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Abstract This paper reconciles the difference in the
projections of the wet season over the Southeastern United
States (SEUS) from a global climate model (the Commu-
nity Climate System Model Version 3 [CCSM3]) and from
a regional climate model (the Regional Spectral Model
[RSM]) nested in the CCSM3. The CCSM3 projects a
dipole in the summer precipitation anomaly: peninsular
Florida dries in the future climate, and the remainder of the
SEUS region becomes wetter. The RSM forced with
CCSM3 projects a universal drying of the SEUS in the late
twenty-first century relative to the corresponding twenti-
eth-century summer. The CCSM3 pattern is attributed to
the “upped-ante” mechanism, whereby the atmospheric
boundary layer moisture required for convection increases
in a warm, statically stable global tropical environment.
This criterion becomes harder to meet along convective
margins, which include peninsular Florida, resulting in its
drying. CCSM3 also projects a southwestward expansion
of the North Atlantic subtropical high that leads to further
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stabilizing of the atmosphere above Florida, inhibiting
convection. The RSM, because of its high (10-km grid)
resolution, simulates diurnal variations in summer rainfall
over SEUS reasonably well. The RSM improves upon
CCSM3 through the RSM’s depiction of the diurnal vari-
ance of precipitation, which according to observations
accounts for up to 40 % of total seasonal precipitation
variance. In the future climate, the RSM projects a sig-
nificant reduction in the diurnal variability of convection.
The reduction is attributed to large-scale stabilization of the
atmosphere in the CCSM3 projections.

Keywords Regional climate change - Southeast United
States - Rainfall variability - Regional climate model -
Global climate model - Precipitation variability

Introduction

There is a growing demand among policymakers for
regionally downscaled climate projections. Current global
projections are on the order of hundreds of kilometers,
which is too coarse to use for decision-making. Further-
more, low-resolution models may not be adequate for
resolving local surface features. Failing to resolve signifi-
cant features such as coastlines or orography may severely
hinder global climate projections. As a response to the
growing demand, many downscaled modeling products
have been developed, such as the European ENSEMBLES
project (Doblas-Reyes and Goodess 2005) or the North
American Regional Climate Change Assessment Program
(NARCCAP) (Mearns et al. 2009).

NARCCAP presents users with easily accessible,
dynamically downscaled data of global climate model
projections over North America. NARCCAP model
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integrations cover periods of 1971-2000 and 2041-2070
that are representative of the current and future climate.
Mean twenty-first century summer rainfall projections vary
depending on the pairing of GCM and RCM. For instance,
one of the NARCCAP regional climate models (MMS5I])
projects a drying of the Southeast United States (SEUS)
when forced with the global CCSM3 data. When the same
regional model is forced with global HadCM3 data, the
MMSI projects an increase in summer precipitation over
the SEUS. NARCCAP offers eleven such pairings of global
and regional models. Sobolowski and Pavelski (2011) used
a reliability ensemble averaging technique to weight and
determine model projections of precipitation in NARCCAP
models. Weighted rainfall averages were seen to be het-
erogeneous in sign and magnitude across the domain. Only
the area west of the Mississippi River was seen to be
consistently drier in a future climate. Elguindi and
Grundstein (2013) noted, however, that much of the SEUS
would have a lower moisture index under the Thornthwaite
climate classification system in a future climate.

Of particular relevance is the diurnal variability of
rainfall, which accounts for a large fraction of the total
seasonal summer rainfall variability (Carbone and Tuttle
2008; Bastola and Misra 2013). Local sea breeze effects
along the long SEUS coastlines are a significant contrib-
uting factor to diurnal rainfall variability (Schwartz and
Bosart 1979; Biggs and Graves 1962; Atkins et al. 1995;
LeMone 1973). Sea breeze variability in the SEUS peaks in
the summer (Zhang et al. 2009). Orographic effects in the
central SEUS also play a major role in the diurnal vari-
ability of the rainfall (Parker and Ahijevych 2007) despite
the absence of persistent low-level jets (Zhang et al. 2006).
The observed, infrequent low-level jets are most pro-
nounced near the Appalachian and Blue Ridge Mountains
in summer. Short-lived, convective episodes off the
Appalachians accounted for 77.9 % of the summer sea-
sonal variance in the mountainous regions (Parker and
Ahijevych 2007). El Nifio Southern Oscillation (ENSO)
can also contribute to the variability of rainfall in the SEUS
(Kushnir et al. 2010) primarily through its noted influence
on landfalling tropical cyclones (Bove et al. 1998). The
influence of ENSO on summer rainfall variability, how-
ever, is decadally varying and spatially sporadic over
Florida and its bordering states (Misra and Dinapoli 2012).
However, the modification of the diurnal variability of
rainfall from global climate change could be another
potential source of significant rainfall change in the SEUS.

