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ABSTRACT

The e ects of two di erent future warming climate scenarios on global and North Atlantic named
tropical cyclone (NTC) activity is examined using the Florida State University/Center for Ocean-
Atmospheric Prediction Studies (FSU/COAPS) atmospheric general circulation model (AGCM).
The two warming scenarios are based on the Representative Concentrath Pathways (RCPs) 2.6
and 8.5 from the Coupled Model Intercomparison Project phase 5 (CMIP5) Previously published
studies show that the FSU/COAPS AGCM has statistically signi cant ski Il at reproducing the
observed interannual variability of NTC and hurricane counts in the North Atlantic basin given
observed sea surface temperatures (SSTs). In this study, the RBCOAPS model is forced with
bias-corrected, monthly-varying, annual climatology SSTs derived fromthe fourth version of the
Community Climate System Model's (CCSM4) RCP2.6 and RCP8.5 simulaions. In addition, the
FSU/COAPS model's CO, concentration is modi ed to re ect the average CO, concentration over
the 2006{2100 time period. For each warming experiment, a 14 member enseteb(di ering by
initial atmospheric conditions) is made to develop the NTC statistics. In addition, a 14 member
control experiment is performed using observed climatological SSTgdm the Hadley Centre. An
objective detection/tracking algorithm is used to identify and track the NTCs from the model
output. For the North Atlantic, a statistically signi cant increase (14. 9%) in the NTC frequency
for the RCP2.6 experiment compared to the control experiment is prgected by the model. It is
also found that with increasing SSTs and CQ concentrations, North Atlantic NTC intensity (as
determined by the NTC maximum 10-meter wind speed) and daily storm-entered precipitation
also increase. NTC genesis is found to move away from regions of incregivertical wind shear and
decreasing mid-level relative humidity for both future warming climate scenarios. Dierences in
the track densities between the warming experiments with the ontrol experiment show an increase

in landfall potential in the Southeast United States.
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CHAPTER 1

INTRODUCTION

The overall increase in global temperatures (especially noticeablenisea surface temperatures, or
SSTs) over the late 20th century is a well known fact. Also, raw obserational data shows an
increase in tropical cyclone (TC) activity during this period for t he North Atlantic basin, and it
has been speculated that global warming might be the cause for these twadnds (Webster et
al. 2005). However, the transition from a speculation to a conclusion is conlcated by factors
such as internal variability, atmospheric/oceanic dynamics and thernodynamics, teleconnections,
and data integrity. Currently, the exact e ect that a warming climat e has on TC activity is still
unclear. Fortunately, there are atmospheric models that are able to apmximately reproduce the
historical TC climatology in certain basins (from the satellite era forward) using the observed SSTs
from that period. This provides hope that given predicted SSTs for the future climate, those
models that performed well during historical climate estimations @n provide reasonable future
climate estimations. The model used in this study has known skillin reproducing historical TC
climatology in the North Atlantic basin using observed SSTs. Thus, by wsing SSTs from multiple
climate change scenarios, the model is used to estimate potential chgas in TC activity as a result

of a warming climate.

1.1 The Predictability of Tropical Cyclone Climatology
1.1.1 Theory

According to the theory of chaos (Lorenz 1963), the smallest possible di enece in initial condi-
tions from the actual state of the atmosphere prevents computer modelfrom accurately predicting
conditions beyond about one week, and that is assuming all of the physics @ndynamics used in
the model are exactly correct and complete. Since no model is pedg how could anyone claim to
be able to model the future climate? Large-scale meteorological patterisirculations vary much

more slowly than local-scale daily conditions and can be more easily prézted relatively far into the



future (Shukla 1998). When predictability of these large-scale pattens is dependent on boundary
conditions, such as SSTs, it is called predictability of the second ikd.

Large-scale time-mean atmospheric patterns in the tropics, such as rafall anomalies, are
strongly in uenced by slowly changing boundary conditions, such as SBs (Charney and Shukla
1981). Therefore, if long-term SST patterns could be accurately prediad, then so could the time-
averaged tropical atmospheric patterns. The reasons that this theory hals in the tropics are related
to the shape of the Clausius-Clapeyron curve (which determines th saturation vapor pressure for
a given temperature) and the type of instabilities that are present. The Clausius-Clapeyron curve
has a very steep slope near the range of temperatures which are common falatively warm SSTs
found in the tropics. Thus, a small change in SSTs leads to a large changa the moisture holding
capacity of the overlying atmosphere and controls large-scale patternsush as rainfall. Additionally,
baroclinic instability is relatively weak in the tropics with weak er horizontal temperature gradients
and less vertical wind shear. Therefore, ow instability does little to a ect time-averaged atmo-
spheric patterns, leaving boundary conditions to have the most inuence on parameters such as
rainfall anomalies (Shukla 1998). This leads to the question of what other topical phenomena can
be predicted using boundary conditions. The potential for a model toaccurately capture interan-
nual variability in TC activity given observed SSTs has already been slown by various published

studies (Emanuel et al. 2008; Knutson et al. 2008; LaRow et al. 2008; Zhao et al. 2009).

1.1.2 Modeling Tropical Cyclone Climatology

The Florida State University/Center for Ocean-Atmospheric Prediction Studies (FSU/COAPS)
general circulation model (Cocke and LaRow 2000) used by LaRow et al. (2008, 2010) and LaRo
(2013) is used in this study and brie y discussed in Chapter 2. In LaRow & al. (2008), observed
Reynolds Olv2 SSTs were used to force the model and were updated onveeekly basis. Using
these observed SSTs, the FSU/COAPS model had a 0.78 ensemble mean rardcr@lation for North
Atlantic basin interannual tropical storm variability for the years 1986{2005. Als o, in LaRow (2013),
the model was able to reproduce the interannual variability of hurricane counts for the years 1982{
2009 with a mean rank correlation of 0.74. Although this model has shown skill irreproducing the
interannual variability of tropical storms in the North Atlantic, it doe s not simulate moderate to
intense hurricanes (maximum wind speeds of 45 mg or greater) with the observed frequency. This

is the case for all global models, and the problem results from relativgl large model resolutions



compared to the scale of internal storm dynamics that enable higher intasities. Some studies have
been performed where model downscaling has been used for regional @send have been able to
better produce more intense hurricanes (Emanuel et al. 2008; Knutsonteal. 2008; Bender et al.
2010; Emanuel 2013). However, the focus of this study is on TC frequnecy ancklative intensity

changes between historical conditions and future climate scenarios.

1.2 Environmental In uences on Tropical Cyclone Activity

In order to understand how TC activity will change in future climate s, one must know the factors
that lead to or inhibit genesis and that sustain or weaken a storm. The mosthasic parameters that

enable genesis listed by Gray (1975) are:
1. Adequate low-level relative vorticity
2. Adequate planetary vorticity/coriolis parameter
3. Weak vertical wind shear
4. A deep thermocline with high thermal energy and SSTs being 26C or greater
5. Conditional instability up to at least 500 mb

6. High relative humidity through the middle troposphere

The power dissipation index (PDI), which is the integral over the lifetime of the storm of the
maximum surface wind speed raised to the third power, was examineds a proxy for TC activity by
Emanuel (2007). He suggested that future changes in PDI will be dependertn surface radiative
ux, tropopause temperature (impacts storms out ow temperatures), surface wind speed (impacts
heat ux o of the ocean), low-level vorticity, and vertical wind she ar. Furthermore, di erential
warming in the North Atlantic basin (as compared to tropical mean warming) is suggested to have
a possible relationship with trends in TC activity and PDI (Swanson 2008; Knutson et al. 2010;
Villarini and Vecchi 2012; Zhao and Held 2012; Villarini and Vecchi 2013). This information means
that an expanding 26 C isotherm does not necessarily mean an expanding area of TC genesis.
Climatological variables such as the 'tropics-relative SST' will needto be investigated in the model

to help understand why certain changes in TC activity are or are not occuring.



1.3 Motivation

Observations suggest that there has been an increase in TC activity (inerms of global intensity
and North Atlantic frequency) over the 20th century (Webster et al. 2005; Vecchi and Knutson
2008), and the roles of climate change (increases in GQand other greenhouse gas concentrations
and changes in aerosol concentrations), internal variability, and observabnal issues have been
guestioned as causes for these apparent trends.

