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ABSTRACT

Tropical cyclones (TCs) are among the most deviagtaf natural disasters,
producing high winds, heavy rainfall, and floodsh&d TC remnants are considered,
these events have impacts nearly nationwide atiness.S. Tropical cyclone activity in
the North Atlantic Basin experiences great varigbdn intra-annual, interannual, and
interdecadal timescales. That variability is ofésociated with El Nifio Southern
Oscillation (ENSO) and Atlantic Multidecadal Osatlbn (AMO).

George Cry (1967), in his pioneering study of toapcyclone-induced rainfall
found that TC rainfall presents an intraseasonaépaover the eastern Unite States,
contributing up to 40% of the monthly rainfall. Ehstudy replicates much of what was
done by Cry (1967) using a denser raingage netaodkmore sophisticated techniques
for analysis. Rainfall data for this study comesir717 stations from the Historical
Climate Network covering 31 states to capture tB8econtribution in the monthly and
seasonal precipitation in the Eastern United States

An approach was used to separate TC rainfall fromtropical rainfall from
1960-2007. Results showed that September hasghedt TC rainfall contribution.
Coastal regions of North Carolina, Virginia, anc&B&ma receive more than 30% of
monthly rainfall totals from TCs. Comparisons betwéd 931-1960 and 1960-2007 shows
that the storm track density shifted slightly eastiv
TC rainfall, during the period 1960-2007, presdrgeesat interannual variability in the
frequency, intensity, and duration of the stormsther of storm days). ENSO and AMO
phases were found to play different roles in relato TC rainfall contribution in the U.S.
ENSO has a significant signal in relation to thenber of storms, but did not have a
statistically significant signal in the total of Tr&infall in the eastern U.S. AMO showed
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a positive correlation with individual stationstie Gulf Coast and in Maine. In addition,

ENSO phases are correlated with TC rainfall in Bexa



| INTRODUCTION

Tropical Cyclones (TC) are one of the most poweldatures in nature and
can produce catastrophic social, economic and gmalbimpacts. This fact, combined
with the United States coastline becoming increggimore susceptible to TC damages,
has led to catastrophic losses in the U.S. (Blekal., 2007). The susceptibly is due to
increasing population in the last four decadeschesosion, and coastal subsidence
(Blake, Rappaport and Landsea 2007). TCs can peociic from a light drizzle to an
extreme flood in a short period, and in a singt&tmn could represent up to 50% to
100% of mean annual precipitation in only a fewdéglenson 2006, Simpson and Riehl
1981). Rainfall produced by tropical storms careastfor hundreds of kilometers from
their centers causing property damage, floodind,randslides in some regions, but the
same rain can be beneficial to regions experiendingght (Larson, Zhou and Higgins
2005). TC intensity is not the principal elemerfeefing of the amount of rainfall, storms
with a slow forward velocity have a tendency toduee large quantities of rainfall at a
given location as wel(Emanuel 2005)

Tropical cyclone activity in the North Atlantic Bia experiences great
variability on intra-annual, the interannual (EhNiSouthern Oscillation), and the
interdecadal (Atlantic Sea Surface TemperatureTl-) 8escales (Keim and Robbins
2006, Landsea, et al. 1999, Gray 2006). TC seasprshssociated with the annual
cycle of SST, with peak in late summer and eaily #ome active years with 15 or more
named tropical storms include -2005 (27), 2003(26D1(15), 1995(19), and 1969 (17).
However, there are also relatively inactive yeaitk wight storms or less — 1997, 1994,
etc. Many studies have identified an empiricaltreteship between SST and TC activity
where warmer SSTs enhance development of TC (SRhapd Goldenberg, 1998, and
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Molinari and Mestas-Nuiez, 2003). Other studiegstigated potential effects of long-
term global warming on Atlantic SST and its cortiela with the number and strength of
TC. However, Goldenberg et al. (2001) pointed bat those studies were inconclusive
and explained that the multidecadal-scale varigtili TC is greater than the possible
small increase in SST caused by global warmingdkaa et al. (1999) point out that the
discrepancy between interannual and interdecadalcli€ity with the SST in the North
Atlantic Basin may be explained by the interactiohthe SSTs with other environmental
controls such as El Nifio-Southern Oscillation (ENS©or example, El Nifio reduces
TC activity through anomalous increase in uppgudspheric westerly winds over the
Caribbean basin and the equatorial Atlantic (Gi&84). Another important component

potentially related to hurricane activity is clirmathange.

Global warming is among the most controversiatsiafic topics today. The
concentration of greenhouse gases such as carboidel(CQ), methane, and others,
have increased over the past century due the g@hemic sources. Many studies argue
that higher levels of greenhouse gases have irentedhs number of extreme weather
events and have changed earth’s climate (Emand@s)2Global Circulation Models
(GCMs), working with a doubling of C{bver the next 50 years, forecast an increase in
the global sea surface temperature (SST) (Anthak,&006). The models show a 20%
increase in precipitation because of warmer sdacitemperature (SST), perhaps
related to tropical activity (Knutson et al., 2008pwever, some scientists are
unconvinced that all recent climate change hadtezstrom anthropogenic effects. They
even suggest that the observed climate change imégtite result of natural causes
(Landsea et al., 1999, Pielke et al., 2005, Gre@62 TCs play an important role in the
U.S. climate. Keim (1999) noted that most of thegP&atest storms recorded in the
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southern U.S. were related with TC. In additioarlket al. (2005) confirmed that TCs
show a great contribution in the annual preciptain southeast costal zone.
Henderson-Sellers et al. (1998) highlighted a lafcknderstanding of the
processes accountable for developing TCs, in aidit inconsistent GCM results. They
suggest two approaches to forecasting TC frequignayvorld greenhouse-induced.
These approaches include predicting how environaheapacity sustaining TCs may
change, and predicting how frequency and strenfgihitating disturbance may change.
Impacts of global warming in TC activity is not therpose of this research.
However, these empirical any possible change engity or/and frequency of TCs will
affect the TC rainfall contribution over the UnB¢ates.
The focus of this research is the investigationwrall TC rainfall seasonal
contribution in the United States.
Specific objectives are:
* Investigate the overall TC rainfall monthly and s@aal contribution in the U.S.,
comparing results with previous studies.
» Investigate possible relationships between TC adliahd climate indices such as
ENSO and AMO.
* Assess impacts of ENSO and AMO with the number@$ @ays in two periods

(1931-1960, 1961-2007), the geographical varigbditmajor storms, and TC
rainfall trends during 1960-2007 and its correlatrath ENSO and AMO.

The second objective of the research was to irgagstthe relationship
between tropical cyclone rainfall volume and theNiEio Southern Oscillation and the
Atlantic Multidecadal Oscillation. This objectiveas aimed at providing important
information regarding how those climate phenomesr@ncorrelated with the distribution
of tropical cyclone rainfall over the eastern UNODBSTATES from 1960-2007.
Precipitation trends were analyzed using recomis ff17 Historical Climate Network

stations.



The body of this dissertation consists of thre¢ises (Chapters Il to 1V),
each of which represents a paper in preparatiosuibmission to international scientific
journals. As such, each section contains its ownodiuction, methods, results, and
conclusions. A complete list of references is ideld at the end of this dissertation.
Chapter Il focuses on the spatial distributionroptcal cyclone rainfall over the Eastern
United States during hurricane season (June-Novgrfroen 1960-2007. Chapter Il and
Chapter IV addresses tropical cyclone rainfall, easdorrelations with major climate
teleconnections. Chapter Il analyzes the over@lirdinfall seasonal contribution in the
United States, investigates possible relationshifis climate indices such as ENSO and
AMO, and identifies trends in TC rainfall. Chapteranalyzes the volume accumulated
by TC rainfall over eastern U.S. between 1960 @&@Vand the correlation with ENSO
and AMO. The final chapter (V- Concluding Remanggjvides an overall interpretation
of the research results, as well as outlines thafstance and contribution of the
research presented here. This chapter also bdeflgribes future work, which includes
case studies of individual tropical storms andrthentribution to seasonal rainfall over

the eastern United States.



I CONTRIBUTIONS OF ATLANTIC TROPICAL CYCLONES TO
MONTHLY AND SEASONAL RAINFALL IN THE EASTERN
UNITED STATES -1960-2007

INTRODUCTION

Tropical Cyclones (TCs) are the most devastatingatdiral disasters with
huge economic losses [e.g. Hurricane Katrina, Z0@bAndrew, 1992] and loss of
human life (Blake, Rappaport and Landsea 2007).d&Dse disruptions in tourism,
cripple transportation, cause delays in produdticthe oil and gas industry, damages
properties and business, and disrupts coastal €eosy (Lyons 2004). Extreme rainfall
from TCs also brings additional hazards such axdflogy and mudslides, as well as
compromising the quality of available water sour@@sy 1967). The overall impact of
these hazards on the economy and human life is ofteienced by the size of the
population impacted by the storm. Increasing pdpmriaates in coastal areas over recent
years underscore the magnitude of disastrous caasegs, forcing societies and
governments to reduce social vulnerability to roamies (Landsea, et al. 1999; Elsener
and Kara 1999).

TCs often represent a substantial part of the @mainfall in the southern
United States coastal zones, but show a high thvatcadal variability (Karl, et al.
2005). Nevertheless, TCs contribute significanttyidwide to monthly and seasonal
rainfall (Cry 1967; Lyon and Camargo 2008). In didai to the obvious coastal zone
impacts of hurricanes, there can also be substamipacts far inland. For example,
Emmanuel (2005) pointed out that the highest hanecdeath tolls in the U.S. result from
inland flooding, and a National Hurricane Centedgt(Rappaport 2008), showed that 59%
of United States TC deaths from 1970 to 1999 watsed by freshwater flooding inland.

Similarly, at interior locations, TC rainfall caiidutes to river systems,
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replenishes reservoirs, and boosts groundwatetisgiliddelmann, 2007).
Understanding TC behavior is critical to minimiziagonomic loss through urban
planning and mitigation efforts such as engineel@vges, dams, and buildings (Rodgers,
Adler and Pierce 2001; Middelmann, 2007).

TC RAINFALL DISTRIBUTION

Rain accumulated from a hurricane in a singletlooamay contribute, within
2 or 3 days, 50% to 100% of mean annual precipitatsimpson and Riehl 1981).The
amount of rain at a given place is determined hy factors: a) amount of water vapor in
the air, b) ratio of ascending air in the atmosphey vertical extension of the updraft,
and d) duration of the updraft (Emmanuel 2005). &ftheless, the rate of TC
precipitation diminishes dramatically after landiféifter landfall, TC rainfall is locally
modulated by geographic features, especially maum{&impson and Riehl 1981;Hart
and Evans 2001;Emmanuel 2005).

TC forward velocity directly affects the amountrainfall more than TC
intensity. Larger storms with a slow forward vetgdend to produce the most rainfall at
any given location (Emmanuel 2005).Tropical storlau@ette in 1979 is an example of a
weak storm; however, it produced local rainfathaunts of 30 + inches over Texas and
Louisiana, and 43 inches west of Alvin, TX (Rapp#2008). Another example of a
weak, slow moving storm with heavy rainfall is trogd storm Alison in 2001, which
produced 36.99 inches at the Port of Houston (Raqupa2008).

STATEMENT OF PROBLEM

George Cry (1967), in his pioneering study aboatdabntribution of rainfall
associated with TC to annual precipitation, foumat from 100 miles to 300 miles inland,
10-15% of the precipitation was associated with T&enson (2006) found a similar
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pattern of TC rainfall contribution between 195@ &904; coastal regions received 8-16%
and near-coastal regions 4-12%. Gleason’s anakisidar to Cry, pointed out that the
strongest TC contribution to monthly rainfall ocad between August and October, but
with regional variations in that contribution. Tamount of precipitation related to
tropical storms and hurricanes varies not onlyiapgtbut varies greatly by decade and
represents a substantial part of the annual ptatigm in the Southeast coastal zone
(Karl, et al. 2005). Recent work by Knight and Ba{2007) also found similar results to
Cry. In addition, Knight and Davis showed that togprainfall increased over much of
the study region from 1980 to 2004.

Even thou the cited studies showed close reshktg,have a different period,
number of stations, and methods. In addition, tBdanferannual and interdecadal
variability could affect the TC rainfall contribot regionally. A lager number of reliable
weather stations (USHCN), long period (48 yeansyl, @ robust methodology to classify
TC rainfall were used to identify the TC rainfatirtribution over eastern United States.

The objectives of this study are to:

1. Develop a climatology of TC affecting the Unitectss from 1960-2007,

2. Compare the storm track density between Cry (196at)ging from 1931-1960, and
the more recent period 1960-2007,

3. Determine the TC rainfall contribution to the tatainfall by month and season (June
to November) from 1960 to 2007 with a denser raingg network than that
implemented in Cry (1967), and Knight and Davi€(?2).