Rainfall variability in the southern part of the SEUS is
driven in part by warming of SST (Rauscher et al. 2011) in
remote tropical oceans (Xie et al. 2010). Warming of
equatorial Pacific SST is expected as a consequence of
increases in greenhouse gas (GHG) concentrations (Vecchi
et al. 2008). This anomalously warm tropical SST will
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likely result in reduction in SEUS rainfall (Rauscher et al.
2011), a characteristic of the “upped-ante” (also known as
the “rich-get-richer””) mechanism (Neelin et al. 2003). In a
troposphere warmed by El Nifio (Yualeva et al. 1994) or
trapping of longwave radiation by increased GHG con-
centrations, more moist static energy (MSE) is required to
initiate convection (Chiang and Sobel 2002). The source of
this MSE is primarily atmospheric boundary layer (ABL)
moisture. The regions abundant in ABL moisture (e.g.,
intertropical convergence zones) will generally convect
more vigorously under a warm troposphere. But, Neelin
et al. (2003) indicated that regions on the margins of these
convective zones (typical subtropical regions with pre-
vailing large-scale subsidence) would convect less in such
warm environments, as the boundary layer air in these
regions usually originates from relatively drier areas.

The North Atlantic Subtropical High (NASH) has been
identified as another source of rainfall variability in the
SEUS (Li et al. 2011; Christensen et al. 2007). Li et al.
(2011) indicated that because of global warming, the NASH
has become stronger and shifted westward, with a con-
comitant increase in the interannual variability of summer
rainfall over the SEUS in the last three decades. They sug-
gest that with the systematic westward shift of the Bermuda
high in the last three decades, its meridional movement has
had an increased influence on the SEUS summer season
rainfall leading to its increased interannual variability.

Description of models

One global climate model and one regional climate model
(nested into the global model) are used to analyze precip-
itation projections for the twenty-first century. The global
climate model, the Community Climate System Model
version 3 (CCSM3; Collins et al. 2006), is a coupled cli-
mate model whose components are summarized in Table 1.
The CCSM3 integrations used in this study have 26 vertical
hybrid levels, and the model uses spectral truncation of
T85, which offers a horizontal resolution of approximately
1.4° by 1.4°. The CCSM3 climate integration data at six-

Table 1 Component models of the CCSM3

Component Model

Atmosphere Community Atmosphere Model version 3 (Collins
et al. 2004, 2006)

Ocean Parallel Ocean Program version 1.4.3 (Smith and Gent
2002)

Sea Ice Community Sea Ice Model version 5 (Briegleb et al.
2004)

Land Community Land Surface Model version 3 (Oleson

et al. 2004; Dickinson et al. 2006)
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hour intervals are obtained from the Earth System Grid
(http://www.earthsystemgrid.org/).

For downscaling the CCSM3 simulation and projection,
we use the Regional Spectral Model (RSM) initially
developed by Juang and Kanamitsu (1994) and further
developed by Kanamitsu et al. (2010). The RSM at 10-km
grid resolution offers a better alternative for resolving the
local orographic features of the SEUS, which are poorly
represented in the native resolution of the CCSM3 (Fig. 1).
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For example, South Florida is under water in CCSM3, and
the coastlines are ill defined. Furthermore, the height gra-
dients of the lower Appalachians in the CCSM3 are rela-
tively weak. The 10-km grid of the RSM rectifies some of
these deficiencies. In addition, the discretization of vege-
tation (Fig. 2) is also relatively well resolved in the RSM.
The brief outline of the RSM is provided in Table 2. Fur-
ther details on RSM can be found in Kanamitsu et al.
(2010) and Misra et al. (2011a).