Statistical analyses by Mann and Emanuel (2006) and Holland and Webster (2007) haveon-
cluded that observed increases in North Atlantic TC numbers over the past 100 years is at least
partially due to anthropogenic forcing toward warmer SSTs. Increases bétween 0.32C and 0.67 C
over the 20th century for the particularly active North Paci ¢ and North At lantic basins have been
observed and been statistically shown not to be due entirely to inérnal variability (Santer et al.
2006). Also, SST data is generally considered accurate (although not as widesad during the
earlier part of that period). Unfortunately, there is a lack of con dence in historical TC activity
data due to multiple observational issues. First, satellite and renote sensing techniques were not
available until the 1960s on, and TC observations were only made by passing s or as storms
made landfall. Chang and Guo (2007) estimated that TC frequency was undestimated by up to
2.1 TCs per year during the early 20th century. Landsea et al. (2007) and Vedt and Knutson
(2008) concluded that any positive trend in TC frequency over this pefod is not statistically sig-
ni cant. Furthermore, even if there were a statistically signi ¢ ant trend, one cannot be sure that it
is not due to a possible low-frequency multi-decadal oscillation sth as the Atlantic Multi-Decadal
Oscillation (AMO) that cannot be resolved by the relatively short data r ecord (Goldenberg et al.
2001). Since no consensus on the observed trend (or cause of the observeshd) in TC frequency
can be made for the period when global warming is evident using the aviagible data, the e ect a

warming climate will have on TC activity remains unclear.

1.4 Results of Similar Research

Many studies have been done to determine the impact that climate chnge will have on future
TC activity for the Globe and for individual basins using various models and climate change

scenarios. Earlier experiments such as Bengtsson et al. (1996) and HendemsSellers et al. (1998)



predict that future storms might have the potential to reach stronger intensities. While Henderson-
Sellers et al. (1998) made no solid conclusion about frequency, Bengtssonat. (1996) predicted a
global reduction in frequency with largest decreases seen in the Sdwrn Hemisphere (possibly due
to reduced low-level relative vorticity and increased vertical wind shear in active hurricane regions).
Later, Bengtsson et al. (2007) explores TC sensitivity to model resoluttn. They nd that their
model at T63 resolution (192 x 96 horizontal grid) predicts a global reductionin frequency of about
20% over the 21st century with no change in intensity. However, theirmodel with T213 resolution
(640 x 320 horizontal grid) predicts a reduction of only 10% with an increase irthe number of most
intense storms. They identify that increased static stability related to large-scale tropical circulation
is the cause for the reduction in storm frequency and that the increas in temperature and water
vapor content in the atmosphere contributes to the increase in intese storms. They also support
the idea that tropics-relative SST is most in uential on activity (r ather than a simple increase in
temperature) because this controls large-scale atmospheric circul@ns which in turn a ect static
stability and TC genesis potential. Zhao et al. (2009) also supports the dierential warming theory
in their study which predicts a 15% decrease in frequency for the #antic basin, the Northwest
Paci c basin, and the Southern Hemisphere, but a 40% increase in actity in the Northeast Paci c
basin. Held and Zhao (2011) examine the partial e ects of increased C® concentrations and
increased SSTs on TC frequency and found that each contributed about eglly to total a decrease
of about 20%.

Most modeling studies seem to be in agreement that global TC frequernycwill experience either
little change or a decrease over the 21st century (Knutson et al. 2010). Hower, Emanuel (2013)
projects an increase in both frequency and intensity of TCs by usig a dynamical downscaling tech-
nique and the most recent climate projections. Based on varying redts (especially for individual

basins), there is still a necessity for further research on thisdpic.

1.5 Research Goals

The purpose of this study is to examine and compare data representinthe current climate and
various climate warming scenarios and to determine the e ect that a waming climate might have
on both global and North Atlantic TC activity. This is done using the FSU/COAP S atmospheric
general circulation model (AGCM) (Cocke and LaRow 2000) which has known sl in predicting



interannual TC variability in the current climate (LaRow et al. 2008). The model is forced
with SSTs taken from the 5th phase of the Climate Model IntercomparisonProject (CMIP5) as
well as an observed SST dataset. Three dierent SST sets from the Comuonity Climate System
Model version 4 (CCSM4) respresenting di erent climatic scenaros are used and compared with
the observed SSTs from the Hadley Centre SST data set. The CCSM4 wasasen since it is one of
the better models within CMIP5 at reproducing historical climat e interannual SST variability in
the equatorial Paci c and annual cycle in the North Atlantic region (Stefan ova and LaRow 2011;
Liu et al. 2013). The main goals for this research are to:

1. Derive the possible changes in TC activity (frequency, intengy, genesis, etc.) for two di erent
warming scenarios to be discussed in Chapter 2 and compare the ressilto similar published

studies

2. Examine potential physical and thermodynamic reasons for the model d produce those
changes

3. Add to the scienti ¢ understanding and consensus of climate change ah its impacts on
tropical cyclone activity



CHAPTER 2

METHOD

This study uses the well-established FSU/COAPS AGCM. This modelhas previously been shown to
have considerable skill in reproducing the interannual variationsin named tropical cyclone (NTC)
activity for the current climate in the North Atlantic basin given obse rved SSTs (LaRow et al.
2008, 2010; LaRow 2013). Therefore, if given SSTs for future climate scenarios, tlexpectation
is that the FSU/COAPS model will be able to estimate changes in tropical g/clone activity for
that particular scenario (as compared to the current climate) with some degree of skill. To make
such future climate estimations, two di erent future climate scenarios (changes in SSTs and C®
concentrations) are used to force this AGCM. Then, the model outputis analyzed to determine
the e ect that di erent climatic warming scenarios might have on NTC ac tivity and environmental

parameters know to a ect NTC activity for individual regions and across the Globe.

2.1 Representative Concentration Pathways (RCPSs)

The two sets of SSTs representing di erent future climate scearios are developed using data
from the CCSM4 which is a general circulation model and is part of CMIP5(Gent et al. 2011).
The CMIP5 is an organized collaboration between many di erent climate madeling centers aimed
at examining current climate predictability within models and possible future changes in climate
(Taylor et al. 2012). Within the CMIP5, there are four future climate scenarios that are driven by
di erent greenhouse gas concentrations. These scenarios are referremlas Representative Concen-
tration Pathways (RCPs), and represent time-varying concentraions of various greenhouse gasses
between the years 2006{2300 (Meinshausen et al. 2011). RCP2.6 and RCP8.5 are thepap and
lower extremes of the four scenarios and their C@ concentrations for the years 2006{2100 were
used in this study. The su xes (2.6 and 8.5) refer to the increase inradiative forcing in units of
Wm 2 by the year 2100 compared to the pre-industrial period. Greenhouse ga®ocentrations for
RCP2.6 correspond to an average surface temperature increase of about 1Gby the year 2100

(compared to the pre-industrial period), and RCP8.5 corresponds toan increase of about 4.5C
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Figure 2.1: Historical CO, concentrations (black) and timelines of CQ, concentrations for
RCP2.6 (red), RCP4.5 (blue), RCP6.0 (green), and RCP8.5 (yellow).

(Meinshausen et al. 2011). Historical CQ concentrations and the timelines of CQ concentrations
for each of the four RCPs are shown in Figure 2.1. The C@concentrations used to represent future
climates in the FSU/COAPS model are the averages for RCP2.6 and RCP8.5 ovethe period of
2006-2100 (422 ppm for RCP2.6 and 588 ppm for RCP8.5). These values were obtained frdire

International Institute for Applied Systems Analysis.

