southeastern United States; the com-
plexity of the moisture sources for precipitation (Gulf of Mexico and the
Atlantic Ocean); the location and strength of the Bermuda high; the
location and strength of the nocturnal jet; and the importance of con-
tributions to precipitation from hurricanes along the coast in late
summer are some factors that make reproduction of the climatology of
the region often challenging to model (Mearns et al., 2003). Ad-
ditionally, precipitation is difficult to measure with confidence. Only a
few decades of reliable data are available, internal variability in these
short record lengths may contribute to the uncertainties and limit the
applicability of the observational data to better understand anthro-
pogenic climate change (Kramer and Soden, 2016). Studying the direct
effects of climate change on southeastern ecosystems (e.g. inland fishes)
can be challenging: given the interactive nature of climatic and an-
thropogenic pressures and the rarity of unperturbed reference systems
(Lynch et al., 2016); complexities and multidisciplinary nature of these
ecosystems (Anandhi, 2017).
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Fig. 4. (a) Potential impacts of drivers (changes in temperature and precipitation in southeastern United States) and (b) The conceptual description of the causal
chains and feedback loops between the driver variables (e.g. precipitation and temperature) and response variables (e.g. impacts in Fig. 4a). They can range - from (i)
simple to (ii and iii) more complex. The “response variables” are the impacts in various ecosystems. The “local driver variables” (orange boxes) are the variables at
point scale, while the “regional driver variables” (green boxes) are the variables at coarser scale (hydrological or ecosystem or political boundary). The green and
orange arrows depict one-way effect of regional and local driver variables, respectively on the response variable. The climate variables and the ecological indicators
are the driver variables, while the response variables are the various impacts in ecosystems. Figure (b) is adapted from Soranno et al. (2014). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

3.4. Application of scenario funnels for assessment of potential impacts in
the region

The ranges of changes observed from scenario funnels in meta-
analysis and data-analysis are useful for effective conservation and
management of ecosystems- especially in the face of climate-change
(Costanza et al., 2016) and communicating the uncertainties in the
decision making process. The impacts of both increasing and decreasing
changes in temperature and precipitation on various ecosystems and
water resources in southeastern United States were briefly summarized
in Fig. 4a and discussed in this section.

The temperature and precipitation change (drivers) play critical
roles in water resources management, plant, insect and animal growth.
Specifically, the changes impacts ecosystems in many ways, from its

effects on species to phenology to wildfire dynamics (Costanza et al.,
2016) and influences the components of hydrologic cycle. Climate
variability induced stresses on water resources combined with an ever-
growing population with increasing need for irrigated agriculture puts
stress on freshwater bodies such as lakes, streams, and aquifers and
increased demand for water consumption (Singh et al., 2016). The
southeastern United States is one of the USA agricultural areas with
high heterogeneity of crop production (Ingram et al., 2013). In plants,
temperature affects and drives most developmental processes, starting
as early as the germination process immediately after planting, and as
late as the ripening process during physiological maturity (Alexandrov
and Hoogenboom, 2000). The precipitation changes drive and affect
irrigation scheduling and combined with temperature changes impact
water management. Stakeholders in agro-ecosystems could utilize the
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information from scenario funnels for improved management and sus-
tainable use of their resources for increased yield and greater economic
return.

Some of the wetland ecosystems found in southeastern United States
are unique to the region. In these wetland (lands transitional between
terrestrial and aquatic systems where the water table is usually at or
near the surface or the land is covered by shallow water) ecosystems,
changes in temperature and precipitation could impact various eco-
systems functions. For example: Decreased precipitation reduces
freshwater discharge and water table. Evapotranspiration in wetlands
can be classified into a two stages, first stage (wet) and second stage
(dry) based on soil water availability (Drexler et al., 2004). When the
wetlands are inundated, evapotranspiration occurs at the first stage
evapotranspiration rate. First stage evapotranspiration (also called po-
tential evaporation) is well understood and has been modeled. In this
stage, evaporation has adequate water near the surface such that the
evaporation rate is limited by available energy. Second stage evapora-
tion occurs during drying soil conditions when the evaporation rate is
limited by the available soil water coupled with the available energy.
Depending on the stage, the changes in temperature's and pre-
cipitation's impact on evapotranspiration could vary (Drexler et al.,
2004). In wetlands, increases in temperature, elevate the salinity of
estuarine waters and desiccate otherwise moist wetland soils. The drier
climate conditions (decreased precipitation or increased temperatures)
could lead to a drier wetland landscape, a change in land-use (e.g. shrub
encroachment) which could substantially impact wetland carbon and
water cycling, which can compromise conservation and water man-
agement objectives (Budny and Benscoter, 2016). During drier condi-
tions waterlogged marsh soils can dry and oxidize, causing increased
porewater salinity, acid and heavy-metal concentrations around certain
plant roots causing die-offs—largely denuded mudflats when they reach
critical limits (Angelini et al., 2016). Stakeholders in wetland ecosys-
tems could utilize the information from scenario funnel to protect and
manage the wetland sustainably.