DATA AND METHODS

This research implemented data from the HURDAT sktancludinghe
track and the intensity of each storm from 193172@@rniven et al.1984The year

1931 serves as the starting point because Cry&7)1®ork also began at the same time

and this allowed for direct comparison with lateipé. Hurricane season in the Atlantic
7



basin officially begins in June and extends throNiglivember (Landsea, et al. 1999),
though there are some outliers. TC frequency irAtitentic Basin shows that 97.5% of
all storms occurred from June 1 to November 30s Tésult is based on the National
Hurricane Center dataset (Historical Hurricane Ksdcom 1851-2007), and can be
downloaded from the NHC web page (http://maps.ce@rgov/hurricanes/download.jsp).
As a result, this study will only focus on stornexorring during hurricane season from 1
June to 30 November.

Tracks were included as long as the HURDAT datamsentained it as
“tropical,” as many TC transform into extratropisgistems after making landfall (Keim
et al. 2004). Once a storm becomes extratrogizalgdynamics within the storm change,
hence the rain produced is no longer consideregital”. For that reason, tropical
storms after becoming extratropical or subtropsyatems were excluded from the
analysis, resulting in 220 storms left for thisdstu

Rainfall was divided into two subsets: one with #tcumulated TC daily
rainfall for each month, called Tropical RainfallR), and the other, the difference
between TR and the monthly precipitation, callechNwoopical Rainfall (NTR), as
performed by Cry (1967). As noted, once a stornobess extratropical, it is classified as
NTR. In addition, rainfall produced by subtropistdrms is also classified as NTR.

Previous research provides some guidance regattungjze of the rainfall
swath produced by TC. For example, Cry (1967) aersd rainfall to be tropical within
the limits of the TC circulation ranging from und0 kilometers to over 800 kilometers,
depending on each storm’s characteristics. Radviauarthur (1994) placed a grid over
each storm and determined the rainfall within egwth cell. Gleason (2006) used a
simple partition method to consider rainfall asatedl with TCs, considering any rainfall
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<600 km from the center of the storm as tropicaifed.

Due to the asymmetrical structure of TC, rainghlields cannot be represented
by a circle (Matyas, 2007). However, Englehart Boodiglas (2001) found that in 90% of
cases the TC'’s rainfall occurs within 600 km frdme tenter, and they used a 550 km
radius from the center of each storm to assigrasarfveather stations as receiving TC-
derived rainfall data. Knight and Davis (2007)dxhsheir study on all rainfall data
associated with the tropical storm, even after beng extratropical or associating with a
frontal system. This approach could have overeséichthe contribution of TC rainfall in
the monthly totals. In this study, a conservatigpraach was used in considering tropical
rainfall related to the distance of the center Gf TUsing guidance from these previous
efforts, a buffer of a 500 km (310 miles) radiuateeed on each storm was used to select
the area affected by the tropical precipitation. gr€cipitation was to be assumed
symmetric around the storm center (Larson, e2@D5). The 500-km criterion is an
operational definition to reduce the influencestbfer meteorological systems such as
approaching extratropical cyclones

Rainfall data are extracted from monthly raintdkervations from the
United States Historical Climatology Network Montlirecipitation and Temperature
Data USHCN (Williams et al., 2007). This datasettams 1221 high-quality stations
from the U.S. Cooperative Observing Network witthie 48 contiguous United States,
and has undergone extensive quality assurance £laackincludes only the most reliable
and unbiased long-term records. Daily precipitat\@s obtained for the same stations
through the Southern Regional Climate Center (SR&pJied Climate Information
System (ACIS). TC-related precipitation was consdeany precipitation produced by
hurricanes and tropical storms for all storms mgkandfall in the Eastern U.S., and for
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all storms that were within an offshore distanc®@d km. No subtropical systems were
considered as denoted by the National HurricangeC€NHC) in the best-track dataset.
All weather stations were plotted by month angdptid by the storm’s buffer
region using ArcMap 9.2. Figure 1 provides anneple of the clipped stations that fell
under the 500 km buffer. Figure 1a shows the phthuoricane Camille in 1969 with the
tropical buffer area as well as the stations withia area, and the storm classification
(Saffir-Simpson). Figure 1b represents the 50(kiffer for all storms used to select 34
states used in this study, which includes 717 USH@ons. However, despite the fact
that the states of New Mexico, Colorado, and Netaavere within the storm buffer,
they were not included on this study because Tifakicontribution are less than 1% of

the total precipitation.

Excel was used to calculate basic descriptivessitas. ArcMap was used to
display those stations and to perform spatial a®asly The simple Kriging quartile tool
was used to create an interpolated surface (Chagnidrornes, 2003). Kriging was
chosen as the interpolation method because itressigre influence to the nearest data
points in the interpolation of values for unknowagations and generally creates smooth
patterns, with fewer bull-eyes than many otherrpatation methods (Anderson 2001).
Line density is an ArcMap tool used to calculate density of linear features in the
neighborhood of each output raster cell. Densitaisulated in units of length per unit of
area. Using the NHC best track data (location aohsintensity at 6-hour intervals), the
track density (TD) was computed for each month.Wd3 obtained using ArcGis 9.2
spatial analysis tool: line density, with a cedlesof 0.2° x 0.2° lat/long. Some researchers
have used 0.5° x 0.5° lat/long grid in storm trdeksity analyses (Lyon & Camargo,
2008), however, the cell size of 0.2° x 0.2° latgavas chosen to capture a higher
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resolution in storm track variability The TD wasdgo compare changes in monthly

tracks from 1931-1960 (the period analyzed by @B6{7) ) and from 1960-2007.

Hurricane Camille - 1969 - a p . b

TC Classification
O Ts

. A \ @
ST Y ok [N
5 ' @ H5 <

Y 2 ; el

Figure 1 : (a) Hurricane Camille track (solid lineith the 5

00 Km buffer (shadow area).
Dark dots represent the stations under the TClraidfer, and the light dots represent
stations in the study not affected by Camille;Bojffer of all storm 500 km from 1960-
2007 (red area). Dark dots represent the 717 stabieluded in this study.

RESULTS

Tropical Cyclones Affecting the United States

Figure 2 shows a time series of storm counts 1860 to 2007, a period that
averaged 10.4 named storms per year, higher tlea®.8found by Landsea et al. (1999)
from 1950 through 1990. Webster (2005), using tseees for all basins from 1970 to
2004, found no trend in hurricane frequency, thokigjure 2 does show an increase in
storms counts beginning in the mid-1990s. The jigar moving average has a positive
trend after 1995, and the Kendall tau b test shoavedsitive trend (p=0.01) in the total
number of TC. However, individually any TC clas$(Tat 1, Cat2...etc.) showed a
statistically significant trend.

Figure 3 shows the frequency of landfalling stosusimed as storms either
making landfall or coming within 500 km of Unitedaes coast from 1960-2007. The
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study period shows a total of 220 storms - an ayeedd 4.6 storms per year. Similar as
found in Figure 2, the 5-year moving average shassitive trend after 1990, however,
no trend was found in the time series, based ord&étau b.

The period of 1960-2007 had 287 hurricanes andr@fical storms; however,
only 50 hurricanes and 104 tropical storms havdfldh as defined by the National
Hurricane Center, in the eastern U.S. between dodéNovember (Table 1). In addition,
76 TCs were included in this study that trackedimithe 500 km threshold to shore
bringing the total number of storms included irsteiudy to 220. The study period
displays annual variability of hurricanes and togpicyclones, whereby in August and

September 62% of all hurricane and tropical standfalls in the U.S. took place.

Storm Day
Storm days (SDs) are defined as the total numbéays that a TC center

either crossed or came within 500 km of the colt@United States (only Atlantic
Basin storms). A single storm day can have maaa tine storm affecting the U.S. at the
same time. Figure 4 shows the number of SD by. yidgee moving average shows a
negative trend from the 1970s to the early 199@sagpositive trend after that. The year
2005 had 43 SDs and 1985 had 31 SDs, with an avefa3.7 SDs per year. Figure 5
shows the monthly percentage of SDs, with Septeiméeng the highest seasonal

percentage at 45%.

Storm Track Density

The shaded areas in Figure 6 represent the mgtdensity. Density is
calculated in units of length per unit of area. Teéault unit of area is one square map
unit. Thus, the units of line density are map upés square map unit, or 1/map units.
Density is in meters (of line length) per squardanéSilverman, 1986

12



20

25

20

mH5
Ha
1s

=H3
-H2
=H1
=TS

10

1960 1963 1966 1969 1972 1975 1978 1981 1984 1987 1990 1993 1996 1999 2002 2005

Figure 2: Annual number of named tropical stormerdkie Atlantic basin for the period
of reliable record from 1960 to 2007. The five-yaamning mean (solid line) is
superimposed on the time series.
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Figure 3: Annual number of storms within 500 knrmfirthe U.S. coast from 1960 to
2007.The 5-year running mean (solid line) is suppdsed on the time series.
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Table 1: Frequency of hurricanes and Tropical ssdoetween 1960 and 2007 in the
Atlantic basin.

All Storms U.S. Landfall
TS/TD H1 H2 H3 H4 H5 Total TS/TD H1I H2 H3 H4 H5 Total
JUN 23 6 1 30 JUN 16 1 17
JUL 26 16 3 4 1 2 52 JUL 12 2 14
AUG 58 26 14 16 15 8 137 AUG 27 7 3 3 1 41
SEP 66 36 21 23 23 9 178 SEP 35 12 10 1 1 1 60
OCT 37 25 10 5 3 3 83 OoCT 10 4 1 2 17
NOV 9 13 2 1 1 26 NOV 4 1 5
Total 219 122 50 50 43 22 506 Total 104 27 14 6 2 1 154
45
= 5-year moving avg
30 ] —
2 - -
(=]
- 1N
’ 15 .__\ ’3‘ | = _f’>‘{’ B —
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LR st oA
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Figure 4: Storm days from 1960 to 2007 and 5- yeaving average (bold line)
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Figure 5: Monthly percentage of storms days frof&Qt2007

* June
Storm track density showed regions with high valimethe Gulf of Mexico
(Figure 6). The average of June tropical stormsypar during the period 1960-2007 was
0.45 storms, close to Cry’s 0.56 storms for 193@@19Tropical storms represent 70% of
all storms, minor hurricanes 18%, and major stat@% during that 1931-1960 period.
June had 53 SDs with an average of 1.8 SDs per V€arin June during 1960-2007
were characterized by a two storm track regions,inTexas, and another from East
Florida to South Georgia and the Carolinas. Jur968 had three storms and 1986 had
two storms, and 19 years had only one storm. Tebgitorms (TS and TD) represent 69%
of all storms, minor hurricanes 26%, and major ilcarres 5%. The study period showed
54 SDs with an average of 1.1 SDs per year.
o July
Storm track density in during 1931-1960 showed tegions one in Texas and
Louisiana coast and another high density alongthéh Carolina coast. The July storm
year average, from1960-2007, was 0.46 storms @t gmaller to Cry’s 0.63 storms per
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year for 1931-1960 period. The number of SDs hartkased 12% relative to June.
Tropical storms in this period represented 84%lladtarms and minor hurricanes (16%).
July storm tracks showed four high-density regiams in the Gulf of Mexico, one over
Alabama, and two on the Carolina coast (Figur®@ying 1960-2007 period tropical
storms represented 59% of all storms, minor hungsg32%) and major hurricanes
(9%). In July 23% of the years (1960-2007) had ®@eand 8% had more than one. In
2005, a record of 5 storms occurred. The later@2®)7) period had storms travelling
further inland compared with the earlier period319.960).
* August
Figure 6 shows two high-density regions in themttracks, one in the Gulf of
Mexico and another on the Carolinas’ coast. Theberof SDs rose to 193 with an
average of 5.8 SDs per yeAugust exhibited an average of 1.4 U.S. landfalstmms
per year during 1931-1960. The year of 1933 wagrthst active with four storms per
year. This period was characterized by a higherber of tropical storms (53%),
followed by category 1 and 2 hurricanes in SFHS4B3and major hurricanes with 14%.
The density tracks (Figure 6) during the perio8@2007 were concentrated in
eastern Florida and from South Carolina to Virgifiiae track density during Cry’s study
moved from the Gulf of Mexico to the East Coastimiyithe second period. August
shows an overall average of 1.2 storms per yeagrlcompared to Cry’s period. The
year of 2004 had the most TC frequency with 5 ssottowever, thirteen years had no
storms make landfall at all, even using the 500flam the coast criteria. TS represent
48% of all storms, minor hurricanes (29%), and mbjaricanes (22%). The number of
SD in August jumped to 163, however with an avemr@fgg4, lower than Cry’s study
(5.8).
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» November

November is the lowest TC activity month with arei@ge of 0.3 storms per
year during 1931-1960. Only 8 storms were repane?D years, and that could be result
of the observation system in that period, as pdiotg by Landsea (1999). TS
represented 75% of all storms, minor hurricanes,1&% Major hurricanes 13%. This
month has the lowest SDs with only 21 SDs and @&nae of 0.7 storms days per year.

