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Tropical cyclones (TCs) are essential elements of the hydagical cycle in tropical and

subtropical regions. In the present study, the contributio of TCs to seasonal precipitation
around the tropical and subtropical North America is examied. When TC activity over
the tropical eastern Pacic (TEP) or the Intra Americas SeadlAS) is below (above-
normal), regional precipitation may be below (above-nornta However, it is not only
the number of TCs what may change seasonal precipitation, kuthe trajectory of the

systems. TCs induce intense precipitation over continentaregions if they are close
enough to shorelines, for instance, if the TC center is locatl, on average, less than 500
km-distant from the coast. However, if TCs are more remote thn this threshold distance,

the chances of rain over continental regions decrease, padularly in arid and semi-arid
regions. In addition, a distant TC may induce subsidence orqeduce moisture divergence

that inhibits, at least for a few days, convective activityafther away than the threshold
distance. An analysis of interannual variability in the TGBat produce precipitation over

the tropical and subtropical North America shows that someegions in northern Mexico,

which mostly depend on this effect to undergo wet years, may gperience seasonal

negative anomalies in precipitation if TCs trajectories aremote. Therefore, TCs (activity
and trajectories) are important modulators of climate vability on various time scales,
either by producing intense rainfall or by inhibiting conwion at distant regions from

their trajectory. The impact of such variations on water avkbility in northern Mexico
may be relevant, since water availability in dams recoversder the effects of TC rainfall.
Seasonal precipitation forecasts or climate change scenass for these regions should
take into account the effect of TCs, if regional adaptationtsategies are implemented.

Keywords: tropical cyclones, tropical cyclone trajectory , moisture ux, precipitation anomaly, water reservoirs

INTRODUCTION

Tropical cyclones (TCs) are frequently associated withstigsa given the adverse impacts that the
related intense winds, storm surges, and heavy rainfak fwavvulnerable regionsS(nith et al.,
2009. In some places though, TCs have a positive e ect in terms offoény the primary source
of water to re Il dams and other surface water reservoikg (ilar-Benitez, 2011 Therefore, they
are key atmospheric phenomena in the hydrological cycle @rs¢tropical and semi-arid regions
around the world {renberth and Fasullo, 20).7Several studies show that the contribution of
TCs to seasonal or annual rainfall may be up to 50% over somgnemtal regions, depending
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on the evolution of their wind eld, topographical e ects, Oscillation (AMO) and the Paci ¢ Decadal Oscillation (PDO).
atmospheric humidity and size, but mainly, the closeneseeg¢ The AMO and the PDO phases may also result in prolonged
systems to shoreline§érveny and Newman, 2000; Rogers et al.meteorological droughts over the North Americal¢ndez and
2000; Jiang and Zipser, 2018lthough most analyses focus on Magafia, 2010 During these dry periods, one single TC event
only estimating their impact in seasonal precipitation, thegyn may provide enough rainfall in a region as to make its summer
also induce the opposite e ect (inhibit convection). rainy season quasi-normal or above-normal in the middle of

Some studies have examined how TCs may result in a decreasrolonged meteorological drought. This was the case of the
of seasonal precipitation (e.ghanko and Chamberlain, 1998 Hurricane Alex, 2010 or tropical storm Ingrid, 2013 that a edt
having a dual e ect: inducing large amounts of precipitation inthe northeast of Mexico and produced enough precipitation to
few days, or reducing seasonal precipitation due to their@mtese turn into normal the precipitation statistics during that sunen
or distant trajectories. In this way, negative regionalsseal season and recover the levels of dams during a severe drought
precipitation anomalies and even meteorological droughts caperiod (Sisto et al., 2035
occur in years of diminished TC activity or when the dominant In arid and semiarid regions of northern Mexico, TCs are
TC trajectories are distant from continental regions byticthg  sources of water to recharge aquifers, rivers, lakesz( et al.,
enhanced moisture divergencef{anko and Chamberlain, 1998 200§, and damsAgguilar-Benitez, 201))1For instance, Hurricane
However, these changes in regional circulations and pretipit ~ Alex made landfall on July 1st, 2010 and produced the amount
are not always documented as important factors of seasonaf 446 mm in 24 h over the Monterrey Metropolitan Area, which
precipitation for water planning. is close to the average summer precipitation of the northeaste