0w BEW 26w Baw aaw Bow 78W 76w

Fig. 1 Topography (contoured and in meters) and land/sea mask for CCSM3 (left) and RSM (right). Brown denotes land and blue denotes ocean

points in the native resolutions of the two models

Fig. 2 Vegetation map used by
RSM, adapted from the USGS
vegetation map, reduced to 12
Noah vegetation types

Vegetation Types:

broadleaf evergreen (tropical) - needleleaf evergreen

I broadleaf deciduous

[ mixed forest

90w &88W 36w 84w 32w BOW TJBW T7BW

- perennial groundcover I:l tundra
D needleleaf deciduous - broadleaf shrubs w groundcover [:l bare soil
[] broadieaf with groundcover [ ] broadieaf shrubs w bare soil [ cultivations
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Table 2 Surface features and parameterizations of the RSM

Feature Description

Topography United States Geological Survey (USGS)
GTOPO30 Topography

Vegetation USGS Vegetation reduced to 12 NOAH

types (Loveland et al. 1995)
NOAH with four soil levels (Ek et al. 2003)
Nonlocal (Hong and Pan 1996)

Land Surface Scheme

Atmospheric boundary
layer Scheme

Convection Scheme Arakawa Schubert (Pan and Wu 1995)

Chou and Lee (1996)

Chou and Suarez (1994)

Relative Humidity based (Slingo 1987)

Shortwave Scheme
Longwave Scheme
Cloud Scheme

Model experiments

The RSM is forced to generate the downscaled climate for
the twentieth century (hereafter, RSM20th) with output
from the CCSM3 historical simulation for the years
1969-1999 (hereafter, CCSM3-20th). The downscaled
region is shown in Fig. 1. The time interval of the lateral
boundary forcing from the CCSM3 integration is six hours.
Similarly, the RSM is forced to generate the downscaled
twenty-first-century climate (hereafter, RSM21st) with
output from the CCSM3 SRESA2 run (hereafter, CCSM3-
21st) for the years 2040-2070.

Kanamaru and Kanamitsu (2007a) showed that the
scale-selective bias correction and interior nudging of
small wave numbers used by the RSM make the regional
solution insensitive to the size of the regional domain and
the location of lateral boundaries. This allows the nesting
ratio to be much greater than that typically used in other
regional models and eliminates the need for intermediate
nesting. Because of this, we are able to downscale CCSM3

Fig. 3 a The diurnal fraction of
variance of rainfall calculated i
from NCEP STAGE IV rainfall o
observations. b Similar to a, but
calculated from RSM20th.
Dimensions plotted here are
fractional i

(a) Observed Fraction of Variance

simulations and reanalysis data with grid resolutions on the
order of 200 km directly to 10 km (Kanamaru and Ka-
namitsu 2007b; Kanamitsu and Kanamaru 2007; Stefanova
et al. 2012). The results compare well with station and
gridded observations, as well as with other high-resolution
regional reanalyses. Furthermore, Misra et al. (2011a) and
Stefanova et al. (2012) showed that the RSM was well
suited for depicting the phase and amplitude of diurnal
rainfall in the SEUS when compared with observations.

We also use the National Centers for Environmental
Prediction (NCEP) Stage IV observed rainfall data avail-
able at 4-km grid resolution for the period 2002-2010 (Lin
and Mitchell 2005) at hourly intervals for validation. This
is a merged analysis of rain gauge and radar-based rainfall
estimates available for the continental United States. This
data set is used to validate the diurnal variations in the
summer season rainfall in RSM20th.

Model results
Diurnal variation

As shown in earlier studies, diurnal variations in the
summer climate in the SEUS are significant (Carbone and
Tuttle 2008; Misra et al. 2011a, b; Stefanova et al. 2012),
yet notoriously difficult for coupled global climate models
to resolve (Dai 2006). In Fig. 3 we show the fraction of
diurnal variations that explain the seasonal variations in
summer rainfall from observations (NCEP Stage IV) and
RSM20th. This fraction (F) is computed as the ratio of

_ Zivzl (Ai — A)2
S (P —P)

where A is the seasonal mean diurnal amplitude, P is the
seasonal mean of the total rainfall, overbars indicate

(b) RSM20th Fraction of Variance
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Fig. 4 a The observed timing
of summer maximum rainfalls
from NCEP STAGE IV rainfall
data. b Timing of maximum
rainfall from RSM20th. Both
panels are in GMT

24N

(a) Obs. Time of Pmax (Z)

24N

(b) RSM20th Timing of PMax (Z)
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climatological mean, and N is the number of years (8 years
for NCEP Stage IV observations and 30 years for
RSM20th). RSM20th (Fig. 3b) clearly underestimates the
observed fractional variance of diurnal variability
(Fig. 3a). However, the observed fraction (F) is computed
over an 8-year period, compared to the 30-year period of
RSM20th, which could explain some of the differences in
Fig. 3. It is quite apparent that in the observations the
variability of diurnal rainfall explains a large fraction of
the summer seasonal rainfall variability. The observed
fraction ranges from 15 to 40 % in the SEUS (Fig. 3a),
while in the RSM20th it ranges between 15 and 25 %
(Fig. 3b), especially in the eastern half of the domain. We
were unable to compute the same fraction (F) from
CCSM3-20th because the data are not available at inter-
vals shorter than 6 h.