The TC track density showed a shift closer to shlimtween Cry’s study
(1931-1960) and the period of 1960-2007 (FigureTlG)s period showed an average of
0.2 storms per year, lower than Cry’s. Only terrgded one storm, and 38 years with no
storm landfalls. TSs represents 60%, minor hunesa20%, and major hurricanes 20%.
The number of storm days in November is the lowéste hurricane season (June —
November). The total is 24 SDs and an averageso$torms days per year, where 1994

was the maximum year with six SDs.

Percentage of Tropical Rainfall Contribution

The percentage of tropical rainfall related t@tohonthly precipitation was
determined. To compare results in this study to (@®67), procedures used here were
applied to the period 1931-1960; any storm withB08 km distance of the coast was
counted. That procedure will produce in some moathggher number of storms than
Cry computed. Cry’s results were published befoeebdrt Saffir and Robert Simpson
developed their Saffir-Simpson Hurricane Scale HSKBlake, Rappaport and Landsea
2007). However, the Saffir-Simpson scale was adpbeCry’s study of storms to

compare to more recent studies.
e June

June shows that the maximum average rainfall sdouthe Florida .
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Figure 6: Storm track
density was calculated for
a cell size 0f 0.2° x 0.2°
latitude/longitude, and
shows the density of linear
features in the
neighborhood of each
output raster cell. Each
month during the Atlantic
hurricane season (June to
November) is displayed for
two study periods. The left
column displays TDs
during Cry’s (1967)1931-
1960 study period. The
shaded blue regions
represent the highest line
density. The right column
represents the TDs during
1960-2007 study period.
Shaded red regions
represent the highest line
density
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Panhandle and southern Louisiana (20 to 30 cm)Té&hdhinfall in Florida and along the
Texas coast at 1.5 to 2.0 cm per year (FigajeVWest Texas receives the least rainfall
(tropical and non-tropical). The tropical rainfallerage showed two maximum regions,
one on the Texas coast and the other at Floridé&santh Georgia (Figure 7b). The
maximum percentage of TC rainfall was found onThgras coast, north Florida and
South Georgia at 9-12% (Figure 9- June). That pigftentage is related to the lower
non-tropical rainfall in those regions. The geodpiapl pattern agrees with Cry’s findings,
however, the 1960-2007 analysis showed a perceonfag®% east of the Appalachians,
higher than Cry (1967) and Knight and Davis (200 RHat difference may be related to
variations in the study periods, as well as valitgtin the number of storms between the
study periods.
o July

The total rainfall average shows that the GulMeixico Coast received the
maximum values followed by the Atlantic Coast, diekas the least amount of rainfall
(Figure 7c). The average TC rainfall shows a maxmvalue (1.5 to 2.0 cm) from east
Louisiana, South Mississippi, South Alabama andtWé&sida (Figure 7d). The
maximum TC percentages (Figure 9 — July) show enefgom the Gulf crossing
Georgia, the Carolinas, and extending down to Mamssetts (6-9%); these are roughly
the same values found by Knight and Davis (2007)

* August

Florida receives the maximum precipitation from iiG\ugust with 20 to 25
cm, while southern Louisiana receives 20 cm onaye(Figure 7e). Texas is tregion
with the least precipitation (5cm); however, thastareceives more than 10 cm. Tropical
rainfall showed a maximum value in the Florida Rardle and in N. Carolina (3.9cm).
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Figure 7: June to August monthly rainfall averagd &C monthly rainfall average
from 1960-2007. Each month shows the storm buégion (light blue line). Left

column represents the seasonal rainfall average¢hendght column the TC seasonal
rainfall average.
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TC rainfall decreases rapidly inland, but terraattires could intensify rainfall, such as
that shown in the Appalachians in the Carolinagfe 7f). TC average percentage
(Figure 9 - August) presents three regions withertban 12%: 1) South Carolina and
Eastern North Carolina, 2) Southern Florida, an8@)thern Texas, where the maximum
percentages are found in Texas (Corpus ChristiFaitfdrrias) with 22%. Most of the
study region receives between 9 to 12%. The patbenmd in the 1960-2007 period
showed some general similarity with Cry’s resuttewever, Cry (1967) found a
maximum region in South Texas 30% tropical rainfalhugust, whereby this study has
it at 15%. Differences in both studies can be arplhiby the storm tracks in Cry’s study,
methodology, and monthly rainfall (dry or wet se@&so These results compared to
Knight and Davis showed similar values only in $@ubh Texas. The maximum
percentage in the North Carolina coast (>24%) fdun#&night and Davis can be
explained by the number of stations on their st{@dystation) compared this study (717
stations), and the TC frequency in both studies r@sult of the time period (25 years on
their period versus 48 years on this study).

» September

Monthly rainfall averages shows that the Floridafrandle receives the

maximum with more than 20 cm (Figure 8a). Rairfl@itreases rapidly inland with
values higher than 15 cm on the coast (from Texa&rginia) to less than 5cm in
western Kansas and western Oklahoma. TC rainfellzaye has higher values on the
coast (3 to 6 cm), decreasing rapidly inland ts kasan 1cm. Coastal North Carolina
shows a maximum value of 7.6 cm. Local and regito@bgraphic features could alter
the TC rainfall values. Most of the higher TC railhfs found east of the Appalachians
(Figure 8b). September shows two regions thatvedhae largest TC rainfall
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contribution; one in south Alabama with 30-32%, #mel other in North Carolina and
Virginia with 30-34% (Figure 9 -September). Thessults were similar in pattern to
Cry’s findings; however, there are some discrepnii values. Cry found 45% from the
Virginia coast to coastal New Jersey, whereby tesdre show less than 35%. Overall,
the period of 1960-2007 presented higher TC rdintaitributions as compared to the
Cry and Knight and Davis studies. The study pehiad an average of 1.5 storms per
year; smaller than during Cry’s study, which ha@l storms per year. TC frequency has a
maximum of 5 storms in 2002, 4 storms in 1971 &@@B] and 14 years with no storm
landfalls.
* October

During October, the maximum rainfall average wasfl in South Florida,
followed by Eastern Texas and Western Louisiangu(féi 8c). The East Coast from
Florida to North Carolina received the maximum antaf TC rainfall (>2cm) followed
by South Louisiana and West Florida (Figure 8dpplcal rainfall percentage has a
maximum value over South Carolina (similar to Cng &night and Davis), decreasing
further inland. East Louisiana shows another higladuwe (15-18%) (Figure 9- October).

Overall, October 1960-2007 showed the greatestctamuin TC rainfall
contribution, when compared to 1931-1960. Knigid Bavis founded a higher value of
15%-18% TC contribution in the South Carolina cpast the period of 1960-2007 had
21% for the same region.
» November

The maximum rainfall average area is found in Mg#¥#20cm), however; North.
Louisiana and West Mississippi has the second Biglaénfall (>15 cm) (Figure 7e).
Rainfall was altered by frontal systems or geogi@fgatures other than tropical systems.
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Figure 8: September to November monthly rainfairage and TC monthly rainfall
average from 1960-2007. Each month shows the dtaffar region (light blue line).

Left column represents the seasonal rainfall aweeal the right column the TC
seasonal rainfall average.
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Tropical systems produced more rainfall in SouttriBa (Figure 8f). The maximum

percentage is 9-12%, which is close to the valuaded by Knight and Davis (2007).

TC Seasonal Rainfall Distribution

Seasonal rainfall (tropical and non-tropical) sedouth Florida with the
largest value (>120 cm), followed by the Gulf of M and the coast of North Carolina
(Figure 10-a). West Texas and West Oklahoma heinéatl totals lower than 50cm.
Generally, rainfall totals diminished further inthrhowever, local features such as
mountains could locally increase the amount asés ®n the border of Georgia,
Tennessee, and North Carolina. TC rainfall maxinmaeurs in the Florida Panhandle,
followed by Louisiana and North Carolina (Figured)l The TC percentage has a
different pattern compared with the TC rainfall elinaximum value is found in south
Texas and the coast of North Carolina (14-16 cmg,iadecreases when moving inland
and northward away from the rainfall source (Figltea). These results are similar to
Cry’s findings, however, the period of 1960-200%sessed higher TC rainfall
contribution inland than during the 1931-1960 perieor example from the Texas
Panhandle to western Kansas were values higher&btuof TC contribution are shown ,
suggesting that storms were traveling furthemdlduring the 1931-1960 period (Figure
11-b).

TC Rainfall Contribution Comparison

Figure 12 (a-c) shows the Cry (1967) TC rainfaki@ge contribution (August-
October). He combined TC rainfall average of Jush &y on his study and did not
considered November TC rainfall. Cry approachesitmgeate some differences
compare with this study, and for that, only Augias©ctober will be used to comparison
between both studies.
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* August
This month showed that TC rainfall had higher cbation over coastal
stations during 1931-1960 compared with 1960-20£bd. South Texas had 30% of
TC rainfall during the fist period and 15% duritnge tsecond period. However, during
1960-2007 TC rainfall showed higher inland conttidw, with the 10% isoline crossing
Kentucky, western Mississippi, north Texas, andaB&ina (Figure 9). Several regions
presented similar TC rainfall contribution duringth study periods: Alabama and
Florida Panhandle with 10%, south Florida with 1@¥d North Caroline with higher
than 12%.
» September
Similar to August, September showed higher TC dlicontribution on the
coastal USA stations during Cry’s period, and highkand TC rainfall contribution
during 1960-2007 (Figure 9). New Jersey receivedb 45 TC rainfall during 1931-1960
and less than 30% during 1960-2007. The 20% TQalhisoline showed the same
pattern in both study periods from Maine, passiagt ef The Appalachians, to Louisiana.
During 1960-2007, the states of Texas, OklahomkaiAgas, Tennessee, Kentucky, and
from Indiana to west of New York received more Hihfall contribution compared with
1931-1960.
* October
This moth showed a similar TC rainfall contributipattern during 1931-1960
and 1960-2007.The 10% TC rainfall isoline from Viig to Louisiana showed similar
pattern in both periods. TC rainfall showed higb@ntribution in coastal stations during
the first period, similar as founded in previousnmtis (Figure 12c). However, the north
states of the Appalachian region received moredidfall contribution during 1931-
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1960 compared with 1960-2007.

Seasonal

Cry (1967) analyzed the TC rainfall contributiontihe eastern United States
from June to November (1931-1960) (Figure 12d). Tbhastal Plain region received in
average 10%-15% of TC rainfall in both study pesicahd the Appalachians, east of the
Interior Lowlands, and south of the Great Plairceiees less than 5%. Seasonally, TC
rainfall contribution presented the same pattemingul931-1960 (Figure 12d) and 1960-
2007 (Figure 11b) periods.

SUMMARY AND DISCUSSION

The average of TC rainfall in the U.S. changes ic@mably from month to month and it
is regulated by each storm’s track, intensity asevérd movement.

The following bullets are a summary of the findings

* November receives the least amount of TC rainfiedls than 1cm across the study
region (Figure 8f).

» September shows the maximum amount on average, i North Carolina
(Figure 8b).

* Florida receives the maximum amount of TC rainfath 14-16 cm (June to
November)

* June has the maximum TC rainfall percentages ira3 €x5-18%), South
Georgia, and Florida.

* North Carolina, Virginia, and South Alabama pregseote than 30% of TC
rainfall contribution in September

* In July, the maximum is positioned over west Flanwth 9-12%.
* TC rainfall percentages change geographically fdome to November.

* Georgia and South Carolina have more than 18% bmai& has 9-12% in
October

» TC rainfall contributes less than 3% in the majoat the region November.

* Seasonally (June to November), South Texas andradsbrth Carolina receive
the maximum TC rainfall contribution (14-16%).
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After September, the number of storms begins toedese and fewer storms
produce inland rainfall. In., a similar result fauby Cry (1967). The percent is high in
Texas because total non-tropical rainfall is lowNorth Carolina, however, the
percentage is high because it is most tropicallivaportion of the U.S. Gulf and East

Coasts (Keim et al., 2006).