In certain urban ecosystems in southeastern United States, a 20%
increase in rainfall increased the runoff by 47%, increased the loads of
different pollutants in the waterbodies by around 50% (Abdul-Aziz and
Al-Amin, 2016). Certain cities in coastal cities in southeastern United
States are ranked as the most vulnerable regions to climate extremes
globally (Fu et al., 2016). It is projected that by 2025 five out of eight
people will be living under water scarce conditions (Singh et al., 2016).
Stakeholders in urban ecosystems could utilize the information from
scenario funnels for sustainable development to meet the demands of
the growing population in the urban areas.

Over half of US population resides on 17% of coastal regions and
this population is projected to increase by 25% in the next 25 years
(Scavia et al., 2002). Humans, flora and fauna are severely impacted by
climate changes. For example, the coastline (e.g. in Florida) is im-
portant for various species of sea turtles that have various ecological
roles, including: nutrient cycling (crucial for the coastal ecosystem);
maintenance of sea grass beds, coral reefs, and beach dunes; and con-
tribute in generating tourism activities, yielding great economic bene-
fits (Hamed et al., 2016). They observed climate change impacts their
habitat having social, ecological, and economical consequences that
cannot be accurately measured using traditional market valuation
techniques. The decreased precipitation reduces freshwater discharge,
increases evapotranspiration, elevate the salinity of estuarine waters
and soils (stressors) and often act together with disease outbreaks
causing widespread mortality of dominant plants and reef-building
fauna, resulting in declining ecosystem states (e.g. defined by habitat
structure, biodiversity and ecosystem functioning) (Angelini et al.,
2016). Utilizing, the information from scenario funnels, the stake-
holders in coastal ecosystems could mitigate the shifts to undesirable
ecosystem states also to identify the mechanisms that facilitate recovery
and bolster resilience to these stressors.
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3.5. Application of scenario funnels for potential development of causal
chains and feedback loops

The information from scenario funnel will likely improve our un-
derstanding of the key drivers of ecosystem dynamics, their biotic and
abiotic interactions, and their sensitivities to human alteration
(Fig. 4b). Some of these drivers, their interactions and sensitivities were
briefly discussed in previous paragraphs. It can be used to develop
causal chains and feedback linking non-uniform changes and ecosystem
functions. The scales in the figure refer to both spatial and temporal
scales. The driver variables use several spatial scales (e.g. point and
regional) and temporal scales (e.g. daily, monthly, seasonal, and an-
nual). Variation in both temporal and spatial scales and data sources are
arrayed along a gradient of scenario complexity. Initially, driver vari-
ables will be grouped into appropriate scales, and three groups of causal
chains and feedback could be identified (Fig. 4b i, ii, and iii). Group 1
scenarios (Fig. 4bi) have the least complexity. Only unidirectional in-
teractions between driver variables from broader to a finer scale will be
represented (Fig. 4b, green and orange arrows). Group 2 scenarios
(Fig. 4bii) have medium complexity; when driver variables interact
across scales, more complex relationships occur, and the driver variable
at different scales influences the response variable (Fig. 4b, purple, one-
way arrows between driver and response variables). Group 3 scenarios
(Fig. 4biii) are the most complex, and here the most complex re-
lationships could be mapped. The driver variables interact across scales
along with feedback from the response variables (blue, two-way arrows
connecting driver and response variables). Thus, the ecosystem func-
tions influenced by interactions could be documented by stakeholders.
This approach is iterative; interactions can be refined, or new re-
lationships added during subsequent iterations. These include doc-
umenting uncertainties in the interactions. If the stakeholders observe
no change in the future ecosystem functions, then they could identify
other ecological indicators, ecosystem processes and scenario genera-
tion methods that are dampening the relationship exhibited by the
driver and response variables. The better identification of causal chains
and feedbacks underlying the changes in driver variables play an im-
portant role in developing sound policy and management strategies.
This will help identify ecosystems and regions vulnerability to climate
changes that might need stronger protection or a different management
approaches (Anandhi, 2017; Anandhi and Kannan, 2018).