2.2 SST Discussion

The FSU/COAPS model is forced using the climatological monthly averaged anual cycle SSTs
from four di erent datasets as lower boundary conditions in order to represent multiple climate

scenarios. The four model experiments are labeled based on the SSTsed and are as follows:

1. HadSST (control experiment): Representative of historical climate and uss observed SSTs
from the Hadley Centre SST dataset (1870{2005) (Rayner et al. 2003) and a C®concentra-
tion of 369 ppm



2. CCSM4clim : Uses CCSM4 estimation of historical climate SST conditions (1870{2005)
produced from CMIP5 experiment number 3.2 and a CQ concentration of 369 ppm

3. RCP2.6 : Uses bias-corrected CCSM4 SSTs for the RCP2.6 future climate scario (CMIP5
experiment number 4.3) and a CQ concentration of 422 ppm

4. RCP8.5 : Uses bias-corrected CCSM4 SSTs for the RCP8.5 future climate scario (CMIP5
experiment number 4.2) and a CQ concentration of 588 ppm

The SST set used in the HadSST experiment is the climatological annualycle of monthly
SSTs from the Hadley Centre SST dataset (1870-2005). This experiment is coidered the control
experiment since it is the 'baseline’ used to compare the futurelimate scenario experiments to the
historical climate. As part of CMIP5 experiment number 3.2, the CCSM4 model was run using
historical atmospheric compositions (due to anthropogenic and volcanic ad¥ity), solar forcing,
and land use to get its SST estimate for the years 1850{2005 (Taylor et al. 2009; Genttel.
2011). Only the years 1870{2005 are used for this study to parallel the time perid that the Hadley
SSTs are available for. The CCSM4 historical climate SST dataset is uskfor two reasons. The
rst reason is to see how the NTC climatology is represented by the FSU/GAPS model using
the CCSM4's estimation of non-bias corrected historical SSTs. The dihatology of the CCSM4's
version of current climate SSTs is taken in the same way as previouslstated and used to force the
CCSM4clim experiment in the FSU/COAPS model. The second use for theCCSM4's historical SST
climatology is to determine its bias so that the CCSM4's estimation of SSs in the future climate
scenarios can be bias-corrected before averaging them and using them force the FSU/COAPS
model. In order to determine the model's ability to reproduce the historical climate using observed
CO; concentrations, and therefore the model bias, the SSTs from the CCSMs historical climate
experiment were compared to the observed Hadley SST dataset. The derence between the two
provides the model bias and is later used to correct the CCSM4's SSsTfor future climate scenarios.
Equations 2.1 and 2.2 represent the development and use of the CCSM4'SSE bias. The annual

climatology by month is taken for the model bias.

F=F (H 0 (2.1)
F =0+(F H)= 0+ RCP 2.2)

where,



F. CCSM4 future projected SSTs (based on RCPs)
H: CCSM4 estimation of historical SSTs

O: Observed historical SSTs (Hadley Centre)

X: Monthly climatology is taken

* Bias-corrected

Figure 2.2 shows the total time-averaged CCSM4 bias, and Figure 2.3 shawthe August-
September-October (ASO) averaged CCSM4 bias which is most importanfor the North Atlantic
basin. It is important to note that when using any SST climatology to force the FSU/COAPS
model, all interannual variability of SSTs (El Nino and La Nina events for example) is removed.
Also, the e ect of sea ice temperatures on TC activity in the model isnot fully understood in this
study but is estimated to be small (Zhao et al. 2009).

In the equatorial Paci c, there is generally a cool bias of up to 0.5C when annually averaged.
However, when comparing the annual bias in this area to the ASO season biathe magnitude of
the cool bias increases by around 0.%2. This demonstrates how important it is to remove the bias
month by month in order to accurately represent SSTs during the peaktropical cyclone season
for each basin. There is also a noticeable cold bias in the Northwest Paat which increases in
magnitude by about 1 C during the ASO season. Also in the Pacic, there are warm biases
apparent for both the yearly averaged and ASO averaged plots near the coasts of Nbrand South
America. There is generally a cold bias in the Gulf of Mexico and the MainDevelopment Region
(MDR) of the North Atlantic basin (10 N to 20 N and 20 W to 80 W). Again the magnitudes of
the cold biases seem to amplify during the ASO season compared to the amal average. Gent et
al. (2011) indicate that the cold bias in this region is due to the CCSM4 stil having an issue with
the location of the Gulf Stream which is not thoroughly examined in this study. In the equatorial
Indian Ocean, there is a warm bias o of the west coast of Australia. Both of these biases are
stronger in the ASO season than in the annual average. Although these biasesearemoved from
the SSTs used to force the FSU/COAPS model, they are non-trivial in sone regions (especially
near the Gulf Stream in the North Atlantic) and should be kept in mind.

The two remaining SST datasets (used in the RCP2.6 and RCP8.5 exparients) are also derived
from CMIP5 experiments using the CCSM4 model. The CCSM4 estimtions of the SSTs for these
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CCSM4 annually averaged SST bias (CCSM4clim vs HadSST)

Figure 2.2: CCSM4 annually averaged SST bias C).

two future climate scenarios are bias-corrected and are averaged to @i a climatological annual
cycle (as shown in Equations 2.1 and 2.2) before being used to force theCR2.6 and RCP8.5
experiments in the FSU/COAPS model.

Figure 2.4 shows the global SST change that the CCSM4 model estimates taccur between the
historical climate (HadSST) and the weaker of the two warming climate senarios (RCP2.6). For
a majority of the tropics and sub-tropics, warming of up to 1.0 C occurs. A few important areas
such as the EI Nino region in the Paci c, the Gulf of Mexico, and the North American East Coast
show warming of up to 1.5 C. An interesting area of cooling is seen in the North Atlantic, south of
Greenland. It might be possible that this cooling of up to 1.0 C is a result of a potential change
in ocean circulation and the warm Gulf Stream. Although there is an overal warming trend for
the Globe, if ocean circulation changes occur as a result of climate chge, the Gulf Stream may
weaken resulting in reduced warm water transport into the North Atlantic causing cooling of SSTs
in that region. Investigating this idea could be an area of continued/further research.

Figure 2.5 is the same as Figure 2.4 but for the RCP8.5 SSTs. For this morexaeme warming
scenario, the patterns of greatest warming are similar to RCP2.6 but wih magnitudes greater than

2 C. Again, relatively small cooling is seen in the far North Atlantic just south of Greenland. As
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CCSM4 ASO averaged SST bias (CCSM4clim vs HadSST)

Al

Figure 2.3: CCSM4 ASO averaged SST bias C).

a reminder, these comparisons are made after the bias correction was apd to the SSTs for the
two future climate scenarios. Table 2.1 summarizes the the area-avaged SST changes truncated
at 30 N and 30 S between the HadSST SSTs and the two RCPs for each of the following donres

which are also shown in Figure 2.7:
Atlantic

{ North Atlantic (10 W to 100 W, 0 to 60 N)
{ South Atlantic (10 W to 100 W, 0 to 60 S)

North Pacic

{ Northeast Pacic (100 W to 160 W, 0 to 60 N)
{ Northwest Pacic (100 E to 160 W, 0 to 60 N)

North Indian (40 E to 100 E, O to 30 N)

Southern Hemisphere (30E to 120 W, 0 to 50 S)

Figure 2.6 shows the MDR area-averaged SST comparison between all fourpgariments. Note

that the RCP2.6 and RCP8.5 SSTs are bias-corrected. The SSTs in thisagion are very important
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Figure 2.4: Annually averaged SST di erence between the RCP2.6 and HadSSexperi-
ments ( C).

Figure 2.5: Annually averaged SST di erence between the RCP8.5 and HadSSexperi-
ments ( C).
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Table 2.1: Area-averaged annual SST di erences (C) between HadSST SSTs and each
RCP experiment's SSTs for each domain de ned in Figure 2.7 (0{30 N and 0 {30 S
only). North Atlantic and South Atlantic (NAtl and SAtl): 100 W to 10 W, Northeast
Pacic (EPac): 160 W to 100 W, Northwest Pacic (WPac): 100 E to 160 W, North
Indian (NIn): 40 E to 100 E, Southern Hemisphere (SHem): 3CE to 120 W.

Basin RCP2.6-HadSST(C) RCP8.5-HadSST( C)

NAtl 0:59 135
SAtl 0:42 118
EPac 055 137
WPac 0:61 141
NIn 0:52 135
SHem Q57 138

Figure 2.6: Area-averaged SST seasonal cycle for the North Atlantic MDR (10N{20 N,
20 W{80 W for each experiment ( C).
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for TC genesis in the North Atlantic basin. As proposed by Gray (1975), thereare six signi cant
dynamic and thermodynamic factors that contribute to TC genesis. A deep layer of warm water
with SSTs being greater than or equal to 26C is claimed to enhance TC genesis. Years with warm
SST anomalies could lead to higher instability and greater chances for TC geesis to occur.