TC rainfall and its contribution to the monthlyabduring 1960-2007
showed a similar geographic distribution as foup@by (1967) and Knight and Davis
(2007), even though the total number of SD had sdifferences between 1931-1960

and 1961-2007.
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Figure 9: June to November monthly TC rainfall petage from 1960-2007.
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Figure 10: Total rainfall June-November (a) and Noapical (b), from 1960-2007

Figure 11: Annual TC rainfall average (a) and athawvarage percentage (b), from 1960-

2007.
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Figure 12 : Tropical cyclone rainfall average cimition from 1931-1960 by Cry (1967).
Figures a, b, and c represents the months Augepte®ber, and August. Figure d
represents the seasonal TC rainfall average caoiitib(June to October).
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Il CHARACTERISTICS OF TROPICAL CYCLONE RAINFALL
OVER THE EASTERN UNITED STATES

INTRODUCTION

Tropical cyclones (TCs) are the most devastatintatural disasters. They are
responsible for causing huge economic losses ligicane Katrina] and loss of human
life (Blake et al., 2007). TCs are generally thlouof as storms with coastal impacts,
e.g., high winds and surge, but they can also breayy rainfall much further inland. TC
rainfall can often produce flooding and mudslidag, that rain can be beneficial to
regions experiencing drought. TC velocity direetffects the amount of rainfall more
than TC intensity. Larger storms with a slow fordiaelocity have a tendency to produce
the most rainfall at a given location (Emmanuel200ropical Storm Claudette in 1979
is an example of this type of weak storm; howeitgaroduced several local rainfall
amounts totaling over 76 cm over Texas and Lougiand 109 cm west of Alvin, TX
(Rappaport 2008). Rainfall associated with TC ceered hundreds of kilometers from

the center of the storm and these systems intetiitbther meteorological phenomenon.

Tropical cyclone activity in the North Atlantic periences great variability
from the intra-annual, the interannual (El Nino-8@un Oscillation), and the
interdecadal (Atlantic Sea Surface TemperatureTl-) 8escales (Keim and Robbins
2006, Gray 2006, Landsea, et al. 1999,). TC seéigoizaassociated with the seasonal
cycle of SST, peaking late summer and late autlandsea et al. (1999) point out that
the discrepancy between interannual and interdédaiactivity with the SST in the
North Atlantic Basin may be explained by the int&iens of the SSTs with other
environmental controls such as El Nifio Southernillason (ENSO). For example, El
Nifio reduces TC activity through an anomalous iaseein upper tropospheric westerly
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winds over the Caribbean basin and the equatotlahfic (Gray, 1984). Those
anomalous winds increase the tropospheric venigad shear creating an unfavorable
environment for TC development and maintenance.yMéundies have identified an
empirical relationship between SST and TC actiwibere a warmer SST enhances
development of TC (Shapiro and Goldenberg, 1998 Mwolinari and Mestas-Nufiez,
2003). Various studies investigated the potentface of long-term global warming on
the Atlantic SSTs and the correlation with the nemdnd strength of TC. However,
Goldenberg et al. (2001) pointed out that thosdistuwere inconclusive and explained
that multidecadal-scale TC variability is greateart the possible small increase in SST
by global warming. This study analyzes TC rainiialthe United States and its possible
relationship with climate teleconnections such BIS8 and AMO. It will also identify

trends in the amount of TC rainfall between 1966 2007.

DATA

Monthly precipitation data used in this study web¢ained from 717 stations
in the U.S. Historical Climatology Network (USHCNyetween 1960 and 2007. These
station falls within the states that were selettesked on the storm track transition from
tropical storm to tropical depression, defined liy National Hurricane Center. Previous
studies showed that TC rainfall contribution islésan 1% in west of Minnesota and
lowa, and north of Kansas(Cry, 1967, Knight and iBa2007).

Figure 13 shows the spatial distribution of thaatians. Daily precipitation was
obtained for the same stations through the SoutRegional Climate Center (SRCC)
Applied Climate

Information System (ACIS) to update the USHCN deités 2007. TC-related

precipitation was considered any precipitation picai by hurricanes and tropical storms
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with or without landfall within an offshore distasmof 500 km. No subtropical or
extratropical systems were considered in this aglas defined by the National
Hurricane Center (NHC) in the Hurricane DatabasgRIBAT). The rainfall dataset was
divided into two subsets; one called Tropical RalinfTR) with the accumulated TC
daily rainfall for each month and the other caldmh-Tropical Rainfall (NTR) with the

difference between TR and monthly precipitationpagormed by Cry (1967).

7

Figure 13: Study region and U.S. HCN stations.

The ENSO monthly SST anomalies used in this stuelg obtained from the
Nifio 3.4 region (5°N-5°S, 170°W-120°W) from ther@dite Prediction Center (CPC),
based on threshold of 0.3°C as suggested by Tren{d&97). A more detailed
description of the Nifio 3.4 index can be found at
http://www.cpc.ncep.noaa.gov/data/indices/. The&SBENndex is identified using 6-

month (June to November) averages of SST anom&lid¢d¢ino was defined when the

SST anomaly average was greater than 0.3°C and\iflsavhen the SST anomaly

33



average was at least 0.3°C below average. Figushdws the ENSO 3.4 SST anomaly
time series and the ENSO phases (cold, warm, amtdahe

AMO was named by Kerr (2000), and it is and indéNorth Atlantic sea
surface temperatures between 0°-60° N latitude7astland 75° W longitude. The AMO
phase impacts weather patterns such as rainfalieed flows over the continental U.S.
(Enfield et al., 2001) and is linked to the Atlantiurricane activity (Gray, 1990, Landsea
et al., 1999, Goldenberg et al., 2001). The AMCaglat was obtained from the National
Oceanic and Atmospheric Administration (NOAA) Ea8tyistem Research
Laboratory/Physical Science Laboratory. The datesete downloaded from the
NOAA web site (http://www.cdc.noaa.gov/Timeseridg®/). Note that AMO were

averaged by the twelve months (January-Decemberpalies values.
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Figure 14: Pacific Nino 3-4 region SST anomalied e JMA ENSO phases (Red for
positive; white for negative; and black for neutk@sed on 0.3°C thresholds.

METHODS

This study frames the definition of TC rainfalldea on the general question:
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what distance from the center of a TC can obseradiall be accurately associated with
that storm? Previous researchers investigateditbthsof rain produced by a TC using
different methods. Cry (1967) considered TC ralrttabe within the limits of the
circulation ranging from under 100 kilometers t@o800 kilometers. Rao and
Macarthur (1994) placed a grid over each stormdatdrmined the rainfall within each
grid cell. Gleason (2006) used a simple partitiethod to consider rainfall associated
with TCs. His definition considered any rainfalltiiin distances less than or equal to 600
km from the center of the storm as tropical cycloaiafall. Separating rainfall into
tropical and non-tropical cyclone components is@lenging task. TCs can produce
rainfall for hundreds of kilometers from their cerst (Larson, Zhou and Higgins 2005).
Cerveny and Newman (2000) pointed out that theadliisear relationship between TC
intensity and the amount of precipitation. Howevkere is no direct correlation between

TC intensity, size, and strength.

Due to the asymmetrical structure and interactioitis other weather systems,
TC rainfall shields cannot be represented by deciddatyas 2007). However, in 90% of
cases, TC'’s rainfall occurs within 600 km from tdemter (Englehart and Douglas, 2001).
TC rainfall can be studied based on all rainfatbdessociated with the tropical storm,
even after becoming extratropical or associatingy wifrontal system (Knight and Davis,
2007). However, this approach would overestimagectimtribution of TC rainfall. This
study used a radius of a 500 km (310 miles) cedtereeach storm track, based on the
HURDAT dataset, to include the weather stations daita; the TC precipitation was
assumed to be symmetric around the storm centasted by Larson, et al. (2005). The
usual concept that a TC eye must move inland eca# coastal area is inadequate and
could be misleading regarding impacts of TC. Is gtudy, any TC system within 500
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km of the coast was included as a system capalgeodficing inland rainfall and
therefore was defined as a landfalling storm. Thigrion could be too large for some
storms, but will only affect the number of stornmelanot the amount of rainfall. The 500-
km criterion is an operational definition to redube influences of other meteorological
systems. ArcMap 9.2 was used to plot and displayedther stations by year, subset
those stations by the storms buffer region, antbparspatial analyses.

A simple Kriging quartile tool was used to createraerpolated TC rainfall
surface (Chapman and Thornes 2003). Kriging i®ehststic technique, similar to
Inverse Distance Weighting —IDW that use linear borations of weight at unknown
points to estimate values to unknown point. Ander@001) comparing three spatial
interpolation methods of the air temperature datmfthe Phoenix Metropolitan area and
found that Kriging produced the best estimatiothefair temperature. Kriging has also
been used effectively to interpolate rainfall d@arls and Dixon, 2008, Miras-Avalos et
al., 2007)

The Lambert Conic Equal Area projection was usethinimize errors in
calculating TCs rainfall areas and volumes. Th& Btep was selecting stations within
500 kilometers from the center of each storm parsiind computing the accumulated
rainfall related to TC. The second step was intatpw the rainfall using simple Kriging,
converting to a raster format, and clipping by stkem buffer area. The total rainfall
volume for a given year was calculated in ArcMap as

{Volume = Pixel Average TC rainfall x Number of Pixels x Buf fer Area }

The volume of rainfall was expressed in%km

Non-parametric Correlations

A correlation measures the linear relationshipvieen variables (Field
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2005). The most widely used method (for the comiptex their calculations, non-
parametric were more complicated than linear catigis, it is not until recently that
computers have overcome with this limitation) talerate linear correlations is the
Pearson product moment correlation coefficienthéligh a linear correlation coefficient
can often give an approximate idea of the strenfjithe relation between the variables
under study, it has a limited resistance and roi@sst, and lacks reliability in the
determination of the level of significance (Hayld2®04). Rank (or Non-parametric)
correlation coefficients can overcome these linateg; normally distributed data is also

not a condition for these techniques.

Kendall's tau-b €) is a non-parametric correlation that measures the
association of the number of concordant and disgdrgairs of observations. A pair of
values is said to be concordant if they vary togetand discordant if the vary
differently. The coefficient ranges between -1 ksamcreasing separately) and +1 (ranks

increasing together).

Teleconnections

TC rainfall is characterized by interannual artéridecadal variability. Those
variations may be related to climate teleconnestgurch as El Nifio Southern Oscillation
and Atlantic Multidecadal Oscillation. In this papenpacts of ENSO and AMO in the
TC rainfall over United States are examined. Lidietbw are seven variables related

with TC rainfalls chosen to test if there are aayrelations with ENSO and AMO:

1) Month_tot - represents the total seasonal (Junesiber)rainfall
(tropical and non-tropical);
2) TC_tot - total TC rainfall,
3) Non_tc tot- total rainfall produced by non-tropisgktems;
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4) Percentage_tc- percentage of TC rainfall of tcaifall;
5) Number of Storms — number of storms affecting thet&rn United States;
6) VOLUME - represents the total rainfall volume prodd by TC;
7) AREA - the area affected by TC threshold.
« ENSO

Henderson-Sellers et al. (1998) pointed out thdlikb events are related to
the seasonal frequency and interannual variatibtrepical cyclone activity.
Furthermore, several studies relate ENSO with tadpiyclone activity (Landsea et al.
1996, Bove et al. 1998, Landsea et al. 1999, PetkkLandsea, 1999, Tonkin et al, 1997,
Enfield et al. 2001, Walsh, 2004, Gray, 2006). i&eind Landsea (1999) pointed out that
during the cold phase ENSO (La Nifa) events, ti&# Experiences a larger number of
TCs and more damage compared to the warm ENSOifig) Whases.
« AMO

The Atlantic Multidecadal Oscillation (AMO) is defd by the SST between
warm and cold phases within a 65-80 year cyclenk¥00). The AMO showed warm
phases from 1860-1880 and 1940-1960 and cold prases 905-1925 and 1970-1994.
A new AMO warm phase started circa 1995 (Enfietdl2001), and continued through
the end of the study period, 2007. The relationbleigveen TC and decadal-scale SSTs
has been studied for decades.
RESULTS AND DISCUSSION

The study period showed an average of 313 stafadrike 717) affected by TC
rainfall per year (Figure 15a), 1990 has lowest benof stations (52), and 1985 with the
highest number of stations (936). The number efcadfd stations showed a slight
positive trend, but was not statistically signifiténstead, it shows a multidecadal
oscillation; affected stations above average froen960s to mid 1970s and after the
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mid 1990s, and affected stations below averagexguaie the 1970s, 1980s and early
1990s. The affected stations showed a high coiwalatith the AMO phase, significant
at the 99% confidence level. The results ttestshow that the affected stations are
related to the AMO phase. The five-year moving agershows two periods with a lower
number of stations affected by TC rainfall: 19782%nd 1987-1994, and a positive
trend after 1995. The number of stations affected@® rainfall per year is directly
related to the number of storms and the travel.tifmvever, averaging the stations
affected by number of TC per year shows a differestilt (Figure 15b); annually
variation but without any significant trend. Thisé series serves as an index of the
annual average spatial extent of the storms thatroed each year. The greater the value,
one can assume that the storms of that year afféentger areas then if this value is
smaller. However, this is not an index for the nemtf storms or the total area of each
year, but rather the average per storm. The averager of affected stations per storm
shows less interannual variability when compareith Wie total number of affected
stations per year. The average per storm decréaédsstations and the maximum
number of stations occurred in 1979 with 121 stetid he five-year moving average
shows an oscillation around the average.