The synoptic characteristics that modulate convectivevagti Mexico. TC Alex helped to recover El Cuchillo dam water
in TCs are associated with moisture ow convergence at lovlevels to normal conditions, enough to provide this resource
levels of the atmosphere and a radial out ow near the tropopaustr several socioeconomic activities during the prolongédl®-
that leads to subsidence at a larger radius that the storntecen 2012 drought {lagafia and Neri, 20)2Thus, TCs may be water
(Willoughby, 197%. Two kinds of subsidence induced by TCssuppliers during dry periods, ameliorating the e ects of water
occur: (a) at the storm center, which is forced by the mecbage crisis Sisto et al., 20)5Including the e ect of TCs in climate
spin and enhanced convection due to the release of latent heautlooks would be of great bene tin the water management plan
and (b) weaker subsidence outside the core of the systenmsthatwhere water distribution is frequently decided on a yeaidgis,
forced mechanicallyg§manuel, 1997; Zhang and Kieu, 200the  especially during periods of droughtléri and Magana, 20)6
latter may produce clear skies in neighboring regions to tke T For seasonal precipitation outlooks, TCs trajectories are as
system. important as TC activity itself. The need for information onigh

Shephard et al. (200Tpund that TCs accounted from 8 to subject is necessary, particularly in arid and semiaridargjiof
17% of cumulative rainfall at di erent locations along theastal northwestern Mexico, where the average annual precipitaton i
zone of the southeastern United States. TCs that are close @aoound 400 mm. Current seasonal climate prediction schemes
Mexico may contribute from 20 to 60% of the observed seasongdrely take into account the TC e ect on accumulated rainfall
rainfall for some coastal region&ifglehart and Douglas, 2001; for water availability projections, mainly because TC trajges
Brefa-Naranjo et al., 20).5This makes TCs an essential climaticare hard to predict Camargo et al., 20)0TC trajectories are
element of the summer rainy season in Mexida(regui, 2003; primarily determined by the beta e ectAdem, 195§ and the
Larson et al., 2005However, TCs have a dual e ect in terms dominant large-scale circulation$i{l and Lackmann, 2009
of accumulated precipitation that needs to be assessed mongich could be adequately simulated by current climate medel
comprehensively. For instance, easterly waves from thentfdla (e.g.,Trenberth et al., 1998; Wang et al., 2l1Some schemes
are signi cant contributors to summer precipitation over the only predict the number of TCs and the potential intensity
Intra Americas Seas (IAS) and the Mesoamerican regiondistribution during a season. However, for seasonal preafipit
(Magafa et al., 2003 At times, these systems become TCdorecasts, TC intensity is less important than the number of
and recurve in the middle of the Atlantic Ocean, transportingsystems and trajectories. Some of the rainiest TCs have been
moisture into the subtropical mid-Atlantic Ocean, and redug  tropical storms or tropical depressions but have resulted in
the chances of rain over the tropical and subtropical Northextreme rains of more than 300 mm/day, such as Stan in 2005
America. Consequently, a larger TC activity in the Atlarditd  over the IAS Pasch and Roberts, 200 herefore, estimating the
even in the IAS does not necessarily mean more precipitatiocontribution of TCs to accumulated seasonal or annual rainf
over the continental regions. The number of TCs forming ieth should consider the position (trajectory) and days that a act
North Atlantic or in the eastern Paci c may vary from 1 year to region (Kubota and Chan, 200%¥Kossin et al. (201Gelated some
another in relation to low frequency climate variability. TC tracks over the north Atlantic to the ENSO phase.

TC activity in the Atlantic and the eastern Paci ¢ Oceansifro The main objective of this study is to investigate the positive
May to November is modulated by EI Nifio/Southern Oscillationand negative impacts of TCs on summer rainfall over the
(ENSO) (Mlagafa, 2004 During La Nifia (ElI Nifio), large tropical and subtropical North America, considering not only
(diminished) TC activity over the IAS may result in enhancedtheir frequency, but their preferred tracks as elements teat
(decreased) precipitation over southern, central and na#tern to wet or dry summer seasons. A diagnostic of such aspect of
Mexico (Magafia et al., 2003TC activity also shows important TCs should be included when seasonal predictions (outlooks)
interdecadal variations in relation to the Atlantic Multidadal and regional climate change scenarios are developed. A more

Frontiers in Earth Science | www.frontiersin.org 2 March 2018 | Volume 6 | Article 19