(a) CCSM3-20th Rainfall
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(b) CCSM3-21st Rainfall 8
75
B ;
5.5
6
5.5
5
4.5
=4
B 3.5
3
2HSow oW aw Biv ?Ew e
v2
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Fig. 5 June, July, and August 31-year mean rainfall from the
CCSM3. Units are in mm/day. a The period 1969-1999. b The
period 2040-2070. The bottom c is the difference in the two periods
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Similarly, we have compared the diurnal phase of
rainfall between NCEP Stage IV and RSM20th (Fig. 4).
This figure shows the climatological hour of maximum
rainfall in the summer season for observations (Fig. 4a)
and for RSM20th (Fig. 4b). RSM20th can simulate this
feature reasonably well over most of the SEUS, peaking
between 24 and 02 GMT (~ 18-20 LST). However, there
are some apparent disparities over the Florida panhandle
and along the Carolina coasts, where the RSM20th summer
rainfall tends to peak later than observations by a couple of
hours.

Dai (2006), analyzing CCSM2 (which he claimed was
similar in its diurnal behavior to CCSM3), showed that the
timing of maximum rainfall in the summer season over
SEUS was around 12—-14 LST, which is roughly four to six
hours earlier than observed. Similarly, Bukovsky and
Karoly (2008) showed that in CCSM3 the diurnal peak of
rainfall over the SEUS in the twentieth-century simulation
of CCSM3 is ~1300LST (or 1900UTC). The RSM has
consistently been shown to have significantly high fidelity
in simulating the diurnal variability of the rainfall over the

1.75
1.5
1.25
1
0.75
0.5
90W 87W B4W B1W 78W \ 0.25
(b) RSM21st Summer Rainfall
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Fig. 6 June, July, and August 31-year mean rainfall from the RSM.
Units are in mm/day. a The period 1969-1999. b The period
2040-2070. The bottom c is the difference in the two periods
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SEUS (Misra et al. 2011a, b; Stefanova et al. 2012). We
believe the improvement of the diurnal variations in
RSM20th is largely a result of the behavior of the param-
eterization (especially convection) scheme in RSM at the
given resolution of 10 km. Additional improvements are
enhanced resolution of the orography, vegetation, and the
coastlines.

(a) RSM20th Summer — Max P
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Fig. 7 a and b are RSM20th and RSM21st summer seasonal
maximum rainfall, respectively. ¢ A difference in the two. Units are
in mm/day

Projected summer seasonal climate

Figure 5a and b shows the seasonal rainfall from CCSM3-
20th and CCSM3-21st, respectively; Fig. 5¢ shows their
differences. It is apparent from Fig. 5¢c that CCSM3
projects a dipole-like pattern in the twenty-first-century
summer season rainfall anomaly relative to the corre-
sponding twentieth-century seasonal rainfall: Peninsular
Florida becomes drier, and the rest of the SEUS becomes
wetter. This dipole pattern has also been observed by
Rauscher et al. (2011), who attributed this pattern of
change in the summer rainfall to the atmospheric response
from remote impacts of warming in the tropical western
Pacific Ocean. Figure 6a and b shows similar plots for the
summer rainfall from RSM20th and RSM2I1st, respec-
tively; Fig. 6¢ shows their difference. The pattern of
rainfall anomaly (Fig. 6¢) projected by RSM21st is dif-
ferent from that of the CCSM3, showing a universal
drying of the SEUS in the late twenty-first century

(a) CCSM3-20th Summer MSLP 1026
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Fig. 8 a The CCSM3-20th mean summer sea-level pressure. b Sim-
ilar to a but for CCSM3-21st. ¢ The difference in the two. Units are in
hPa
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relative to the corresponding summer season climatology
in the twentieth century. The reason for this universal
drying of the summer rainfall in RSM21st is explained
further in the following subsection.