The spatial distribution of annual average TCfedimnd the TC rainfall
contributions in percent over the eastern and sonth.S. from 1960-2007 are shown in
Figure 16. The TC average rainfall over the stuelyqa indicates that southern Florida
receives over 14 cm, the highest amount of raindallaverage in the eastern United
States.

The coastal region extending from Southern Lamigito South Virginia
receives an average of 8-10 centimeters of TCalyjmfowever, western Florida and
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North Carolina’s coasts receive an average of 12m4f TC rainfall (Figure 3a).

The amount of TC rainfall decreases rapidly towdhgsnorthwest. The region from
western Texas, Oklahoma, and Kansas receive leaddhr centimeters of TC rainfall,

on average. These results suggested that the mfalfaiontribution is directly related to
the seasonal total rainfall, the storm path, stioiensity, and other factors such as ENSO

and AMO phase could affect as well (Henderson-g8e#éeal., 1998).
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Figure 15: Number of TC affected stations by yeahe Eastern United States. a) Total
number of affected stations (bars), 48-year avefdgehed line), and 5-year moving
average (bold line); b) Total number of affecteations averaged by the number of
storms per year (bars), 48-year average (dashey] &nd the 5-year moving average
(bold line).

The TC rainfall percentage is directly relatednvihie total rainfall. TC
contributes more than 14% in southern Texas arneémaNorth Carolina from June to
November. However, Texas presents an average ang+8hile North Carolina receives
10-12 cm. The coastal region from Texas to Maieikes more than 8% of TC rainfall.
The TC rainfall contribution decreases northwestixas the total TC rainfall decrease.
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Drier regions such as northern Texas, OklahomaKam$as present a higher percentage

of TC rainfall than the surrounded area, 8-10% Gfrainfall, due to fewer non-tropical

systems (Figure 16b).
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Figure 16: (a) Annual average of TC rainfall, abfiTC rainfall contribution in
percentage from June until November total rair(fe®60-2007).

Total rainfall (TC and non-TC rainfall) accumulgite all stations from June
to November in the study period is shown in Figlifa. Figure 17b represents the
anomalies of the average normalized by the stamdiardtion during the study period,
and overall, the total rainfall exhibit great ygarhriation (2 ¥2 standard deviations). The
time series presents a drier period in the firsbde (1960-1970), and that is related to
the positive phase of the Atlantic Multidecadal iD&tton (AMO), as described by
Enfield, Mestas-Nunez and Trimble (2001). They ttmat AMO warm phase flattened
the 500 Hpa geopotential height ridge-troughs énrtarthern tier, and has opposite effect
in the southern tier over United States. The rédliaféer 1970 was characterized by high
interannual variability, and after 1990, a sequeasfdéve years with values higher than
average followed by five years with values lowartlaverage. Total rainfall has a slight
overall positive trend, and the Kendall's Tau B iedicates this trend is statistically
significant (0.05 significance level), and simitarKarl and Knight (1998) and as

described in the IPCC- Special Report Chapter 8§19
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TC rainfall accumulated by year is directly rethte the number of storms
(based on the 500 km threshold), the duration ofi séorm, and the storm velocity. TC
rainfall time series present interannual variapi{figure 17c). TC rainfall anomalies of
the average normalized by the standard deviatidrtfamfive year moving average are
shown in Figure 17d. During the AMO (-), from tbarly 1970 until the middle 1990s,
TC rainfall was predominantly below average; howe¥885 was the year with
maximum SD (3.6). After 1995, TC rainfall was claesized by an above average
period with the second maximum occurring in 2004e Thoving average showed a
positive trend after the middle 1990s, and the @V&me series shows a slight positive
trend; however, that was not statistically sigrafit

The TC rainfall contribution to the total rainfglfesents a high yearly

variation, from 2.5% in 1978 to 16% in 1985 (Figdi&e). The time series shows a
negative trend during the first half of the studyipd (1960-1984) and a positive trend
during the second half (1985-2007). Overall, ther@i@fall contribution has a slight
positive trend; however, it is not statisticallgsificant.
Figure 17 displays a time series of the anomaltphefannual TC rainfall average volume
for United States and the five-year moving averdde. time series shows an average of
107 kn? and a positive rate of 1.5 Rfgr. Kendall test results indicate that the tremid i
not statistically significant. The TC rainfall casis of interdecadal and interannual
variations, also found by Ren et al. (2006). Feglira shows high yearly oscillation with
a positive trend after 1990s. The volume distrilmushows 16 years with values above
average and 32 years with values below averageaitiag a right skew to the
distribution (Figure 17b). However, 65% of thosangewith positive values occurred
after 1984, indicating that TCs are producing markeime of rainfall lately.
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The maximum of 405.8 kif3.6SD on Figure 17b) occurred in 1985 and thersg:co
highest value occurred in 2005 with 313.7°K&6 SD on Figure 17b). The lowest TC
volume occurred in 1978 with 8.9 RnThe moving average followed the same positive

trend as found in the total TC rainfall.

Comparing TC area (Figure 17¢) with TC rainfallurae shows that there is
no strong correlation. In some years, TCs traveitede distance covering a large area;
however, they did not produce an equivalent amotirdgin. The year 1979 is an example
when TCs covered a large area with a corresporgtiral rainfall volume. After 1995,

TCs are becoming more frequent, producing largermae and affecting larger

El Nifio Southern Oscillation (ENSQO)

Table 3 shows results of th¢estcomparing ENSO phases, positive and
negative, with TC variables. Results show that ¢tdycentage_tc was statistically
significant at the 95% confidence level, hencerthié hypothesis of equal variance is
rejected. However, thietestfor Percentage_tc under positive and negative ENSO
conditions is insignificant. Finally, the 95% caignt intervals include zero, indicating
that the true difference between ENSO phases dmultero (right columns on Table 3).
The variable Number of Storms shows the lowestifsogmt value (Sig= 0.095), higher
than 0.05, and the 95% confidence interval of ifferénce includes zero. Gray (1984)
pointed out that differences in TC frequency betwebISO phases is related to the
storm track, whereby during non-El Nino years, T@ss the Caribbean more frequently.

In conclusion, there is no ENSO impact with the ammf TC rainfall over U.S.

Atlantic Multidecadal Oscillation — AMO

Wendland (1977, p.477) wrote, "Frequency and sitgrof tropical storms are
related to the magnitude and distribution of sefase temperature (SST).” Recently,
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Figure 17: Time series of
seasonal (June to
November) rainfall from
1960-2007, and AMO
phases (dashed lines); (a
Total rainfall and total 5-
year rainfall moving
average (line); (b) Total
rainfall anomalies from
average (bars)
(Average=40257 cm, SD=S
3779cm); (c) TC rainfall
accumulated by year (bar
and 5-year moving
average (line); (d) TC
rainfall anomaly
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Figure 18: Volume and area of TC rainfall from 198M7. (a) TC rainfall volume (bars),
and total 5-year rainfall moving average (bold Jifleverage=103 krf) SD= 89 kn). (b)
TC rainfall volume (bars). (c) Area of TC rainfathomaly accumulated by year and 5-
year moving average (Average="kén?, SD=4.4 x18km?). (d) Area of TC rainfall
anomalies accumulated by year.
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Nyberg et al. (2007) found that the increase imibane activity since 1995 could be
considered a return to normal TC activity when caregd with other periods.

Table 2:t-testSPSS output comparing all variables with ENSO

Independent Samples Test
Equal variances assumed
Levene's Test for
Equality of Variances t-test for Equality of Means
95% Confidence
Interval of the
Mean Std. Error Difference
F Sig. t df Sig. (2-tailed) | Difference Difference Lower Upper

Month_tot 671 419 -1.001 32 324 | -524.9373 | 524.15231 | -1592.60 |542.72603
TC_tot 1.930 174 1.036 32 .308 247.9443 | 239.32204 | -239.539 |735.42735
Non_tc tot .077 .783 -1.620 32 115 | -772.8816 | 477.10139 | -1744.71 |198.94213
Percentage_tc 4.354 .045 1.287 32 .207 .0179 .01387 -.01040 .04612
VOLUME 2.840 .102 1.569 32 126 49.9669 31.83848 | -14.88601 |114.81971
AREA 222 .641 .925 32 .362 | 128453.54 | 138830.93 -154336 | 411242.9
Number of Storms .499 .485 1.720 32 .095 1.3958 .81136 -.25684 3.04851

The AMO phases were tested against the suite ahtas in Table 3. The
Levene's test for equality of variances shows #tigbrobability of significance values is
insignificant, hence the variances in warm and &8d periods may be assumed equal.
Levene's test (Levene 1960) is used to tdssd&mples have equal variances and no
normal distribution. Equal variances across samglesalled homogeneity of variance,
and the Levene test can be used to verify thahgstson The next step using thdest
showed that Month_tot, TC_tot, VOLUME, and Percggtac presented values higher
than 0.05, concluding at 95% confident interval the true difference between AMO
phases could be zero. However, VOLUME has a closgnificant value (0.054). Non-
Tropical, AREA, and Number of Storms are found &awédsignificantly different mean
values between AMO phases at the 95% confidenviale There are a significant
differences in the values related to the AMO plthaécannot be attributed to variability
alone. The North Atlantic SST works as fuel to poWwC by providing moist enthalpy
and instability (Elsner, 2006). That suggestedANO positive phase could increase the
seasonal number of storms, large area coveredogg ttorms, and affecting the non-
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tropical rainfall. However, what is the relationsfietween AMO and TC rainfall
variables? The Kendall test was used to determia@ossible correlations.

The Kendall's Tau B (Table 5) test showed that ARK3 a good correlation
with almost all variablesMonth_totshowed a negative correlation with AMO however,
it was not statistically significanT.C_tot, and Percentag& showed a positive
correlation with AMO, however they were not statiglly significant at the 95%
confidence level.The variables related to TC rainfAlOLUME, Number of Stormand
AREAhave positive correlation with AMO at the 99% siigance level.

In conclusion, ENSO and AMO phases play differetgs in relation to TC
rainfall contribution in the U.S. ENSO has a sgg@ignal in relation to the number of
storms, but there is not a statistically significsignal in the amount of TC rainfall. That
is explained by the effect of ENSO positive phasmcreasing the upper-atmosphere
windshear over the Gulf region. On other hand, Apt@sents a statistically significant
level of correlation with all variables related @ rainfall in the Eastern United States.
Warmer SST is one of the factors to induce TC #gtand frequency, resulting in
increasing inland TC rainfall.

Table 3:t-testcomparing all variables with AMO (+) with AMO (-)

Independent Samples Test
Equal variances assumed
Levene's Test for
Equality of Variances t-test for Equality of Means
85% Confidence
Interval of the
Mean Std. Error Difference
F Sig. t df Sig. (2-tailed) | Difference | Difference | Lower Upper
Month_tot .099 754 -1.498 46 141 | -643.9187 |429.93880 | -1273.34 +14.49660
TC_tot .012 914 1.350 46 184 | 267.0116 |197.83145 [22.60979 p56.63308
Non_tc tot .006 .939 -2.391 46 .021 | -910.9304 |381.05200 | -1468.78 | -353.078
Percentage_tc .023 .880 1.630 46 .110 .0189 .01157 .00192 .03580
VOLUME .560 458 1.979 46 .054 51.1800 | 25.86421 [13.31530 |89.04472
AREA .781 .381 2.181 46 .034 |274762.50 |125981.56 [90327.93 |459197.1
S;Trggr of 1.268 266 | 2.255 46 029 | 15214 | 67471 | .53367 | 2.50919
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SUMMARY

In this study, TC rainfall for 717 weather stationghe eastern United States,
from 1960 until 2007, was studied comparing tropicduced rainfall with major climate
factors. The geographic distribution TC rainfaBglays a pattern where coastal regions
receive more TC rainfall when compared with inlaedions. Florida and the North
Carolina coast receive the highest values withvamage of TC rainfall between 14 and
16 cm. However, TC rainfall shows a different patteslated to the overall rainfall
contribution. TC rainfall in southern Texas and Marth Carolina coast represents an
average of 14-16% related to the total rainfalereed in those regions between June and

November.