The de ned location of the MDR does vary between studies, but the o chosen here (10N
to 20 N and 20 W to 80 W) is based on the area with the highest density of NTC genesis in the
model. NTCs are de ned as any tropical cyclone of tropical storm strength orgreater. The annual
cycle of CCSM4clim SSTs has a relatively consistent cool bias from mohtto month (compared to
the HadSST SSTs). The model's average bias (by month) for this region i4.0 C with a maximum
of about 1.3 C in December and a minimum of about 0.8C in August. The cool bias in this region
can be seen spatially in Figures 2.2 and 2.3. The MDR SSTs used in the HadE®xperiment reach
or exceed Gray's 26C threshold between the months of May and December. This corresporsdwell
with the North Atlantic hurricane season which runs from June through November. The threshold
is reached or exceeded from July through November for the CCSM4clim @eriment, which may
partially explain why unrealistically few storms were produced bythe FSU/COAPS model during
that experiment. The period of time that the MDR reaches or exceedghis threshold lengthens for
the warmer RCP2.6 SSTs to April through January. Finally, for the RCP8.5 SSTs, the threshold
is met year-round within the MDR. On average, RCP2.6 SSTs are 0.6C warmer in the MDR, and
RCP8.5 SSTs are 1.3C warmer in the MDR compared to HadSST SSTs.

Of course this does not mean that TCs will form year-round in warmer climates since there are
many other factors a ecting genesis and TC sustainability. Additionally, along with SSTs, other
oceanic and atmospheric parameters will change, so the well-estalilisd 26 C threshold may need
to be revisited. For example, as stated in Chapter 1, some research sugge that tropics-relative
SSTs for individual basins (or the MDR) are more important than the magnitude of the SSTs
themselves. This is because vertical temperature and moisture prles are a ected by local SSTs
near the surface and tropics-average SSTs at upper-levels. Therefarhigher tropics-relative SSTs
for the MDR would act to destabilize the atmosphere, allowing for greate chances of genesis and

greater storm intensities (Tang 2004; Vecchi and Soden 2007; Swanson 2008; Sun et 2013).
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2.3 Experiment Design

The FSU/COAPS model has a resolution of T126L27 (about 0.9x0.9 with 27 vertical levels).
This model has already demonstrated skill in producing realistic topical storm durations and
reproducing the interannual variability of hurricane frequency having a correlation of 0.74 using
weekly observed SSTs for the years 1982{2009 (LaRow 2013).

Four experiments (HadSST, CCSM4clim, RCP2.6 and RCP8.5) are performedn order to ex-
amine how changes in SSTs and C®concentrations a ect NTC activity. Fourteen integrations
(using di erent January 1st initial conditions) were performed for each of the four experiments.
The HadSST and CCSM4clim experiments were forced with their respative monthly SST sets
(as described in the previous section). In these two experimest the CO, concentration is set at
369 ppm. The RCP2.6 and RCP8.5 experiments were forced with their rgpective bias-corrected
monthly SST sets and their average CQ concentrations from the years 2006-2100 (as described
above).

The same NTC objective detection/tracking algorithm used in LaRow et al. (2008, 2010) and
LaRow (2013) is used for this study with minor modi cations. The criteri a to count and track a

storm are as follows:

First, the algorithm must detect a local vorticity maximum of greater t han 1 x 10 * s 1 at
850 hPa.

Then, it locates the minimum sea level pressure within a 2 radius of the local vorticity
maximum.

Next, the local maximum temperature anomaly between 500 and 200 hPa found whin a
2 radius from the de ned storm center must be at least 3C warmer than the surrounding
mean.

Also, a minimum wind speed of 15 ms! must be detected within a 4 radius of the storm
center. Initially, the minimum wind speed was set at 17 ms ! but was lowered based on
relatively coarse model resolution and limited ability to resolve the strongest storms (Walsh
et al. 2007).

Finally, the conditions above must be met to produce a storm trajetory that lasts for at
least 2 days.
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Figure 2.7: Tracking domains used to develop NTC statistics. Displayd on the IBTrACS
TC tracks plot for years 1979{2008. Purple: North Indian, green: Southern Hemisphkre,
red: East and West Paci c, orange: North and South Atlantic.

The location of the minimum sea level pressure is used to de ne th center of the storm, and
the storms are tracked using six hourly model output. The detectioritracking algorithm keeps
track of the NTC counts, NTC minimum central pressure, storm center's latitude and longitude,
NTC maximum low-level wind speed, and duration. Global counts extraced by this algorithm
from the FSU/COAPS model are very realistic. However, the model cannotproduce the most
intense hurricane strength winds (category 3-5 on the Sa r-Simpson wnd damage scale). This is
a common issue for all AGCMs possibly due to coarse resolution and issuasth model physics, so
they are not able to simulate the strongest winds of a hurricane, whicloccur on scales much smaller
than global climate models can currently resolve with current compuing capabilities (Knutson et
al. 2007, 2010).

2.4 Plan for Analysis

The information collected from the detection/tracking algorithm is analy zed for the globe as
well as the individual basins/domains (focusing on the North Atlantic). Figure 2.7 represents the
exact latitude and longitude locations of each of the domains de ned in Tabé 2.1. The spatial

distribution of each experiment's tracks and NTC counts will be compared against the observed
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International Best Track Archive for Climate Stewardship (IBTFACS ) data (Knapp et al. 2010).
Di erences in counts, wind speeds, precipitation, and locations ofgenesis and tracks between the
experiments are examined for the Globe and for individual domains, fogsing on the North Atlantic.
Then, once those statistics have been completed, analysis on other @aneters that are derived from
the model output will be performed in order to o er explanations as to why any changes occur.
Parameters such as North Atlantic sea level pressure patterns, midevel relative humidity, vertical

wind shear, static stability, and tropics-relative SSTs are examinel.
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CHAPTER 3

RESULTS AND DISCUSSION

Information gathered from the detection/tracking algorithm is used to develop NTC statistics for
each model experiment to be compared to each other and to the IBTrACSDi erences in NTC
counts, durations, wind speeds, precipitation, and genesis and tracklensities between experiments
are examined for statistical signi cance in each domain. Then, climatologital changes in other
parameters such as temperature and equivalent potential temperaturero les, relative humidity,
vertical wind shear, sea level pressure patterns, and tropics-fative SST are examined in the North

Atlantic domain in an e ort to explain some of the changes in NTC statistics.

3.1 NTC Statistics by Domain

A warming climate may not have the same e ect on NTCs everywhere on theGlobe (Knutson et
al. 2010). As shown in Chapter 2, SST changes are not uniform across all basins, seither should
other factors a ecting NTC statistics such as vertical wind shear and mid-level relative humidity.
Parameters like these will be examined and discussed later in Chapt 3. Here, NTC statistics of
count, duration, wind speed, and precipitation for each model expernent (and the IBTrACS) will

be compared and contrasted by basin with focus on the North Atlantic.
3.1.1 NTC Counts

Figure 3.1 shows the histogram of the ensemble average NTC count per yeanrfeach exper-
iment and for the IBTrACS by basin with the 95% con dence intervals represented by error bars
using standard error. This assumes that the full range of variability iscaptured by the 14 ensemble
members. Ideally, there could be at least double the number of ensdste members for each experi-
ment to increase sample size, but ensemble size (and sample siie)imited for this study based on
time and computing resources. For each domain plotted along the x-axis,ite model experiments

are plotted left to right by increasing SSTs. It is important to note t hat the counting algorithm
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Figure 3.1: Average NTC annual counts by basin (error bars indicate 95% con dene interval).

applied to the IBTrACS only counts named storms, so NTC counts in the North Indian domain
are drastically reduced since many storms there are not named in the eler part of the period.
The majority of annual TCs from the IBTrACS occur in the Northwest Paci ¢ and in the
Southern Hemisphere. These two basins combine to be 64.1% of the global &t For the historical
climate experiment (HadSST), the Northwest Paci ¢c and Southern Hemighere regions also produce
the highest ensemble average NTC counts per year. Combined, they accaufor 67.4% of the
global total which is in good agreement with the observed average global totalinterestingly, the
HadSST ensemble average NTC counts per year are not always the closest tioet average IBTrACS
TC counts. For example, in the Northeast Paci ¢ basin the HadSST experinent underestimates
the observed counts by just over 11 storms on average. In the Northwest &ic the HadSST
ensemble average NTC counts are less than the IBTFACS counts by about 7t@ms on average.

In the Southern Hemisphere and the North Atlantic basin, the HadSST couns are much closer
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to the IBTrACS counts, di ering by 2 storms and less than 1 storm, respectively. The fact that
climatological SSTs are used in the HadSST experiment rather than inteennually varying SSTs is
the most likely reason that the HadSST average annual counts do not closely aich the IBTrACS.
It is also important to keep in mind that the IBTrACS statistics are t aken from years 1979{2009
while the climatological SSTs used in the HadSST experiment span a longdime period (1870{
2005). Therefore, it seems that the most important conclusions that can be rade regarding NTC
counts are the changes that might happen for each RCP experiment comparetb the HadSST
experiment and not the absolute values for each experiment.