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Dominguez and Magafia Role Tropical Cyclones Precipitation

detailed analysis of this dual TC e ect may help to understanditmospheric levels is relevant to relate precipitation ovex th
low predictability for summer seasons of some regions of theontinental and oceanic regions. For consistency, the ERA-I
world, such as northern Mexicazutzler et al., 2009 rainfall data are also used to complement rain-gauge datalgai
This paper is organized as follows: in section Data andver oceanic regions. This data is available from 1979 teptes
Methodology, the data used in the analyses are describédmost cases, extreme rainfall related to TC activity cepands
(reanalysis, rain gauge station data, reservoir recorslsyell to events of more than 50 mm day. When compared with
as TC data). The methodology followed to examine TGsurface station data, the ERA interim data adequately capture
activity, including their preferred trajectories and impaatn the e ect of TCs in precipitation, which makes them a good
precipitation is discussed. In section Results, an analysis eftimate of rainfall over oceanic regions as well.
the contribution of various types of TC trajectory clusters TCs trajectories are grouped by their spatial-temporal
to accumulated seasonal precipitation is presented. Preferreharacteristics using a probabilistic clustering technjquedled
TC trajectories are also analyzed in terms of quasi-statipn Curve Clustering Toolbox (CCT)a ney, 2003. The CCT of
circulations at the TC steering level. The impacts of TCs itewa TC tracks takes into account length, location and geograaghic
balances and their potential inclusion on seasonal precipitat shape of the trajectorieS.amargo et al. (200&nd Kossin et al.
forecast are also examined. Discussion and conclusiorgivae  (2010)used this type of clustering approach to de ne dominant
in section Discussion and Conclusions. TC trajectories over the North Atlantic and tropical north
Eastern Paci c Ocean (TEP). Four clusters for TC trajectories
over the Atantic and four for the eastern Paci c were de ned
DATA AND METHODOLOGY in the present analysis, in order to identify how these TC
clusters a ect the continental coasts. Followikgglehart and
Historical records of TC activity for the second half of theDouglas (2001)a threshold distance from the TC center to
twentieth century are available in the HURDAT database ofhe coastal region (500 km) was used to de ne a radius of
the National Hurricane Center. HURDAT includes data on TCsin uence where these tropical systems produce extreme rthinfa
tracks and their intensity. These data may be consideredemorComposite analyses for the e ect of each cluster during the June-
accurate after the 1970s, when satellite observations/ailalale  July-August-September-October (JJASO) period, considered in
(Vecchi and Knutson, 20Q7Therefore, special emphasis for thegeneral terms as the summer rainy season, were constructed.
analysis is given to data after 1979. Although the inforovati Speci ¢ regions over Mexico were considered to determine
on the intensity of the systems is given in terms of the Sa r-the impact of TCs on summer precipitation and water reservoirs.
Simpson scale, it is not considered relevant for the analyseSour regions were selected according to their location and
as there is not a direct relationship between TC intensitgd an summer precipitation regimen: northeast, northwest, soatite
its associated precipitation. TCs whose intensity is higheant and southwest of Mexicd{gure 1). Data of national reservoirs
tropical depression and whose location (center of the sysigin) were obtained from the Mexican Water Administration arcrsve
the domain of interest (1635 N and 120-70 W) were included (http://www.conagua.gob.mx/CONAGUAQ7/Contenido/
in the analysis. Threshold-distances or radius of inuertoe Documentos/Portada%20BANDAS.htm). The reservoirs that
de ne TC-related rainfall range from 400 to 1,000 km from thehad the longest record of daily data in the 1979-2013 period
TC center Englehart and Douglas, 2001; Jiang and Zipser, 201@ere taken into account for this studizigure 1).
Brefia-Naranjo et al., 20).5n general, a radius of in uence of
500 km is considered adequate for most analyses of the in@enc
of TCs onregional precipitation. The threshold distance masyv  RESULTS
from one system to another, but this approximation has been .. .
considered adequate to estimate the TC contribution tofalin 1 C Activity Over North America and
(Jiang and Zipser, 2010 Precipitation
Daily precipitation data comes from rain gauge stations in theThe contribution of TCs to seasonal precipitation in tropical
domain of interest. The surface weather station data for lelexi and subtropical regions is well known (e.giang and Zipser,
was obtained from the Mexican Weather Service archives. TH#®10. However in arid and semi-arid regions, as in northern
rest of the station data comes from more than 2,000 rairMexico, the e ect of a land-falling or su ciently close TC to
gauge stations, with at least 30 years of data for the 197%horelines, results in a signi cant contribution to the araiu
2013 period, from the Global Historical Climatology Projectaccumulated rainfall. Changes in TC activity impact may lead
(GHCP). Particular emphasis is given to the impact of TCdarge interannual variations in precipitation and water d&hility
over precipitation in Mexico, where the density of precipitationin some of these regions. The contribution of TCs in seasonal
information is at least one order of magnitude larger tharitie  precipitation over Mexico was explored by using the rain-gauge
surrounding regions. station daily data and adding the rainfall when TCs are présen
Meteorological data to examine wind elds and moistureat a distance less than the critical threshold of 500 km fréwen t
divergence were obtained from the European Centre folocation of the station. For instance, the annual precipiati
Medium-Range Weather Forecasts ERA-Interim (ERA-I) whichfrom January to December) in the southern part of the Baja
have a T255 spectral resolution 0 km) on 60 vertical levels California peninsula is around 200 mm when there is no TC
(Dee et al.,, 2001 The moisture ux information at lower contribution to regional rainfall. However, when TCs a edtet
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FIGURE 1 | Topography (m) and locations of water reservoirs (stars) ewthe four study regions: northwest, northeast, southeasand southwest of Mexico.