TC rainfall shows high annual and multidecadalatality affecting the
number of stations, the area covered by that fjisfad the TC rainfall volume.
However, the number of stations averaged by thebeumof storms per year showed
highly annual variability with a slight negativetrd. The total rainfall accumulated by
year showed a dry period (1960s-1970s) followethisrannual oscillations between dry
and wet periods. Overall, the total rainfall in #reestern U.S. exhibits a significant
positive trend, which is in agreement with Karl atdght (1998).
TC rainfall, during 1960-2007, presents high intenaal variability and that is related to
the frequency of tropical storms, intensity, andation of those storms (number of storm
days). The time series shows a significant (99%igrfificance) negative trend from
the1960s until the middle of the 1980s and a pasttiend (non-significant) from the
middle of 1980 until 2007. TC frequency can betsgldo ENSO phases where the warm
phase (El Nifio) has a negative correlation. Howether cold and negative phases did not

show any statistical correlation with TC frequen©yn the other hand, AMO showed a
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strong correlation (95% significant level) with uate produced by TC rainfall and the
number of storms. The AMO phases have a negatirelation with non-tropical rainfall
and monthly rainfall however is not statisticaligréficant at 95% confidence level.
Table 4: Kendall's Tau B test of correlation resuforrelations between AMO phase

and all variables. Bold numbers represent stayicadjnificant correlations at 99%
confidence level.

Correlations
AMO (JAN_DEC)
Month tot Correlation Coefficient -0.134
Sig. (2-tailed) 0.164
TC tot Correlation Coefficient 0.186
Sig. (2-tailed) 0.062
Non tc tot Correlation Coefficient -0.193]
Sig. (2-tailed) 0.053}
Kendall's tau_b
Percentage._tc Correlation Coefficient 0.183
- Sig. (2-tailed) 0.067}
Number of Storms Correlation Coefficient .310(**)
Sig. (2-tailed) 0.004
VOLUME Correlation Coefficient .261(**)
Sig. (2-tailed) 0.009
* Correlation is significant at the .05 level (2i¢al).
** Correlation is significant at the .01 level (aited).
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IV VARIABILITY OF RAINFALL FROM TROPICAL CYCLONES
IN EAST UNITED STATES AND ITS RELATION WITH AMO AND
ENSO

INTRODUCTION

Tropical Cyclone (TC) is the generic term thatiiles tropical depressions,
tropical storms, and hurricanes. They are oneefhitbst powerful of nature’s
phenomena and can produce catastrophic socialpetomnd ecological impacts. Over
time the United States coastline is becoming mafeerable to TC due to increasing
population, beach erosion, and coastal subsid@ia&e et al. 2007) Extreme rainfall
brings added hazards by producing flooding and irdets and compromises water
quality (Cry, 1967). Emmanuel (2005, p191) poimed “Some of the highest hurricane
death tolls result from inland flooding....”A Natidrtdurricane Center — NHC - study,
from 1970 to 1999, showed that 59% of U.S. TC deatbre caused by freshwater
flooding inland (Figure ).

Rain associated with TCs can vary from a lightzla to an extreme deluge
(Glenson, 2006). Over a day or more, a singlestatan accumulate 50% to 100% of its
mean annual precipitation (Simpson and Riehl, 19817). TCs can produce rainfall for
hundreds of kilometers from their storm centers eand propagate for hundreds of miles
inland (Larson et al. 2005). TC rainfall resultimgm storms with high wind speeds can
also be misleading because much of the rain getsrbhorizontally and does not enter
the gauge properly (Emmanuel 2005, 182).

Tropical Cyclonic activity in the North Atlanticxkibits variability from
interannual to interdecadal timescales (Landse&,e1999, Gray, 2006). TCs are
affected by factors at different scales that affeetseasonality, number and intensity of
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TC (Mo, 2000). For example, TC seasonality is assed with the seasonal cycle of SST
with the tropical rainfall season extending fronmdtNovember (Cry, 1967), peaking in
early September. During El Nifio (ENSO positive rmavents), generally, there are
twice as many storms as during La Nina (ENSO negatcold phase) events (Bove, et

al. 1998).

Tornado Other Surge
4% 2% 1%
b \ 6 %

Ofshore
11%

Freshwater
Flooding

59%

Figure 19 : Leading causes of TC deaths in the 18%9-1999. Source NHC, 2007.
The ENSO positive phase causes an abnormallygstrpper tropospheric
westerly winds (easterly flow is more typical) ovlee equatorial West Atlantic and the
Caribbean region (Gray 1984). That abnormal wind/fintensifies the wind shear over
the TC formation region, affecting TC formationtensity and path. However, TCs’
genesis depends on other environmental factorsasitie Coriolis parameter, low-level

relative vorticity, weak vertical shear of horizahivinds, etc (Gray 2006).

The North Atlantic Basin also shows a multidecazaillation between cold
and warm phases, known as the Atlantic Multidec&xalillation or AMO. Goldenberg
et al. (2001) identify an AMO warm phase from 198%0 which had an average of 2.7
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major hurricanes; this is higher than 1971-1994 Abtdl phase with an average of 1.5
major hurricanes. However, what is not known is hbese indices affect tropical
rainfall over Eastern U.S.

Over the 157 year HURDAT dataset (1851-2006) pictt season averages
8.7 tropical storms with 5.3 storms reaching hamie strength (winds at least 33 s
and less than two becoming major hurricanes, Caye®jot, and 5 on the Saffir-Simpson
scale (Blake et al. 2007). TC damage is estimatseéd on the maximum wind speed and
storm surge, but not on heavy rainfall, as defibgthe Saffir-Simpson Hurricane Scale
(SSHS) Table 1 (Simpson and Riehl 1981).

Table 5: Saffir-Simpson Hurricane Scale (SSHS), ifremtifrom Simpson and

Riehl (1981)
Category mgﬂ)s Ce?hslriﬁ:blgress)sure Surge (Feet)
1 74-95 >979 4105
2 96-110 965-979 6t0 8
3 111-130 945-964 9t0 12
4 131-155 920-944 13t0 18
5 >155 <920 >18

The objectives of this paper are threefold:

1. Compare the number of TC days along the U.S. ¢odsto periods (1931-1960
and 1961-2007), and assess the influences of CEdfsl AMO,;
2. Analyze monthly and seasonal distribution of majorms (>=cat 3 on SSHS) by
station and determine their geographical varigh{l960-2007);
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3. Analyze TC rainfall trends during the 1960-2007ig#s and their correlation
with ENSO and AMO.
DATA

Rainfall data were extracted from monthly raintadservations from the
United States Historical Climatology Network Montlirecipitation and Temperature
Data -USHCN from1960 to 2007(Williams, et al. 200IMis dataset contains 1221 high-
quality stations from the U.S. Cooperative Obsaphtetwork within the 48 contiguous
United States, and has undergone extensive qaaisiyrance checks and includes only
the most reliable and unbiased long-term recorddyPrecipitation was updated for the
same stations through the Southern Regional Clidatdger (SRCC) Applied Climate
Information System (ACIS). All weather stations w@totted by month and clipped by
the storm’s buffer region using ArcMap 9.2. Fig@feprovides an example of the
clipped stations that feel under the 500 Km bufiderall storms during the study period.
Resulting in 717 stations was selected from 34staowever, despite the fact that the
states of New Mexico, Colorado, and Nebraska weithin the storm buffer, they were
not included on this study because TC rainfall cbation are less than 1% of the total
precipitation.

TC-related precipitation was considered as angipitation produced by
hurricanes and tropical storms with landfall othi& storms come within 500 km of shore.
Tracks were included as long as the HURDAT datasehtained it as “tropical,” as
many TC transform into extratropical systems masgilagdfall (Keim et al. 2004). Once
a storm becomes extratropical, the dynamics witténstorm changes, hence the rain
produced is no longer considered “tropical”. Fattleason, tropical storms after
becoming extratropical or subtropical systems vesududed from analysis.

Rainfall was divided into two subsets; one wite #tcumulated TC daily rainfall for
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each month called Tropical Rainfall (TR) and thieeof the difference between TR and
the monthly precipitation Non-Tropical Rainfall (R], as performed by (Cry 1967). As
noted, once a storm becomes extratropical, itassified as NTR. In addition, rainfall

produced by subtropical storms is also classifelaR.

Wi _
Figure 20 : Buffer of all storm 500 km from 1960620(red area). Dark dots represent
the 717 stations included in this study.

METHODS

Several studies used different methods to defiealistance at which a TC
could produce tropical rain from the storm cent€ry (1967) used surface weather maps
and found that TC rainfall could extend over 800fkom the storm center. Recenten,
et al. (2002) used a numerical technique baseti®sttucture of the precipitation
distribution to study the TC rainfall contributiam China. In this study, a TC center
distance technigue was used based on average & @rgizthe distance between rain

bands from the station. Glenson (2006) used a sipgitition method to consider
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rainfall associated with TCs, considering any rainkithin distances less than or equal
to 600 km from the center of the storm as tropégalone rainfall. Knight and Davis
(2007) based their study on all rainfall data asdged with the tropical storm, even after
becoming extratropical or associating with a frbstestem. This approach could have
overestimated the contribution of TC rainfall ire tnonthly totals.

Using guidance from these other papers, thismpapesidered all rain within
500 km from the center of the storms as that cabgelle TC. The 500-km criterion is
an operational definition to reduce the influencksther meteorological systems. TC
landfall is defined as any TC center within 500 fkkom the coast. Figur2l show
examples of clipped stations under the 500 Km buifere Hurricane Camille in 1969
is shown with the area identified as under theugnfice of tropical rainfall, the USHCN

stations within this area, and the storm clasgifica(Saffir-Simpson).

RESULTS AND DISCUSSION

Storm Days
Storm days (SDs) were based on the hurricane alagept as defined by

(Klotzbach and Gray 2008, p6): “A measure of hamie activity, one unit of which
occurs as four 6-hour periods during which a tralpayclone is observed or estimated to
have hurricane intensity winds.” SDs measures thmher of the days of each TC center
that either crossed, or came within 500 km of thast of the United States (only Atlantic
Basin storms). A SD could have at the same timeoomeore storms, but is its count as
one SD. Figure 22 shows the number of SD by yeareldy, the dashed red line
represents the 5-year moving average. The moviatpge shows a negative trend from
the 1960s to 1990s with a positive trend in 19380, a positive trend from 1990 to 2007.
The years of 1933 and 2005, the most active yedtsi entire Atlantic Basin, showed

55



the highest value during the study period 51 SRE4SDs respectively, followed by
1936 and 1947 with 33 SDs each one. The period slaovaverage of 16.4 SDs per year.
The first 30 years averaged 21 SDs, higher thafollev 48 years, with an average of
just 14 SDs. The period from 1931 to 1960 represtd period examined by Cry (1967).
Landsea et al. (1999) determined the period beifodd as unreliable, whereby the data
become more complete afterward due to use of rexssence aircraft. They pointed out

that observation systems could bias the numbeppidal cyclones (TCs).

Hurricane Camille - 1969 . a

TC Classification

TS
TD
H1
H2

U RN RG

H3
i) 9

Figure 21:Hurricane Camille track (solid line) with the 500nkbuffer (shadow area).
Dark dots represent the stations under the TCstaadow, and the light dots represent
stations in the study not affected by Camille.

Before 1940, primary surface stations and shigeed TCs. Reconnaissance
aircraft then collected data beginning in the mid-4After the 1960s, meteorological
satellites were used to observe TCs (HendersoesSgét al. 1998, Landsea, et al. 1999).
The changes in observational platforms might exgbairt of the variations in the number
of SDs between periods. However, Landsea (200Tjearthat the number of TC before

1944 could have some differences in the open Adaagion, though these differences
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are probably minimal for landfalling storms. Theya€ar period (1931-1960) presents a
closer number of SD compared with the 47-year pgf1®61-2007), 619 SDs and 642
SDs respectively.

Figure 23 compare the monthly averages of the &ia between 1931-1960
and 1961-2007 periods. The first period presemgidriaverage monthly SDs than the
second period; August has the highest differenc48EDs on average. These results
indicate that the period of 1931-1960 had relayivebre storms making landfall or
coming within 500 km of the U.S. coast than 196020

The SDs difference between periods can be expldigede ENSO and

AMO phases combined. Figure 24 shows the SDs depdrom the overall average, the
phase, ENSO (+) events, and AMO. During all 193&@1period, AMO was in the
positive phase and had three ENSO (+) events. $desthno great difference between
positive and negative anomalies; however, the pestiases presented higher values
compared to the negative anomalies. After 1964, Aditdted the cold phase until 1993,
when it returned to the warm phase. This latteiopewas characterized by 12 ENSO (+)
phase years, where 1982-1983 is considered thegssbever registered, followed by the
second strongest event in 1997-1998. The combmafidMO and ENSO conditions
caused the number of positive SD anomalies torestlhalf of the negative SD
anomalies, which explained why 1931-1960 showecdens® than 1961-2007.