For the RCP2.6 experiment, the Southern Hemisphere domain makes uphe highest percentage
of NTCs for the Globe with 37.2% followed by the Northwest Paci ¢ with 32.8%. For the RCP8.5
experiment, the Northwest Paci ¢ has the most NTCs of all the domains with 36.0% followed by the
Southern Hemisphere with 33.8%. The HadSST and RCP8.5 experiments fothe North Atlantic
domain are also similar (not statistically di erent) averaging 14.4 and 14.1storms with the RCP2.6
experiment averaging 16.6 storms per year (statistically di erent from the RCP experiments). In
the Northwest Pacifc, both RCPs have higher mean NTC counts than HadSST conts. In the
Southern Hemisphere, the mean RCP2.6 NTC count is slightly more than tke average HadSST
count, but the RCP8.5 count is much less. In the North Indian basin, the model produces few
storms, and di erences between experimentss are not signi cant.

For the Globe, the mean NTC count per year is 76.3 for the HadSST experiment82.1 for
the RCP2.6 experiment, and 74.0 for the RCP8.5 experiment. Neither lhe di erence between the
RCP2.6 and HadSST experiments or the di erence between the RCP8.5 ahHadSST experiments
is statistically signi cant at the 95% con dence interval. However, th e dierence between the
global HadSST and RCP2.6 experiments is statistically signi cant at the 93%con dence interval
with a p-value of 0.07. Overall, the FSU/COAPS model produces very reaktic global NTC counts
compared to the IBTrACS which is 88.1 on average.

Table 3.1 summarizes the RCP percent changes with respect to the HadS experiment in
NTC annual average counts for each basin and for the Globe. Percentages whetige di erences
in means are statistically signi cant at the 95% level (according to the non-parametric Wilcoxon-
Mann-Whitney test) are in bold. Globally, there is a 7.6% increase in NTC frequency between

the HadSST and RCP2.6 experiments and a 3.0% decrease between the HadS&md RCP8.5

21



experiments, but the changes are not statistically signi cant from either. Most similar modeling
studies on the e ect a warming climate might have on NTC frequency eimate a global decrease
in frequency ranging between 6{34% with mixed results for individual basins (Sugi et al. 2002;
Bengtsson et al. 2007; Zhao et al. 2009; Knutson et al. 2010; Held and Zhao 2011). However,
Emanuel (2013) nds a global increase in NTC frequency of 10{40% over the 21st ceuty using a

downscaling technique.

Table 3.1: Percent changes of average annual NTC counts between the HadSSTpeximent
and each RCP experiment. Bold values are statistically signi cant at the 95% level.

RCP EPac  NAtl NIn SHem WPac  Globe

RCP2.6 -198 149 -240 41 21.6 7:6
RCP8.5 -255 -2.5 -17.9 14.6 20.3 -3.0

In the North Atlantic domain, NTC counts are estimated to increase by a statistically signi cant
14.9% between the HadSST and RCP2.6 experiments, and there is a non-ststically signi cant
decrease in frequency of 2.5% between the HadSST and RCP8.5 experin®mnOther models produce
mixed results for the North Atlantic domain (Knutson et al. 2010). Bengtsson et al. (2007) and
Villarini and Vecchi (2012, 2013) estimate little change (if any) in NTC frequency by the end of the
21st century due to a warming climate. Sugi et al. (2002) and Emanuel (2013) estiate increases
in North Atlantic NTC frequency while Zhao et al. (2009) and Bender et al. (2010) estimate
decreases in frequency. Using the FSU/COAPS AGCM, statistically sgni cant di erences are also
found for RCP8.5 in the Southern Hemisphere with a decrease of 14.6% and fboth RCPs in the
Northwest Paci c with increases of 21.6% for RCP2.6 and 20.3% for RCP8.5.

Figure 3.2 shows each domain's annual average NTC count normalized by the spective ex-
periment's (or IBTrACS) average annual global count. This representseach domain's percentage
of the global total NTCs for each experiment and for the IBTrACS. The IBTrA CS has the largest
percentage of TCs in the Northwest Paci c domain with 33.2% followed closef by 30.1% in the
Southern Hemisphere. The HadSST experiment has the most NTCs in the éithern Hemisphere
with 38.4% and 29.0% in the Northwest Pacic. North Atlantic NTCs make up 12.9% of the
average annual global total for the IBTrACS and 18.9% for the HadSST experiment. Also the
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Figure 3.2: Normalized average NTC annual counts by basin. Normalization is done
respective to individual experiments' average annual global count. Eor bars indicate
95% con dence interval.

North Atlantic percentage of global NTCs changes very little between modé experiments (18.9%
for HadSST, 20.2% for RCP2.6, and 19.0% for RCP8.5). In the Southern Hemispherehé per-
centage of average annual NTCs decreases with increasing SST experin®ef38.4% for HadSST,
37.2% for RCP2.6, and 33.8% for RCP8.5), but in the Northwest Paci c the percenage increases
with increasing SST experiments (29.0% for HadSST, 32.8% for RCP2.6, and 36.0%rfRCP8.5).

3.1.2 NTC Duration

Figure 3.3 shows mean NTC durations by basin with 95% con dence interval gor bars. The
IBTrACS shows longest track duration occurs in the Northwest Paci ¢ domain (10.0 days) followed
by the Southern Hemisphere (9.4 days) and then by the North Atlantic (7.8 days). In contrast, the
HadSST experiment shows the North Atlantic has the longest average traclduration (9.0 days)

followed next by the Northwest Paci ¢ (7.4 days) and Southern Hemisphere (7.1 days) domains. In
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Figure 3.3: Average NTC duration (days) by basin (error bars indicate 95% con dence interval).

the Northwest Paci ¢ and Southern Hemisphere domains the HadSST expement underestimates
the observed duration by approximately 3 days, and di erences betveen model experiments are
small. Although no de nitive explanation can be given at this time, a possble reason for the short
duration in the Northwest Paci ¢ and Southern Hemisphere might be increased NTC translational
speeds. None of the domains experience statistically signi cant changebetween experiments in

NTC durations.

3.1.3 NTC Annual Maximum 10-Meter Wind Speed

As discussed in Chapter 2, the COAPS/FSU AGCM is unable to resolve stom wind speeds
greater than about 50 ms ! (seen in Figure 3.4). This is a common problem with all AGCMs due
in part to coarse harizontal resolution (Knustson et al. 2007). Given these pper bounds, little
change can be detected in the annual maximum 10-meter wind speed beter experiments even if

there should be a change at the higher end of the wind speed spectrumAs seen in Figure 3.4,
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Figure 3.4: Average NTC annual maximum wind speed (ms?!) by basin (error bars
indicate 95% con dence interval).

the highest average maximum wind speeds in the IBTrACS occur in te Northwest Paci ¢ domain

with 61.3 ms 1. The other domains (with the exception of North Indian) have IBTrACS average
maximum wind speeds between 57.4 and 58.7 m$. In the HadSST experiment, the model has the
highest average wind speeds in the Northwest Paci ¢ with 48.1 ms! followed by the North Atlantic

with 47.8 ms ! and then the Southern Hemisphere with 44.7 ms®. For the RCP2.6 experiment, the
highest average maximum wind speed also occurs in the Northwest Paa with 48.2 ms ?* followed
by 47.1 ms ! in the North Atlantic and 44.4 ms ! in the Southern Hemisphere. In the RCP8.5
experiment, the greatest average maximum wind speed is located irhe North Atlantic with 48.0

ms ! followed closely by the Northwest Paci ¢ with 47.6 ms ! and then the Southern Hemisphere
with 43.6 ms 1. In the Northeast Pacic and the North Indian domains, the model estimates
lower average maximum wind speeds than the other domains. The IBTrAG also shows maximum
wind speeds are lower in the North Indian domain than the other basins. h the Northeast Paci c,

the model is probably underestimating wind speeds possibly dueat issues with local orography
reducing NTC genesis. Even re-analysis models have trouble repdacing the strongest storms in

the Northeast Paci c region (Schenkel and Hart 2011).
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Figure 3.5: Binned 6-hourly maximum wind speeds (ms?) for all storms' lifetimes for
each experiment. Bin size is 2 ms?.