Projected diurnal variations in the summer climate

Given the significance of diurnal variability to the sea-
sonal mean summer rainfall over the SEUS, we examine
RSM20th and RSM21st mean diurnal rainfall (Fig. 7).
The average simulated diurnal maximum rainfall values,
plotted in Fig. 7, are calculated for the climatological
time of maximum precipitation. Average diurnal maxi-
mum rainfall across the SEUS in RSM20th ranges from
under 1.5 mm/day to above 4.5 mm/day, with the heaviest
rainfalls occurring over the eastern portion of the domain
(Fig. 7). Figure 7b shows that RSM2Ist preserves the
spatial pattern of rainfall of RSM20th, but reduces the
magnitude. It becomes obvious that the diurnal rainfall at
zenith has decreased across much of the SEUS in the late
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Fig. 9 a CCSM3-20th summer mean sea surface temperature.
b Similar to a, but for CCSM3-21st. ¢ The difference in the two.
Units are in Kelvins
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twenty-first century under the A2 scenario (Fig. 7¢). As a
result of this diminishment of diurnal rainfall at zenith,
the corresponding diurnal range of rainfall is also sig-
nificantly reduced in the late twenty-first century (not
shown). Given that diurnal rainfall variability explains a
significant fraction of the boreal summer seasonal rainfall
variability (Fig. 3), we suggest that the relative drying of
the total seasonal mean summer rainfall projected in
RSM21st is largely a result of this reduction in the diurnal
rainfall.
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Fig. 10 a The RSM20th summer mean tropospheric temperature;

units are in Kelvins. b The same as a, but for RSM21st. ¢ The
difference in the two
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Discussion

What physical reasons might lead to the SEUS drying in
the RSM21st simulation? Why does the RSM21st differ
from CCSM3-21st? We suggest that answers to these
questions will help us to reconcile the uncertainty associ-
ated with regional climate projection. In response to the
first question, we propose two complementary large-scale
forcing mechanisms that affect the diurnal peak rainfall: (1)
the atmospheric stabilization of the SEUS environment by
the westward expansion of the NASH and (2) the large-
scale tropical-subtropical stabilization as a response to
warming of the remote tropical Pacific Ocean. Figure 8a, b,
and c shows the climatological summer seasonal mean sea-
level pressure from the CCSM3-20th and the CCSM3-21st
and their difference, respectively. CCSM3 projects a
westward shift of the NASH, as apparent from the positive
values of the differences in the sea-level pressure (Fig. 8c)
over a large fraction of the SEUS domain of RSM. This
westward shift of the NASH in the future projection entails
large-scale subsidence in the lower troposphere that is not
conducive to convection. Note that Fig. 8 is plotted from
the CCSM3 integrations as the domain shown is outside the
regional domain of RSM used in this study.

We see in Fig. 9a, b, and c that the climatological
summer seasonal mean SST from CCSM3-20th and
CCSM3-21st and their differences, respectively, support
the second large-scale mechanism that we hypothesize is
causing the relative drying in the RSM21st simulation. The
CCSM3 projects a uniform warming of the SST over most
of the global oceans in the late twenty-first century for the
A2 emission scenario. Of particular note is the significant
warming in the equatorial Pacific, reminiscent of anomalies
associated with El Nifio. We expect a uniform warming of
the troposphere in the tropical-subtropical latitudes as the
atmospheric response to this warming of the equatorial
Pacific (Yualeva et al. 1994). The pressure-weighted mean
tropospheric temperature from RSM20th and RSM21st and
their differences are shown in Fig. 10a, b, and c, respec-
tively. These temperatures (in Fig. 10) are calculated by
taking a pressure-weighted mean of temperatures from 850
to 200 hPa. Figure 10c confirms that tropospheric tem-
peratures in the entire SEUS domain warm in the late
twenty-first century relative to the corresponding twenti-
eth-century climatology from the RSM integration. This
relative warming of the troposphere results in a stabiliza-
tion of the atmosphere that is again not conducive to
atmospheric convection. To further support this argument
of suppression of convection in the SEUS from these large-
scale stabilization mechanisms, we show the climatological
summer mean surface lifted index (defined in “Appendix”)
from RSM20th and RSM21st and their differences in
Fig. 11a, b, and c, respectively. The difference in the

surface lifted index (Fig. 11c) between the two centuries is
positive, suggesting the relative inhibition of convection in
the late twenty-first century.