To understand daily variations of SDs in bothgus we accumulated SDs by
day, from 1931-1960 and from1961-2007, with resstiswn in Figure 25 for the
duration of hurricane season (June 1 to Novembger 30
* 1931-1960

The number of SDs in June is characterized byraddal cycle. One
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maximum occurred on the first half of the moth angsecond one on the end of the month.

Overall, June showed higher values of SDs on tiségeriod compared with the second

one. July also presents a bi-modal frequency «f BFigure 25a, with a positive trend

toward the end of the month. August showed lowé&resaon the fifth with three SDs,

and the highest overall value at 12 SD on the 23¢ptember presents high values at the
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Figure 22: Storm days from 1931 to 2007, 5-yearingaverage (bold line), and dashed
line marking the year of 1960, that representsetiteof Cry (1967) study period.
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Figure 23: Monthly storms days from 1931-1960 a861t2007.
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beginning and the end of the month. October shawshar bi-modal cycle with two

maxima, one on day 4 and other on day 12.
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Figure 24: SD anomalies from 1931-2007 (blue basstpe values, and with bars
negative values), AMO 10-year moving average (liaed ENSO (+) phase (red bars).
The dark red bars represent the strongest ENS@verts.

At the end of the season, fewer storms get cloleet®).S. coast. This period shows
November with more storms at the beginning of tloatin. The period from June 1 to
November 30 has 32 days with zero SDs, and tha¢septs 17.7% of the total number
of days.
* 1960-2007

SDs in June is characterized by two periods of §ivigy, one more number
of SD in the first half of the month and the secanthe last half of the month (Figure
24b). July presents more SDs compared with theiguevmonth with a slight positive
trend towards to the end of month.

August presents three maximum values (11 SDS)guarEi25b, August 16,
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28" and 3 respectively. This month is characterized byqmsiof high TC activity
with less activity, and with a positive trend todsito the end of month. On Figure 25b,
September has the highest overall value for asiday 16 SDs on the 1&nd a
significant decrease of the number of SDs aftelr thmgeneral, October presents a
negative trend from the beginning to the end ofrtleath with the maximum values
occurring in the middle of the month. November shaw periods with SDS; one at the
beginning of the month ad a second at the middteemonth

Overall, both periods showed an increase of S@rs flune to September and a
decrease from September to November, howeverirdtgériod showed more variation
between higher and lower values, a rollercoast@peshThe second period, from 1961 to
2007 showed fewer SDs at the beginning and theetiee season, but with higher
values occurring on September while the first peabowed the higher value of SDs in
August.

SDs is affected by the number of storms and duraifeeach one. In order to
compare the two study periods, each day of thegesod was divided by 30 and the
second period by 47, then the second period wasastiby the first period (Figure 26).
Overall, the averaged SDs difference showed tteatitst period had more days with SD
occurrences compared with the second period. Séetednto 11 showed highest
difference in SD in 1961-2007 compared with 1936 Another relevant fact is that
during 1931-1960, November had more SD on thelia#ftof the month and,

1961-2007 presented more SD in the second half.

Spatial and Temporal Variation of Major Storms

Major tropical storms (MS, category 3-5) are clfasdiat the Saffir-Simpson
Hurricane Scale (SSHS) as storms with sustainedsaéiguals or higher than 114 kt.
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These storms often have storm surges of three sn@tenore (Blake et al. 2007). Figure
27 shows the monthly frequency of major stormshenUnited States Atlantic coast from
1960-2007. The percentage represents the frequereach station was within 500 km
from the center of a major tropical storm in redatof the total major storms. MS affect
only the Florida coastal stations during June; Bialy also a frequency of 2-5%, though
the area affected is larger and is concentratetyaltoe Gulf Coast totaling only 2-5%.
However, during July, those storms travel furtimamd, affecting stations in north
Mississippi and Alabama. August presented a coralidie increase in the number of
stations and the frequency of MS. Texas, Louisianath Florida, and North Carolina
show a frequency of MS from 8-10%. The storm htting this month split
geographically: to the west from Alabama to Texésng the East Coast from South
Carolina to New Jersey, leaving Georgia with oy stations impacted by MS rainfall
which an area with very few landfalls ( Keim et2006). September has the highest
number of stations and the highest frequency of MS.
This month presents MS more frequently along tb# & Mexico, including Louisiana,
Mississippi, and west Florida with 19-21% of all Mhe region from Virginia to Maine
is not much affected by MS, showing a lower freaquyeof 2-5% only. During October,
MS show a higher frequency in Louisiana, Mississgq south Alabama, 6-7%.
November shows a pattern similar to June and 3tdyions from eastern Florida to south
Louisiana receive 2-5% of MS.

Seasonally, from June to November, MS presentgleehifrequency of
storms in the Gulf of Mexico coast stations, desiegrapidly inland and northeastward

(Figure 27). During the period of 1960-2007 stagiomwestern Florida, south Louisiana,
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Figure 26: Normalized SDs difference between 19330land 1961-2007 periods
(Average from 1931-1960 minus average from 19617200

south Mississippi and Alabama received 26-38% of MJ exas, south stations showed
a higher frequency of MS than other stations withim state at 22-25% of MS. The coast
of North Carolina has enhanced frequency of MS tharsurrounding region at 22-25%.
It is well known that MS do not generally travetther north, as they lose their main
energy source in that region; warm water. Howeseme MSs reach latitudes north of
40° North during the season. Coastal stations radrtfirginia receive at most 7% of MS.

As shown in

Figure28, the Gulf region demonstrates higher frequendiég® than other U.S. region.
Nevertheless, what does this mean in term of ri€k#% question can be answered by the
MS anomaly for each station. The MS anomaly wasutalled by subtracting the
accumulated number of MS during 1960-2007 for eshghon from the total average of
MS, and dividing by the overall standard deviataéiMS. Simple Kriging was used to

interpolate the results and create the MS anomaface (Figure 29). The results show
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that region from Florida to North Carolina, and ououisiangpresented more than two
standard deviations of MS. The MS anomaly surfaosvs a second region with high

risk of MS, from Texas to Massachusetts, with Xahdard deviations. Florida and
Louisiana are more affected by MS than other regand note that the number of SD has
been increasing since 1990. However, are thoserd@uping more rainfall over U.S.

and what is the contribution of major climate factach as ENSO and AMO are related

with that rainfall? The next two topics will addsahiose questions.

TC Rainfall Trend

The temporal trends of tropical cyclone rainfalllevexamined during the
hurricane season (June-November; Figure 30). Aiglgakcipitation over land has
increased during the twentieth century (New, e2@01). More specifically, Knight and
Davis (2007) found an increase in TC rainfall fr@®80 to 2004. However, that increase
in TC rainfall can be related to an increase inabGvity from 1995 to 2000. To filter the
multidecadal oscillation, a long period was usedhis study, from 1960-2007. The
Kendall Tau-B test indicates that only 30 of 71atishs have a positive trend=0.05)
and 10 stations showed a negative trend at the seymiéicance level. There are four
distinct regions with an increase in TC rainfa)l:irginia, Maryland and Delaware, 2)
Florida, Georgia, Alabama, Mississippi, and Louisia3) south Texas, and 4) New
England. These results showed some significargrdiffces with Curtis (2007) findings.
He founded that central Georgia showed a positesgdtin the rainfall mean (tropical and
non-tropical) and this study found mixed trend3 @ rainfall. Another difference
occurred in Florida and the Northeast U.S., whieiedtudy founded a positive trend in
TC rainfall while Curtis (2007) showed no signifitdrend in mean and extreme values
in those regions. However, Curtis (2007) did ngiasate TC from Non-TC rainfall; he
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assumed the most precipitation from August to Ostadb produced by tropical systems,
and that could be the reason of those differertideaiever, he found an increase in
extreme rainfall events in Louisiana, Mississigid Alabama, and that can be attributed
to TC rainfall, similar to that shown in Figure 30.

This pattern suggested that TCs are producing naaméall at Gulf coast stations as

result of the increase of TC activity/intensityrectent years. In the Mid-Atlantic region,
the positive and negative trends could be relaietbt only storm tracks and intensity,

but also by regional geographic features.

TC Rainfall and Teleconnections

TC rainfall is characterized by interannual an@idéecadal variability. Those
variations can be related to climate teleconnestgucth as ENSO and AMO (Landsea, et
al. 1999, Gray 2006). Various studies investigaitedpotential effect of long-term global
warming in the Atlantic SST and the correlationwthe number and strength of TC.

TC seasonality associated with the maximum SSTgdaking the late summer.

Tonkin et al. (1997) argued the importance of a §&hter than 26°C threshold in TC
formation and concluded no clear trends in TC isitgrabove 28°C were evident.
Landsea et al. (1999) point out that the discrepé&etween interannual and interdecadal
TC activity with the SST in the North Atlantic Bagnay be explained by the
interactions of the SSTs with other environmentaltmls such as El Nifio Southern
Oscillation (ENSO ). However, ENSO has influencel@ activity by an anomalous
increase in upper tropospheric westerly winds tlverCaribbean basin and the equatorial
Atlantic (Gray 1984). Those anomalous winds, asmesd by Gray, increase the
tropospheric vertical wind shear creating an unfalile environment for TC
development and maintenance. Are the AMO and EN&S$aannections related to TC
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rainfall in the east United States? To answerdbisstion, a Kendall Tau-B test was used
to correlate TC rainfall with AMO and ENSO phasesing the period of 1960-2007.
Results showed three distinct regions with hightp@scorrelation between annual TC
rainfall and AMO (+) phase (Figure 31): one fromoBga to Maine and other in Texas
with a positive correlation with the AMO (+).Thipatial pattern is roughly consistent
with Curtis (2007). That suggests stations alomgUlss. east coast have been more
affected by TC rainfall during AMO (+) than statgoan the Gulf Coast. From Florida to
Louisiana there was no association found with AM@n though that region was
affected by MS during the study period, only oraish in Louisiana and one in north
Mississippi presented a positive correlation witd@.

However, Curtis (2007) showed a positive corretatisth AMO (+) in Florida while this
study found no correlation with TC rainfall and AMThat suggests the non-TC rainfall
may be related to AMO (+) in south Florida. Compani between Figure 29 (TC rainfall
trend) and Figure 30 (AMO correlation showed a kinpattern. That suggested an
increase in TC rainfall is correlated to the AMGsjive phase.

On other hand, ENSO presented a different TC aimhpact. Texas has the
majority of stations with some correlation betw@&hrainfall and ENSO. Onlgne
station in Pennsylvania is correlated with EI N&i®5% confidence level (Figure)32
El Nifio showed a negative correlation with TC ralh&ind positive correlation with
La Nifia at the 95% of confidence level.

SUMMARY

In this study, TC rainfall of 717 weather statiangastern United States from
1960-2007 from U.S. Historical Climatology NetwdtkSHCN) were analyzed with a
special focus on the long term trends and coralatwith major climate events (AMO
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and ENSO). Rainfall was considered as tropicaéthas a circle of 500 km from the

center of each storm. Storms tracks based on tHeDHAT dataset from 1931-2007 was

used to compare the number of accumulated stors idafat period.
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Figure 27: Major Storm frequencies spatial distiidru from June to November during
the study period of 1960-2007.

Only hurricanes and tropical storms were consulerethis study. Once a
stormbecomes extratropical, the dynamics within therstonanges, hence the rain
produced is no longer considered “tropical”. Fattteason, tropical storms after
becoming extratropical or subtropical systems vesi@duded from analysis. TC was
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considered “landfalling” storm when it is centenwawithin 500 km of the U.S. coast,
landfalling storm, creating Storm Day (SD) valueSB could have one or more storms
at the same time within the study region.

Tropical storm data and counts before 1960 arsidered unreliable, as
pointed out by Landsea et al. (2007). He argudashisfare the reconnaissance aircraft in
1944 some storms could be not accounted for. Homvewth the landfall 500 km criteria,
there is a great chance that these storms woudddmunt on this study. The period of
1931-1960 showed a higher number of SDs compar&€éan-2007. A positive AMO
phase and few ENSO (+) events combined to allonerstorms to the affect U.S. coast.
During the AMO (-) phase (1960s to 1990s) mostefyears have SDs below average,
and after 1990s, with the return of the AMO (+),s3i2come positive again.

SDs accumulated by day during 1931-1960 and 198%-8howed different
patterns. The first period was characterized byrtgpgugust with the maximum SD and
September and October with a bimodal distributidre second period showed August
with a bimodal phase and September with the highastber of SD.