To get a better idea of the North Atlantic changes in NTC wind speed that take place between
model experiments, maximum 6-hourly wind speeds over the lifétnes of all NTCs are binned and
shown in Figure 3.5. For all experiments, the most frequent wind sped over all storms' lifetimes
is in the 20{22 ms ! bin. The highest wind speeds for the HadSST and both RCP experiments
occur in the 48{52 ms 1 bins. It is easiest to see any shifts toward higher wind speeds ime tails
of the probability density distributions for wind speed frequendes (shown in Figure 3.6). The
means (vertical lines) for the HadSST and RCP2.6 experiments are 28.4 m$ and 28.3 ms 1, and
the mean for the RCP8.5 experiment is 29.2 ms!. The di erence in means between the HadSST
and RCP8.5 experiments is statistically signi cant at the 95% level, implying that higher intensity
storms occur more frequenctly for this experiment.

Figure 3.7 shows the frequency of NTC maximum wind speeds (one peratm) for each exper-
iment. The most frequent NTC maximum wind speed for the HadSST expeiment is in the 42{44
ms ! bin. The most frequenct NTC maximum wind speed for the RCP2.5 expeiment is slightly
less and is in the 40{42 ms?® bin. The RCP8.5 experiment's most frequent NTC maximum wind
speed is in the 44{46 ms! bin. NTC maximum wind speeds are in the 50{52 ms?! bin for the

HadSST and RCP8.5 experiments. The density curve in Figure 3.8 shosvthat the means for both
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Figure 3.6: 6-hourly maximum wind speed (ms?!) density curves for each experiment.
Vertical lines represent each experiment's mean value.

the HadSST and RCP2.6 NTC maximum wind speeds are 37.8 mg, and the mean for the RCP8.5
experiment is 39.2 ms®. The dierences between the RCP8.5 mean and the means for the other
experiments are statistically signi cant at the 95% level.

Most other modeling studies that investigate NTC intensities estimate either little to no change
globally (Sugi et al. 2002). A few studies estimate an increase in global NTC imnsity (Knutson
et al. 2010; Held and Zhao 2011) and in North Atlantic NTC intensity (Bengtsson et al. 2007;
Bender et al. 2010; Villarini and Vecchi 2013).

3.1.4 NTC Dalily Precipitation

Figure 3.9 shows the binned daily precipitation (integrated within 2 of each storm's center)
from all storms' lifetimes for each experiment, and Figure 3.10 showshte density curves for each.
There are statistically signi cant increases (at the 95% level) in daily precipitation between each
experiment with increasing SSTs. The increases are most easily ese in the tails of the density
curves which shift toward higher values with increasing SST expement. All of the means (vertical
lines on the density curve plot) are statistically signi cantly di erent from each other at the 95%

level. The di erence between the means for the HadSST and RCP2.6 exgiments is 5%, and the
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Figure 3.7: Binned storm maximum wind speeds (ms?) for all storms for each experiment.
Bin size is 2 ms .

Figure 3.8: Storm maximum wind speed (ms 1) density curves for each experiment. Ver-
tical lines represent each experiment's mean value.
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Figure 3.9: Binned daily precipitation (mm/day) for all storms' lifeti mes for each experi-
ment. Bin size is 10 mm/day.

Figure 3.10: Daily precipitation (mm/day) density curves for each expaiment. Vertical
lines represent each experiment's mean value.
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di erence between the means for the HadSST and RCP8.5 experimentssil2%. Knutson et al.
(2010) reports that rainfall rates may increase by about 20% within a 100 km radis of storm

centers.

3.2 Genesis and Track Density

Changes in NTC genesis and track locations could be important e ects of a waning climate,
especially since the factors a ecting NTC activity are not expected to change uniformly between
domains and even within individual domains. Genesis and track densiés depend on climatological
factors such as SSTs, wind shear, column stability, mid-level moistre, and surface and upper-level
ow patterns. First, genesis and track density comparisons are made beveen the IBTrACS and
the historical climate experiment (HadSST) and then the RCP experiments. Also, some of the
previously mentioned factors that a ect NTC genesis and track will be analyzed and discussed to

determine why any density changes might occur.

3.2.1 NTC Genesis Density

Figures 3.11 and 3.12 (plotted on a 5x 5 grid) are compared to see how reasonably the
model produces genesis and track densities for the HadSST experinte As dicussed in the previous
section, the model does poorly producing the proper NTC climatology m the Northeast Pacic
domain. It does produce storms in this domain, but genesis is not as coeatrated near 100 W and
10 N for the HadSST experiment as it is in the IBTrACS data. For the IBTTAC S, most Northeast
Paci c storms have their genesis occur in that area, but the model des not produce such a strong
genesis 'bullseye’. The opposite occurs in the North Atlantic basin The IBTrACS shows genesis
occurring not only in the MDR, but also throughout the majority of the Nor th Atlantic (up to
about 30 N) as well as the Caribbean and the Gulf of Mexico. The model restricts geesis much
closer to the equator and to the western part of the basin. The HadSST exgriment produces very
similar genesis density to the IBTrACS for the Northwest Paci c basin. One small di erence is
that genesis is again a little closer to the equator in the HadSST experim@nt. That seems to be the
case globally, including the Southern Hemisphere. Again, the model wterpredicts NTC counts in
the North Indian domain, and the IBTrACS data there is greatly lessened due to the exclusion of

storms that were not named, so it won't be discussed.
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Figure 3.11: Genesis density (events/year) for IBTrACS using 5 x 5 degree grid boxes.

Overall, the model restricts cyclogenesis nearer to the equator @n what is seen in observations.
Genesis happens up to about 33N and 35 S in the IBTrACS data but is concentrated between about
20 N and 20 S in the HadSST experiment. This could be due to the use of climatologad SSTs and
speci ¢ thresholds within the detection/tracking algorithm. Also, t he model has preferred areas
within most domains where genesis occurs, so it is usually more contteated in the model than in
the IBTFACS. The exception is the Northeast Paci c domain where geness is more concentrated
in the observations and more evenly distributed by the model.

Figures 3.13 and 3.14 are the factoral changes in genesis between the RCP2.61dfadSST
experiments and the RCP8.5 and HadSST experiments for the North Atlantc domain. These
represent how genesis is estimated to change for each future climatcenario compared to the
HadSST experiment. The technique used to calculate the factoral chage is based on Strazzo et al.
(2013). First, the density for the individual experiments is normalized using the total number of
events over the entire domain. Then the base-two logarithm of the normalized RCP density divided
by the normalized HadSST density is taken. There is little di erence between the experiments in
terms of genesis locations. SST warming in the regions of high genesisndity in the North Atlantic

for both RCPs seems to be mostly uniform (as seen in Figures 2.4 and 2.5).hE lack of di erential
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Figure 3.12: Genesis density (events/year) for HadSST experiment usg 5 x 5 degree
grid boxes.

SST warming may act to reduce any large shifts in NTC genesis locations ddween experiments.
Other parameters that a ect NTC genesis (such as mid-level relative lumidity and vertical wind

shear) will be examined later in Chapter 3.

3.2.2 NTC Track Density

Figures 3.15 and 3.16 are the track densities for the IBTrACS and for the HadST experiment
ona3 x 3 gridto gain ner detail for densities near coastal locations. East Paci ¢ tracks produced
by the model are held too far east and do not travel westward like theydo in the IBTrACS. The
modeled tracks move more northward than westward. One possible exahation for this observation
is that storms in the model are larger due to coarse resolution so-drift is greater, causing storms to
track more northward. In the North Atlantic, similar to genesis, the mo del has a concentrated area
of NTC tracks starting from the modeled main genesis region then travehg northwestward and
recurving very closely along the United States' East Coast. The IBTrACS shows tracks being more
evenly distributed throughout the basin. Both the model and the IBTrACS have storm tracks that
travel inland over the southeast and northeast United States, but onlythe IBTrACS has storms

reaching farther west over Mexico. The model does very well in rgroducing the historical climate
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Figure 3.13: Normalized factoral change in genesis density between the R@E experiment
and the HadSST experiment using 5 x 5 degree grid boxes.

Figure 3.14: Normalized factoral change in genesis density between the RGF experiment
and the HadSST experiment using 5 x 5 degree grid boxes.
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Figure 3.15: Track density (events/year) for IBTTACS using 3 x 3 degree grid boxes.

track density in the Northwest Paci c basin. There are no signi cant d i erences to note besides
the fact that the IBTrACS has a higher density of tracks that reach northward of 30 N. For the

Southern Hemisphere, the model again constrains tracks closer to thegaator compared to the
IBTrACS. Also, in the South Indian Ocean, the HadSST tracks are a little farther west (and closer
to the African coast) compared to the IBTrACS.