As for the differences in the projected summer precip-
itation between CCSM3-21st and RSM21st, we believe
that the significant modulation of the diurnal variability in
the latter results in uniform drying across the SEUS. Dai
(2006) claimed that CCSM3 showed no improvement over
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Fig. 11 Same as Fig. 10, but for surface lifted index. Units are in
Kelvins

@ Springer



C. Selman et al.

CCSM2 and its erroneous depiction of diurnal variation in
most of the globe, including the SEUS. Relative to
the ~150-km grid resolution of CCSM3, the grid resolu-
tion of 10 km in the RSM simulation is able to resolve the
local orographic features, the vegetation distribution, and
the coastlines far more reasonably, helping to improve the
fidelity of the local diurnal variations (Stefanova et al.
2012). However, the contribution of the model physics at
this resolution in the RSM may be equally important for the
displayed fidelity of the RSM in terms of its diurnal vari-
ations over the SEUS. Poor rendition of the diurnal varia-
tion in rainfall negatively impacts the CCSM3 projection of
late twenty-first-century summer precipitation over the
SEUS. CCSM3 mean summer precipitation under the A2
scenario responds to large-scale forcing and modulation of
the NASH and tropospheric stabilization by warmed
equatorial Pacific SST. RSM simulations of diurnal varia-
tions in SEUS, on the other hand, respond to these large-
scale changes, resulting in uniform reduction in rainfall at
diurnal peak, which consequently reflects in the mean
summer rainfall drying in the late twenty-first century
relative to the corresponding mean summer rainfall of the
late twentieth century.

Conclusions

We have focused our study of regional climate change on a
single variable, precipitation, which we believe is an inte-
grated quantity that reflects important aspects of the total
atmospheric response. We discuss the results of regional
climate change over the SEUS from one global model
(CCSM3 at ~ 150-km grid resolution) and its dynamically
downscaled climate at 10-km grid resolution using the
RSM. This study emphasizes on the understanding of the
physical mechanisms that produce the model projections
more than the absolute magnitude of anticipated changes.
The results of our study, consistent with the results of
earlier studies on the subject, show that CCSM3 displays a
dipole-like change in the mean summer precipitation for
the A2 emission scenario: Peninsular Florida and adjacent
oceans dry, and the remainder of the SEUS becomes wetter
relative to the corresponding mean summer rainfall of the
late-twentieth-century simulation. In the dynamically
downscaled simulation using the RSM, the summer pre-
cipitation response is different in that it shows a uniform
drying across the SEUS. We trace the differences between
these model projections to the RSM displaying a reason-
able fidelity in depicting the diurnal variations in the
summer climate in SEUS. This is in contrast to CCSM3,
which displays a poor fidelity of diurnal variations. The
RSM indicates a significant reduction in the rainfall during
the time of diurnal peak in the late twenty-first century.
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This reduction in the diurnal maximum rainfall in RSM is
in response to large-scale changes in the westward shift of
the NASH and the relative warming of the tropospheric
temperature resulting from warm SST anomalies in the
equatorial Pacific Ocean.

The results we present are of concern to the agriculture
industry of the SEUS. In the SEUS agriculture is primarily
rain fed (Misra et al. 2011a, b), making it particularly
sensitive to rainfall variability. Observations indicate that
because of the summer season rainfall, the SEUS is cli-
matologically the wettest region in the conterminous Uni-
ted States (Chan and Misra 2010). Sustaining the
multibillion-dollar agriculture industry (Hansen et al.
1998), forecasted to grow in the coming years, imparts an
urgency to understanding rainfall changes arising from
climate change, especially during the summer growing
season over the SEUS. The booming population of the
region (Seager et al. 2009) and the ability to meet growing
demands for freshwater while simultaneously preventing
saltwater intrusion into the aquifers (Karl et al. 2009) are
also major concerns in managing water resources. Further
studies such as this one are required in order to create a
robust collection of outcomes for decision-makers.
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Appendix

The surface lifted index (SFI) is a measure of atmospheric
stability. It is defined as the difference between the envi-
ronmental air temperature at 500 mb and the temperature a
parcel of air will achieve if lifted dry adiabatically to its
lifting condensation level (LCL) and then lifted moist
adiabatically to 500 mb. Positive values of SFI are con-
sidered to be stable, and negative values are considered
unstable.
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