southern part of the Baja California peninsula, precipitationyma  In relatively dry regions, where rainfall is generally less
vary from 500 to 800 mm yr™. In recent decades, the number of than 300mm yrl, as in most of the northern Mexico and
TCs over the northeastern tropical Paci ¢, and around southe southwestern US, TCs may determine wet years. In the tropical
Baja California peninsula in particular, has risen, induciag regions, where precipitation is more than 1,000 mm Yon
positive trend in rainfall Figure 2). Rain gauge data in southern average, the rainfall contribution of a TC is less signi tam
Baja peninsula con rms the occurrence of intense precipitatio annual precipitation. TCs produce and induce precipitation by
when a TC is close by, as indicated in the HURDAT databaseneans of moisture uxes and by reducing the subsidence e ect
Anomalously wet years are usually related to the occurr@fice over the subtropical regions. Even when atmospheric moisture
one or two TCs in around the southern tip of the Baja peninsulauxes from the IAS or the TEP reach the arid and semi-
(r 0.43 at a 97% level of con dence). The reports of TCsrid regions of northern Mexico, the intense subsidence and
making landfall over this region were analyzed togethehwlie  atmospheric stability at those latitudes reduces the chawte
extreme precipitation captured by the surface stations dutfrey deep convection. When TCs approach, atmospheric stability
1941-2010 period. The increase in extreme rainfall couldibe o diminishes and upward vertical motions develop to induce
explained based on the rise of TCs that a ect the Baja Californitropical convection. This e ect is observed in the eastern
Peninsula, since they are the only atmospheric systems th@aribbean where TCs reduce atmospheric stability, causing
produce extreme precipitation during summer. In this sense, thintense ascending motion that results in deep convectiod an
uncertainty associated with missing TCs before the preligate intense precipitation.
era decreases. In summary, over the tropical Americas, the contribution of
The TC contribution to seasonally accumulated precipitationTCs to summer rainfall may be more than 40% in regions where
is more relevant in arid-semiarid regions, as well as sauthe the precipitation is less than 500 mm yr, while it may be less
coastal regionsHigure 3). Most stations of northwestern and than 30% in places where the summer rainfall is more than
northeastern Mexico correspond to semiarid regions and ther’00 mm yr L. In inland regions, such as the Mexican plateau or
TCs may contribute up to 40% of the annual precipitation inthe central northern Mexico plateau, surrounded by the wester
northwestern Mexico and up to 60% in the Baja Californiaand eastern Sierra Madre mountain ranges, the TC contrdvuti
peninsula. The contribution depends on the number of TCgo precipitation is meager, with less than 10% of the annual
per season, but also on the dominant trajectories of thesaccumulated rainfall, because these tropical systems wedtiee
systems. In general, landfalling TCs or TCs su ciently @os reaching the coastal regions.
to the coast aect these regions during the lifespan of these TC activity is frequently modulated by modes of low frequgnc
systems. climate variability. For instance, TCs over the IAS are more