Figures 3.17 and 3.18 are the factoral changes in track density for each RCP eggment and
are calculated in the same way as Figures 3.13 and 3.14. In the North Atlantic, liere is a clear
shift away from the eastern part of the basin for both RCPs. There is al® a greater threat of
landfalling storms in the southeastern United States for both RCP expeiments compared to the
HadSST experiment. The factor by which track density increases neathe southeastern United
States is greater for RCP8.5. Colbert et al. (2013) project that genesis wilkhift eastward leading

to an increase in recurving storms fpr a warming climate.

3.3 NTC Annual Cycles

Figure 3.19 is the global average monthly NTC count for each model experimerplus the IB-

TrACS with 95% con dence interval error bars. In the IBTrACS data, the re is a main peak around

34



Figure 3.16: Track density (events/year) for HadSST experiment using 3 x 3 degree grid boxes

Figure 3.17: Normalized factoral change in track density between the RCP2.@xperiment
and the HadSST experiment using 3 x 3 degree grid boxes.
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Figure 3.18: Normalized factoral change in track density between the RCP8.&xperiment
and the HadSST experiment using 3 x 3 degree grid boxes.

August/September and a secondary peak around January/February. The modekexperiments do
not have a clear bi-modal distribution that is seen in the IBTrACS, and do not fully capture the
magnitude of the main peak. However, the model's timing of the absolutaninimum (around April
to May) and absolute maximum is very reasonable. The correlation of the HadST experiment
and the IBTrACS for the global annual cycle is 0.59 and is listed in Table 3.2along with the
correlations for the individual domains. When comparing between the Ha&ST experiment and
each RCP experiment, there isn't a consistent change between tme over the entire cycle. Looking
into the individual domains is more informative regarding di erences between the current climate
and warming climate scenarios.

Figure 3.20 is the North Atlantic domain NTC annual cycle. The model does \ery well at
producing NTC strength systems during the appropriate season. The arrelation between the
HadSST experiment and the IBTrACS average annual cycles is about 0.88. Hower, as shown
in LaRow et al. (2008), the modeled annual cycle for this domain peaks one montkarly for the
historical climate SSTs (HadSST experiment). The peaks for the two EPs are even two months
earlier than the IBTrACS peak and one month prior to the HadSST experiment. Unfortunately, the

error bars are quite large, and this result is not considered statistially signi cant. Also, some error
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Figure 3.19: Global average annual NTC cycle for each model experiment and f6BTrACS
(error bars indicate 95% con dence interval).

Figure 3.20: North Atlantic average annual NTC cycle for each model experimet and for
IBTrACS (error bars indicate 95% con dence interval).
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bars during months of less activity extend below zero which is not pysical when considering NTC
frequency. Perhaps a better method for developing error bars for da in a Poisson distribution
could be used in the future.

Annual cycle plots for the remaining basins are not shown but are discused here. The model
underestimates the number of NTCs in the Northeast Paci ¢ domain and has amajority of the
storms later in the season compared to the IBTrACS. The correlation beiveen the HadSST exper-
iment and the IBTrACS for the Northeast Paci ¢ domain is 0.62. In the North In dian domain,
the IBTrACS is incomplete and all ' UNNAMED,' 'NOT NAMED,' 'NAMELESS," and'M  ISSING'
storms are removed. This accounts for a non-trivial percentage of obseed storms, so it is di ucult
to make a good comparison between the observations and the model expments. In the Northwest
Paci ¢ domain, the HadSST experiment has a correlation of 0.90 with the IBTTACS. And in the
Southern Hemisphere, the correlation between the HadSST experimémand the IBTrACS is 0.88.

Table 3.2: Rank-based correlations using Spearman'sstatistic for the mean annual cycles
of the HadSST experiment and IBTrACS.

Domain
EPac 062
NAtl 0:88
NIn 0:83
SHem 088
WPac 0:90
Globe 059

3.4 Climatological Changes of Other Parameters A ecting NTC
Activity
The changes in NTC activity (counts, durations, wind speeds, precijtation, and genesis and
track location) that the model projects for each RCP experiment hawe been calculated. The next
step is to take a look at the changes of di erent climatological parameters ¢ understand why given
changes in NTC activity have occurred in the model. Some climatologicaparameters that are
known to strongly a ect NTC activity are static stability, mid-level relative humidity, vertical wind

shear of the horizontal winds, steering ow, and tropics-relative Sg's.
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Figure 3.21: Global annual average change in temperature and equivalent potéal tem-
perature ( ¢) ( C) by pressure level between the RCP2.6 and HadSST experiments kgck
line) and the RCP8.5 and HadSST experiments (green line).

3.4.1 \Vertical Temperature and Equivalent Potential Temperatur e Proles

Figure 3.21 shows the globally and annually averaged temperature change andj@valent
potential temperature ( ¢) change by pressure level between the HadSST experiment and each
RCP experiment. The di erence in temperature with height between the HadSST and RCP2.6
experiments is relatively uniform and is about 1.0 C for vertical levels 850 hPa through 300 hPa.
Around 600 hPa, the warming is slightly less than the other pressure lesis by about 0.1 C.
For RCP8.5, the warming increases with height (850 hPa to 300 hPa) compareda the HadSST
experiment. The temperature di erence between the HadSST and R®8.5 experiments is 0.6 C
greater at 300 hPa than at 850 hPa. With greater warming at upper levels, this nay point to a more

stable global atmosphere (unfavorable to NTC genesis) in the RCP8.5 expnent and possibly help
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Figure 3.22: Tropical (30 S to 30 N) annual average change in temperature and equiva-
lent potential temperature ( ¢) ( C) by pressure level between the RCP2.6 and HadSST
experiments (black line) and the RCP8.5 and HadSST experiments (gren line).

explain why all basins are estimated to have decreased NTC frequendyn the RCP8.5 experiment
as seen in Table 3.1. Equivalent potential temperature is an even betteproxy for static stability
incorporating the potential for a parcel to become saturated. . for both RCPs increases more
rapidly with height from 850 hPa to 300 hPa. The di erential increase of ¢ from 850 hPa to 300
hPa of about 1.5 C for RCP2.6 and 2.7 C for RCP8.5 indicates more stability (even in the presence
of saturation) than in the HadSST experiment.

Even more temperature warming with height is seen in the tropics foreach RCP (shown in
Figure 3.22). Here, RCP2.6 has 0.6C more warming at the 300 hPa level than at the 850 hPa
level, and RCP8.5 has 1.6C more warming at the 300 hPa level than at the 850 hPa level. For

e, the change from 850 hPa to 800 hPa between the HadSST and RCP2.6 experimsnis fairly
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uniform at about 1.2 C and increasing to 3.0C at 200 hPa. The di erence between the HadSST
and RCP8.5 experiments increases steadily with height from about 22 at 850 hPa to about 6.0 C

at 200 hPa. The tropical atmosphere becomes more stable for RCP8.5 than for RCR6. This may

be one reason that the changes in NTC frequency are mixed in sign for all domas for the RCP2.6
experiment but are all negative for the RCP8.5 experiment.

Changes in 700 hPa relative humidity are also compared between model pgriments. Patterns
of moistening and drying in the mid-levels for the North Atlantaic domain are similar for both
RCP experiments compared to the HadSST experiment with magnitudedeing greatest for RCP8.5
(although statistical signi cance was not determined). Drying occurs in the MDR while moistening
occurs north and south of the MDR. These possible changes might be a ng$ of an overall shift in
tropical circulations and/or the location of the Inter-Tropical Convergen ce Zone (ITCZ). The area

of drying could have a signi cant e ect on NTC genesis, duration, and strength.
3.4.2 \ertical Wind Shear

The percent di erences in 850 hPa to 200 hPa vertical wind sheer beteen each RCP experiment
and the HadSST experiment is seen in Figure 3.23 (colored contours). Hatahg indicates areas
where the di erences are statistically signi cant to the 95% level. There is generally a statistically
signi cant increase in the magnitude of wind shear for the main developrent region of the North
Atlantic domian for both RCP experiments compared to the HadSST experiment. Interestingly, the
greatest increases in wind shear occur in the western part of the domaifor both RCP experiments.
This is a potential reason for the model to produce genesis more fregutly in the eastern part of
the domain (as seen is Figures 3.13 and 3.14). This could also contribute tché track shifts
toward the eastern part of the domain as seen in Figures 3.17 and 3.18. Also, a srtel area of
statistically signi cantly less wind shear exists over Florida and part of the Caribbean region for
RCP2.6. This might even be a result of the increased NTC activity near he southeastern United

States that is produced in the model for that experiment.
3.4.3 Tropics-relative SSTs

As mentioned in Chapter 2, an increase in tropics-relative SST is moramportant than a uniform
increase of SSTs over the entire tropics when considering NTC actity in the North Atlantic domain

(Vecchi and Soden 2007; Swanson 2008; Villarini and Vecchi 2012; Sun et al. 2013). Usirlget
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Figure 3.23: Percent di erence in vertical wind shear (850 hPa to 200 hPa)between
the RCP2.6 and HadSST experiments and the RCP8.5 and HadSST experimest Solid
contours are positive di erences and perforated contours are negative dirences. Hatching
indicates that di erences are statisticaly signi cant at the 95% con de nce interval.