3.6. Reducing the usability gap in this study

The three ways the study supports reducing the usability gap
(summarized in Fig. 5) were by: 1) Developing a novel conceptual
framework scenario funnel that can help stakeholders diagnose the use
of trajectories of future changes in temperature and precipitation in
evidence based decision making, recognize and reduce the likelihood of
“unknowable unknown” and thus deal more effectively with the
otherwise unrecognized risks and opportunities; 2) Communicating
changes to potential stakeholders the range of known changes in tem-
perature and precipitation that can be expected in the study region so
they use it for effective conservation and management of ecosystems-
especially in the face of change and communicating the uncertainties in
the decision making process; 3) Development of three groups of causal
chains and feedback loops of varying complexity that could be identi-
fied from scenario funnel, existing impacts in literature and potential
stakeholders. This will likely improve our understanding of the key
drivers of ecosystem dynamics, their biotic and abiotic interactions,
their sensitivities to human alteration and play an important role in
developing sound policy and management strategies. Although the
application of the developed methodology was demonstrated for
southeastern United States, it could also be applicable to other regions
of the world. To be considered for other regions the methodology for
the conceptual framework scenario funnel and data-analysis remain the
same. However, the size and number of scenario funnels (broader/
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will likely improve our understanding of the key drivers of
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sensitivities to human alteration and play an important role in
developing sound policy and management strategies.

Fig. 5. Summary of ways the usability gap [gap between what scientists understand as useful information and what users recognize as usable in their decision-making

process] was reduced in this study.

narrower) is subjective to the study region, availability of literature, the
changes observed in the literature (e.g. meta-analysis might show
higher or lower range studies) and data analyzed (e.g. higher/lower
variability among GCMs). The complexity of causal chain(s) and loop(s)
is subjective on the impact assessment literature (e.g. objective of study,
inputs, outputs), the characteristics of the study region (e.g. coastal
wetlands, cropland, hilly region), the stakeholder (e.g. scientist, pro-
ducer, decision maker) and their requirement (e.g. preliminary ana-
lysis, sensitivity study).

4. Conclusion

Climate change can impact ecosystems in multiple ways. Assessing
the potential vulnerability of ecosystems, its adaptation to future
changes in climate, and mitigating the negative impacts of these
changes are important steps in prioritizing and planning for conserva-
tion in a region. The objective of this study was to develop a novel
conceptual framework for scenario development that reduces the us-
ability gap [gap between what scientists understand as useful in-
formation and what users recognize as usable in their decision-making
process]. The framework reduces the usability gap by communicating
the plausible range of possible trajectories of changes in temperature
and precipitation that has a logical progression from knowns to un-
knowns. The “known knowns” and “knowable unknown” in the pos-
sible trajectories of changes were represented in the framework from
scenario funnels developed from meta-analysis (from literature) and
data-analysis (10 GCMs, 2 future scenarios RCP 4.5/8.5). The stake-
holders using the changes need be aware of “unknowable unknown”
which are those possible trajectory range of future climate changes that
we don't even know, we don't know. These will provide potential sta-
keholders the range of known changes that can be expected in the study
region for informed conservation and management of ecosystems as

10

well as communicating the uncertainties in the decision-making pro-
cess.

The conceptual framework was applied for southeastern United
States. The systematic literature review provided 33 values of pre-
cipitation changes from 15 studies and 35 for temperature changes from
14 studies. In general, the meta-analysis revealed, the precipitation
changes observed ranged from — 30 to + 35% and temperature changes
between — 2 °C to 6 °C by 2099. Fiftieth percentile of the GCMs predicts
no precipitation change and an increase of 2.5°C temperature in the
region by 2099. Among the GCMs, 5th and 95th percentile of pre-
cipitation changes range between —40% to 110% and temperature
changes between —2°C to 6 °C by 2099.

Stakeholders in various ecosystems and environment could utilize
the information from scenario funnels to develop causal chains and
loops to understand potential impacts such as in various ecosystems by
relating the structural components of an ecosystem (e.g. vegetation,
water, soil, atmosphere and biota) and how they interact with each
other, within ecosystems and across ecosystems from impact assessment
studies, stakeholder expertise and requirement. Some examples of how
the information can provide improved understanding of ecosystem
functioning are: (a) in agro-ecosystems they could be used for improved
management and sustainable use of their resources for increased yield
and greater economic return, (b) in wetland ecosystems the information
can be used to protect and manage the wetland sustainably, (c) in urban
ecosystems the information can be utilized for sustainable development
to meet the demands of the growing population in the urban areas, (d)
in coastal ecosystems could be used to mitigate the shifts to undesirable
ecosystem states as well as to identify the mechanisms that facilitate
recovery and bolster resilience to stressors (e.g. caused by precipitation
and temperature changes and variability).

The scenario information provided in the scenario funnel was not
meant to provide a single value along with its timing of future change;
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rather, the scenarios were intended to assist decision-makers and others
in making robust choices to manage their risks in the context of plau-
sible future ranges of temperature and precipitation changes. The im-
plications highlighted in this study represent only a possibility of po-
tential outcomes of a continually changing climate, and by no means
implies the absolute occurrence of these events. Caution should be
exercised in using the scenario information to design specific responses
to the changes in temperature and precipitation for implementation at
the site level. Combining the scenarios with models (e.g. hydro-
dynamical, ecological models) and field observations to develop spe-
cific causal chains and feedback loops that improve our understanding
of ecosystem functioning at various levels of complexity is differed for
future.
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