Frontiers in Earth Science | www.frontiersin.org 4 March 2018 | Volume 6 | Article 19


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Dominguez and Magafia Role Tropical Cyclones Precipitation

1000 T 30
900 - |

il 25
800 1 Al

700 AW |

N
=)

600
500 - L\ \ | | | | A | 15 annual pcp (mm)

\ AR IR / A
\ || ‘ [\ [ ' | == TC pep (mm)
—Landfalling TCs in BCS
~——eastern Pacific TC

NUMBER OF TCs

400

PRECIPITATION (mm)

o
=)

300

200

100

1941
1943
1945
1947
1949
1951
1953
1961
1963
1965
1979
1981
1983 =
1985
1987 =
1989 =
1991
1993
1995
1997
1999
2001
2003
2005 !
2007
2009

FIGURE 2 | Annual summer precipitation (mm) over the southern part ohe Baja California peninsula (yellow bars) and the estimateontribution of tropical cyclones
(TCs) to precipitation in the region (red bar). Number of TGs the eastern tropical Paci ¢ (green line) and number of TCat affected the southern part of the Baja
peninsula (black line) between 1941 and 2010.

to 250 mm Eigures 4A,B. The TC activity, modulated by ENSO,
may result in a weak contribution to annual precipitation.

In recent decades, there is a signi cant positive trend (97%
level of con dence) in TC activity over the TEP that is leaglio
more extreme precipitation events over the Mexican Paci c toas
(Figure 2). The TEP TCs seldom last more than 1 day, but the
number of systems and days of nearby TC activity are largerwh
compared to the other regions. TCs that a ect the southwestern
part of Mexico have a typical contribution to annual rainfall
from 100 to 200mm on averagd-iure 40). The southeast
of Mexico and northern Central America are also a ected by
the Caribbean TCs, which on average, have a contribution of

120W 110w 100W 0w 80W more than 100mm yrl, mainly during La Nifia conditions

o o @) O O O O (Figure 4D). The interannual variations on such contribution to

S SRR RIS RS BSNE dEe eel precipitation are more evident over the IABssin et al., 2090

FIGURE 3 | Average annual rainfall (mm) (blue circles) for the 1979-2® than over the TEPCCamargo etal, 20@,8essentially because of
period, at stations where TCs have a contribution (yellow ag) to the total the ENSO modulation.
precipitation. The circle size represents the amount of anral summer rainfall. The TC contribution to annual rainfall may be examined in
terms of the dominant trajectories of the systems, which may
lead to further explain climate variability at a regional lsca
frequent under La Nifia conditionsBell and Chelliah, 2006 including these tropical transients. For the 1979-2009 perod
and consequently, they tend to induce a positive anomaljotal of 264 TCs were analyzed by means of the CCT scheme.
in precipitation over the continental regions of the tropical Over the Atlantic ocean, the CCT analysis showed that 13.2%
North America. The number of TCs over the IAS is larger(35) of the TCs had straight trajectories, grouped in the IAS-
during La Nifia years as well as the number of days when TGQ3uster Eigure 5A), that a ected the Yucatan Peninsula and the
induce precipitation in a region. On the contrary, during El northeastern part of Mexico; 36.7% (97) had curved tracks that
Nifio years, there are less TCs over the IAS, and the numbe@noved from the tropical central Atlantic into the eastern part
of TCs that induce precipitation over land is less as wellof the USA, and were grouped in the IAS-B clustéigre 5B).
Over the northeastern tropical Paci ¢, the modulation of TC The IAS-C cluster represents 30.7% (81) of TCs over the IAS,
activity by ENSO Figure 4A) is not as clear as over the IAS the corresponding trajectories were erratic, short-terfa, land
(Figure 4B). Considering the critical threshold distance from the mainly impacted the central northern part of the Gulf of Mexico
coast (500 km), the mean number of days that TCs a ect théFigure 5Q. Finally, 19.3% (51) of the TCs had a straight-
coastal zone of northwestern or northeastern Mexico is atb2n curved trajectory over the Caribbean Sea and the northert par
days, and their contribution to annual precipitation is fron.00  of the Gulf of Mexico, and were grouped in the IAS-D cluster
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FIGURE 4 | Precipitation produced by tropical cyclones (TCs) (circ# and number of days (gray bars) when TCs affectA) northwest, (B) northeast, (C) southwest,
and (D) southeast of Mexico and northern Central America for the 199-2013 period. The red (blue) circles correspond to El Nifid.& Nifia) years and the black circles
represent years de ned as neutral conditions.