SSTs that are prescribed for lower boundary condition in each experimnt, the North Atlantic
tropics-relative SSTs are calculated for each experiment. The di eence in tropics-relative SST
between the RCP2.6 and the HadSST experiments is 0.05€, and the dierence between the
RCP8.5 and the HadSST experiment is 0.008C. Although they are both very small values, they
di er by an order of magnitude. The larger RCP2.6 tropics-relative SST could have contributed
to the greater (statistically signi cant) increase in the mean annual North Atlantic NTC count
between the RCP2.6 and HadSST experiments compared to the small (notatistically signi cant)
decrease between the RCP8.5 and HadSST experiments.

3.4.4 North Atlantic Sub-Tropical High

The North Atlantic Sub-Tropical High (NASH) is considered a main contribut or to the large-
scale steering ow a ecting tropical storm tracks in the North Atlanti ¢ (Colbert and Soden 2012).
The time-averaged June through November sea level pressure for tHéadSST experiment and the
two RCP experiments along with their di erences is shown in Figuwe 3.24. The strength of the
NASH increases as SST and C@&concentration increase between experiments. However, the exten
and size of this feature does not change drastically between experimis. The NASH's increasing

strengh in the RCP experiments may be a ecting the western part ofthe domain, decreasing genesis
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Figure 3.24: The June through November mean North Atlantic sea level presure (hPa)
for the HadSST, RCP2.6 and RCP8.5 experiments (a, b, ¢). The June throgh November
mean North Atlantic sea level pressure di erences (hPa) between &h RCP experiment
and the HadSST experiment (d, e).

potential in that area and pushing it farther east, but it is probably not directly contributing to

any changes in track density since its position remains similar betwen experiments. Colbert and
Soden (2012) state that straight, northwestward storm tracks are most likey a result of genesis
location rather than steering ow. That seems to be the case here as Wlesince there is a higher risk
of landfalling storms for the southeastern United States for the two RCPexperiments compared to

the HadSST experiment although the position of the NASH is similar betwea the experiments.
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CHAPTER 4

DISCUSSION AND CONCLUSIONS

CO, concentrations have risen throughout the 20th century and are expectetb continue increasing
throughout the 21st century. This anthropogenic forcing could lead to climatological changes in
parameters that a ect TC activity such as atmospheric temperatures, SSTs, moisture, wind shear,
static stability, and tropical circulations. Additionally, these chan ges won't likely occur uniformly
across all TC domains. This further complicates any e orts to project future TC climatology. Also,

the rates at which these parameters (and TC activity) will change will depend on factors like policy
and technology. At this time, the best that can be done is to use multige future climate scenarios

to estimate the potential changes in NTC activity for each scenario through climate modeling.

4.1 Experiment Summary

Models that do well at reproducing historical NTC climatology are the best candidates to make
future NTC climatology estimates. The FSU/COAPS model has done very wellat reproducing
interannual variability of hurricane counts for the North Atlantic basin over the period 1982{2009
with a mean correlation of 0.74. In this study, the FSU/COAPS model is usedto estimate the
2006{2100 NTC activity climatology for two future climate scenarios (RCP2.6 and RCP8.5). This
is done by taking the mean CQ concentrations over that period and the monthly mean CCSM4
bias-corrected future projected SSTs over that period and usinghem to force the FSU/COAPS
model. Another model experiment (the control experiment) is doneusing monthly mean historically
observed SSTs and a historical C@ concentration. A NTC detection/tracking algorithm is applied
to these three model experiments to obtain statistics for NTC couns, intensities, locations, and
durations. These statistics are compared between the model expenents to determine if any
future changes in NTC activity are projected by the model. Furthermore, other variables from
each experiment such as static stability, relative humidity, vertical wind shear, tropics-relative

SSTs (from the model's lower boundary conditions), and sea level gssure patterns are examined
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in an e ort to understand the physical processes that might be leadirg to any projected changes

in TC activity.

4.2 Global Discussion

The model projects a small increase in global NTC frequency for RCP2.@nd a small decrease
in NTC frequency for RCP8.5 compared to the HadSST experiment. Neithe change is statistically
signi cant (using a 95% level). Most similar published modeling sudies have projected either no
change or a decrease in global NTC frequency in a warming climate (Knutsort al. 2010). Also
in this study, the global distribution of storms seems to shift from the largest percentage in the
Southern Hemisphere (compared to individual Northern Hemisphere dorains) for the HadSST
experiment to the Northwest Paci ¢ domain for the warmest SST experiment (RCP8.5). Other
modeling studies also found a shift in global NTC distribution from the Southern Hemisphere to

the Northern Hemisphere (Knutson et al. 2010).

4.3 North Atlantic Discussion

In the North Atlantic domain, the model projects a statistically sign i cant increase of 14.9% for
climatological NTC frequency for the RCP2.6 scenario. After investigating multiple parameters that
may in uence NTC frequency, a higher tropics-relative SST for theRCP2.6 experiment compared to
the HadSST experiment is suspected to be the most in uential causéor the di erence in frequency.
The RCP8.5 scenario has a similar tropics-relative SST to that of the Ha&ST experiment which
helps explain why the projected change in NTC frequency betweenhiose two experiments was
not statistically signi cant. Although previously published studie s have mixed projections in NTC
frequency for the North Atlantic basin, this study agrees with the suggestion that tropics-relative
SST is more in uential on NTC frequency than a uniform change in SST. Al®, a statistically
signi cant increase in the frequency of the highest wind speeds tat can be resolved by the model is
found in this study for the RCP8.5 experiment (greatest warming sc@ario). This could be a result
of climatological changes like an increase in overall SST (providing morenergy to storms). Storms
are also found to have greater precipitation with increasing SST. All hree experiements (HadSST,
RCP2.6, and RCP8.5) had statistically signi cantly di erent amounts of pr ecipitation per day,

increasing with increasing SST. Therefore, tropics-relative S changes seem to be most important
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for NTC frequency while overall SST changes seem to be most importaniof NTC intensity (wind
speed and precipitation).

Genesis and storm tracks in the North Atlantic basin are more concentrate in the western part
of the basin for both the RCP2.6 and RCP8.5 experiments. Two factors thatmay be in uencing
therse changes are statistically signi cantly increasing vertical wnd shear in the eastern part of
the domain and a strengthening sub-tropical high pattern for the RCP2.6and RCP8.5 experiments
(compared to the HadSST experiment). This could also be a result of a igferred region of genesis

within the model.

4.4 Continued Research

The results from this study can be added to the existing studies orclimate modeling projec-
tions for various future climate scenarios. This study supports the heory that the North Atlantic
domain's tropics-relative SSTs have a greater e ect on NTC frequencythan uniformly warming
tropical SSTs. However, since statistically signi cant results wee found for only the RCP2.6
experiment in the North Atlantic (and neither RCP experiment for t he Globe), ideally more in-
tegrations for each experiment should be done to develop a larger ensetabsize in an e ort to
develop more signi cant results. Then, the FSU/COAPS model's future climate projections can
be better compared with other similar studies. Similarly, a larger exsemble size might also help
reveal any di erences in NTC intensity between the HadSST and RCP2.6experiments which were
not found to be statistically signi cantly di erent in this study. It might also be bene cial to force
the model with future climate scenario SSTs and CQ concentrations that are representative of a
shorter period at the end of the 21st century (possibly 2090{2100) rather than a kkmatology of
the entire 2006{2100 period. Such an experiment might be more useful siecdNTC activity at the
beginning and end of the 21st century may be very di erent. That di e rence is not represented by

taking a climatology over nearly the entire century.
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