There is a clear shift in the SDs between thoseggrwith more SDs from 1931-
1960 during the beginning of the season (June)ratite middle of the season
(September), whereby they account later in theasefiem 1961-2007. This concept was
applied to count how many days the study regionrhagr storms, as defined by SSHS,
have winds equal to or higher than 111mph and cagiuge extensive damage on coastal
regions (Blake et al. 2007). Black et al. (2000)rfded that between 1966 and 2006
major storms had an average of 2.3 storms per Wggor storms recorded during the
1960-2007 period shows a geographical shift dutveghurricane season. They affect
Gulf Coast stations at the beginning of the se&3one and July), expanding to the U.S.
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east coast in August and September, and returaitigetGulf in October and November.
Overall, east Florida, Louisiana, Mississippi, aodith Alabama receives the highest
frequency of MS during the study period (31 -38%albstorms).MS frequency decrease
towards inland and over the NE U.S. coast, witk than 7% of total storms based on the
500 km criteria. The spatial distribution of the M&omalies shows two regions with

high frequency of MS during the study period (tvanslard deviation or higher): South
Louisiana and from Florida to coastal North CamliMany studies show that inland
rainfall has an increase during the last centupuweéler, some regions showed negative
trends as pointed out by New et al. (2001). Thapted out that ENSO represents the
dominant global and hemispheric variability, withosig signals in the tropics and extra-
tropics, with strong influence over the southerd Bhdwest United States; This study
separated TC rainfall from the non-tropical raihfahd founded that several stations in
the Gulf of Mexico and in the NE United States shdwa positive annual trend (95%
confident level). The first region is similar feetextreme precipitation region as founded

by Curtis (2008); however, he

TC rainfall was tested with AMO and ENSO phasas: results showed that
AMO (+) has a strong positive correlation (95% ¢dent level) with TGrainfall over the
United States east coast and in south Texas. &bisty in general, is similar to Curtis’
(2008) findings. Nevertheless, there are some figgnit differences with Curtis (2007)
findings. He founded that central Georgia showedsitive trend in the rainfall mean
(tropical and non-tropical) and this study founcked trends in TC rainfall. Another
difference occurred in Florida and the Northea8.Uwxhere this study founded a positive
trend in TC rainfall while Curtis (2007) showed significant trend in mean and extreme
values in those regions.
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Finally, associations were tested between Tdathiand ENSO phases.
Results showed that only Texas stations had stonglations with ENSO phases.
ENSO (+) -El Nifio - contributes negatively to thex@is TC rainfall and ENSO (-) -La
Nifia - contributes positively. In conclusion, acrease in TC rainfall over the region
from Louisiana to Florida can be linked to the freqcy of MS during the study region

with no correlation with AMO or ENSO.
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Figure 29: Spatial distribution of the major storamomalies during the period of 1960 to
2007. The red region represents the area withigtest frequency of MS compared with
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TC Rainfall

No trend
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Figure 30 Yearly change in TC rainfall at each station frd@60-2007. Red triangle
represents stations where the trend is positivesggmdficant atn=0.05. Blue circles
indicate stations with a decrease in TC rainfglhgicant ata=0.05. Dotted points
represent stations with no significant trend.
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Figure 31: Correlation (95% of confident level)weéen TC rainfall and AMO. Red
circles represent a positive correlation with AMIDéocircles negative correlation with
AMO.
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Figure 32: Correlation (95% of confidence leveliveen TC rainfall and Nifio 3.4
annual average. Red circles represents negativelaon atu=0.05.

73



V CONCLUDING REMARKS

This chapter summarizes the major objectives andlasions of this research
project. Chapters Il to IV each represents a phpirg prepared for submission to
international scientific journals for publicatiofhe three primary objectives of this

dissertation were:

1. Study the TC rainfall contribution to the totalntll by month and season (June
to November) from 1960 to 2007 and compare witlviptes studies.

2. Assess trends in total volume and area of TC rhiinféhe Eastern United States
and related to ENSO and AMO.

3. Asses the impacts of ENSO and AMO on the geographariability of TC
rainfall as well as to assess spatial variabilityegmporal trends.

After summarizing the data methods, | will pravid brief synopsis of each
chapter and its conclusion.
DATA AND METHODS

The data and methods, for the most part, are netdgaeach of the three
analysis chapterdhis research used data from the HURDAT dataselyjaimgthe track
and the intensity of each storm from 1931-2Q@atniven, Neumann and Davis 1984),
and rainfall data extracted from monthly rainfdiiservations from the United States
Historical Climatology Network Monthly Precipitaticand Temperature Data -USHCN
(Williams et al., 2007). In addition, daily predigiion was updated for the same stations
through the Southern Regional Climate Center (SR&pJied Climate Information
System (ACIS). TC-related precipitation was consdeany precipitation produced by
hurricanes and tropical storms for all storms mghandfall in the Eastern U.S., and for
all storms that where within an offshore distant&@ km.
Based on this storm characteristic, 717 weathéostawere selected from 34 states.
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The ENSO index used in this study was obtaineah fitee Japan
Meteorological Agency (JMA). The AMO dataset wasaiied from the National
Oceanic and Atmospheric Administration (NOAA) Ea8yistem Research
Laboratory/Physical Science Laboratory. Note &idO phases were classified by year
as positive or negative based on the six montheetliovember) moving average. ENSO
was classified by the year of occurrence and tles@lipositive, neutral and negative).
This study frames the definition of TC rainfall bdson the general question: what
distance from the center of a TC can observedathiné accurately associated with that
storm? This dissertation used a radius of a 50Q34r@ miles) centered on each storm
track, based on the HURDAT dataset, to select #ather stations; the TC precipitation
was assumed symmetric around the storm center.

Objective One

The first objective was to determine the conttidtouof TCs to June-
November rainfall in the Eastern United States. péeod of 1960-2007 has 287
hurricanes and 219 tropical storms, however, ofly&ricanes and 104 tropical storms
have made landfall, as defined by the National idane Center, in the Eastern U.S.
between June and November. In addition, 76 TCs meteded in this study that tracked
within the 500 km threshold to shore bringing tb&k number of storms included in this
study to 220 with an average of 4.6 storms per.ydae study period displays annual
represents 62% of all hurricane and tropical stammdfalls in the United States.

Storm days (SDs) represents the number of dayh#vae one or more tropical
storms landfall or within 500-km from the U.S. cbd@e five-year moving average
shows a negative trend from the 1970s to the 48%0s and a positive trend after that.

September has the highest seasonal SD percentég&a
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Storm track density represents the density oflirfeatures in the
neighborhood of each output raster cell. Each mduating the Atlantic hurricane season
(June to November) was compared between two perd@$ -1960 and 1960-2007.
Overall the storm track density showed an intraseasvariability and a slight shift in
the high density eastward from 1931-1960 to 1960738eriod.

TC rainfall contribution over Eastern United Stapeesents interannual and
intraseasonal variability. Seasonally (June to Maver), Florida receives the maximum
amount of TC rainfall with 14-16 cm, decreasingtier inland. TC rainfall percentages
change geographically from June to November. Theegaattern was found by Cry
(1967) and Knight & Davis (2007). November receitresleast amount of TC rainfall,
and September the highest. In September, Nortbli@ay Virginia, and South Alabama
present more than 30% of TC rainfall contributidkiter September, the number of
storms begins to decrease and fewer storms prodiacel rainfall.

Objective Two

The focus of the Chapter Ill was to analyze thesfiae relationship of TC
rainfall with climate indices such as ENSO and AM@d identify if there are any trends
in the amount of TC rainfall between 1960 and 2@7apter Il showed that averaging
the number of stations by the number of stormsypar presented great annual
variability with a slight negative trend throughg. The total rainfall accumulated by
year during 1960-2007 showed a dry period (1960¥4pfollowed by interannual
oscillations between dry and wet periods. Ovetlad, total rainfall in the eastern U.S.
presents a significant positive trend, which isgmeement with Karl and Knight (1998)
from 1910-1996. TC rainfall from 1960-2007, pregehiigh interannual variability and
that is related to the frequency of tropical starimgensity, and duration of those storms
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(number of storm days). The time series of U.Sdflalls shows a significant (99% of
significance) negative trend from the1960s un&l thiddle of the 1980s and a positive
trend (non-significant) from the middle of the 198l 2007. TC frequency can be
related to ENSO phases where the warm phase ([6) &6 a negative correlation.
However, the cold and negative phases did not slmywstatistical correlation with TC
frequency of TC landfalls. On the other hand, AM©®@wed a strong correlation (95%
significant level) with TC rainfall. The AMO phasgzositive and negative) have a strong

correlation with TC rainfall.

Objective Three

The primary objective of Chapter IV was to assesitpacts of the ENSO and
AMO on TC-induced rainfall totals at the individusthtion level. The period of 1931-
1960 showed a higher number of SDs compared to-2007. The combination of
positive AMO phase and few El Nifio events durin§1-:9960 allowed more storms to
affect U.S. coast. During the AMO (-) phase (1980%990s) most of the years have SDs
below average, and after 1990s, with the retuth@fAMO (+), SDs become positive
again. Accumulated SDs by day during 1931-196018&1-2007 showed different
patterns. The first period was characterized byrigpgugust with the maximum SD and
September and October with a bimodal distributidre second period showed August
with a bimodal phase and September with the highastber of SD. There is a clear shift
in the SDs between those periods, with more SDm 831-1960 during the beginning
of the season (June) and in the middle of the se@eptember), whereby they account
later in the season from 1961-2007.Major stormat @=5) recorded during the 1960-
2007 period shows a geographical shift during threitene season. They affect Gulf
Coast stations at the beginning of the season @uadduly), expanding to the U.S. East
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Coast in August and September, and returning t&thiein October and November.
Overall, east Florida, Louisiana, Mississippi, aodith Alabama receives the highest
frequency of major storms (MS) during the studyiguef31 -38% of all storms). MS
frequency decreases inland and toward the NE W&stcwith less than 7% of total
storms. The spatial distribution of the MS anonsatibows two regions with high
frequency of MS during the study period (two stadd#eviation or higher); South
Louisiana and from Florida to coastal North Caralin

The last part of Chapter IV was focused on thati@hship of TC rainfall time
series and teleconnections. TC rainfall was separfadm the non-tropical rainfall, and
founded that several stations in the Gulf of Mexacal in the NE United States showed a
positive annual trend (95% confident level). Thstfregion is similar to the extreme
precipitation region as founded by Curtis (200&\bkver, he founded no significant
trend over the NE United States.

TC rainfall was tested with AMO and ENSO pha3éwere results showed that
AMO (+) has a strong positive correlation (95% cdent level) with TQrainfall over the
United States east coast and in south Texas. &gty in general, is similar to Curtis’
(2008) findings. However, Florida did not show ary rainfall correlation with AMO,
as founded by Curtis (2008). That suggests thattrogical rainfall has a strong AMO
correlation in Florida, since Curtis (2008) assurtied most rainfall occurring from
August to October is caused by TC.

Finally, associations were tested between Tfatiand ENSO phases.
Results showed that only Texas stations had stonglations with ENSO phases.
ENSO (+) -El Nifio - contributes negatively to thex@s TC rainfall and ENSO (-) -La
Nifa - contributes positively. In conclusion, acnease in TC rainfall over the region
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from Louisiana to Florida is caused by the freqyesicMS during the study region with
no correlation with AMO or ENSO.
SIGNIFICANCE OF FINDINGS

Rainfall produced by tropical storms could extémchundreds of kilometers
from their centers causing property damage, flopdamd mudslides in some regions
(Larson, Zhou and Higgins 2005). However, the saocal-related rain can be
beneficial to regions experiencing drought. Knowihg spatial and temporal distribution
of rain over the Eastern U.S. and its correlatiith major climate factors such as AMO
and ENSO will help in agricultural planning and igettion strategies in the most affected
regions. This study shows that AMO has a strongetation with the total TC rainfall.
Future scenarios suggests a few more decades po#iitere AMO phase, hence more
hurricane seasons with above average number ohstsoldenberg, 2001), assuming
the AMO remain in a warm phase. However, interagtioith ENSO and other factors
such as Quasi-Biennial Oscillation and verticaldviiear also contribute as a predictor
of hurricane activity (Molinari, 2002).
FUTURE WORK

TC rainfall regularly represent a substantial pathe annual rainfall in the
Southern United States coastal zones, but showghddvel of interannual and
interdecadal variability. Nevertheless, TCs conii@significantly to river systems,
replenishes reservoirs, and boosts groundwatetisgiliddelmann, 2007).
Understanding TC behavior is critical to minimizilegs through urban planning and
mitigation such as engineering levees, dams, mgkjiwater resources, and agriculture.

Future work should attempt to analyze regionatmoutions of TC rainfall, to
assess regional vulnerability. There are also sooieomic implications on regional
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scales because of varying levels of exposure alotige U.S. coastline. Another relevant
research focus could be the correlation of the @@ral pressure and the amount of daily
rainfall. Finally case studies comparing “dry” T€asons with “wet” seasons and
possible correlations with teleconnections (El NiBa Nifia, and AMO), and upper
atmospheric level conditions (500 mb surface, ridged troughs, and water vapor

satellite images) could lend further insight int@ fainfall in the Eastern United States.
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