(Figure 5D). Around 40% of the IAS-A and IAS-D clusters werewere 549 TCs in the TEP: 22.8% (125) a ected the Baja Caléorni
intense hurricanes (category 3, 4, and 5). 75% of TCs from thgeninsula (TEP-AFigure 6A); 13.1% (72) of the systems had
IAS-A cluster had a lifespan of up to 10 days. 75% of IAS-Ia long, almost zonal tracks (TEP-B), that aected only the
cluster lasted up to 12 days, which makes them the longésidas southwestern states of MexicBigure 6B); cluster TEP-C only
cluster of the IAS. Most of the TCs in the IAS-B and IAS-Chad 10.2% (52) of all the TCs in the region and had a trajectory
clusters correspond to tropical storms (63 and 50%, respectivelyarallel to the western Mexican coast. This kind of tracks nsove
Based on daily gridded precipitation data, the IAS and TEP T@way from Mexico as the TCs move northwestwardg(re 6C).
cluster contribution to climatological summer precipitatiovas  Finally, 53.9% (296) of all the TCs are grouped in TEP-D
estimated for years when TCs were active in a particular etust cluster, distant from the continental region and consequent
(Figures § 6). For the IAS-A cluster, the most a ected regionswith a meager contribution to summer precipitation in
by TC precipitation correspond to the states of the YucatarMexico or Central America Kigure 6D). TEP-A and TEP-D
peninsula and the eastern coastal states of Mexico, adjagentdlusters mainly correspond to tropical storms (49 and 45%,
the Gulf of Mexico Figure 5A). TCs in cluster IAS-B mainly respectively).
a ected the eastern coast of the UBidure 5B), while TCs in The cluster TEP-B includes the most intense hurricanesén th
cluster C had an impact on the southeastern US states, clobasin. In terms of their role as precipitation contributorsesv
to the northern part of the Gulf of MexicoRigure 5C. TCs land, the TEP-A is the mostimportant contributor to rainfaler
in the IAS-D cluster mainly a ected the Greater Antilles and northwestern Mexico. On average, the TEP-A contribution to
parts of northern Central America and the Yucatan peninsulahe mean annual summer precipitation may be up to 30% of the
(Figure 5D). seasonally accumulated rainfall, particularly in semiagigions,
The TEP clusters are not as contrasting as those in the IASthere summer precipitation is less than 400 mm¥rTCs from
Those that a ected the Pacic coast of Central America andthe TEP-B and TEP-C clusters contribute to rainfall only ot
Mexico follow a more meridional trajectory than those thatha Paci c coast of southern Mexico.
a minimum contribution over continental regions and moved ENSO modulates TC activity over the IAS. Cluster dominance
more zonally Figure ). During the 1979-2009 period, there under El Nifio or La Nifia conditions was examined. The
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FIGURE 6 | Contribution (%) of clusterA) TEP-A, (B) TEP-B, (C) TEP-C, and(D) TEP-D to summer rainfall over the Tropical Eastern Paci c O for the 1979-2009
period. Observed TC trajectories are denoted by red lines.

TC contribution to seasonal precipitation among clusters wasonditions (statistically signi cant at 97.5% level of adence
contrasting from one cluster to another and between El Nificand consistent wittCamargo et al., 2003

and La Nifia conditions. EI Nifio (1982, 1987, 1991, 1997,2002 The TC activity and the type of trajectories exhibit large
and La Nifia (1988, 1989, 1995, 1998, 1999) years, and ttef resinterannual and interdecadal variability over the |1ASdure 7A)

the years as neutral, resulted in statistically signi cé@tactivity and over the TEP Kigure 7B). For instance, the summer of
and variations in the TC contribution to seasonal precipivati 1997 corresponded to El Nifio conditions and only 4 TCs over
Clusters IAS-A, IAS-C and IAS-D are less active during EIdNifi the region occurred, mainly from cluster 1AS-B, which does
years than during La Nifia conditions (statistically sigrant at  not contribute to seasonal precipitation in MexicBigure 7A).
99% level of con dence and consistent whlossin et al., 2000  The summer of 1997 was particularly dry in central southern
For the TEP, only cluster TEP-B appears to be a ected by El NifiMexico and Central AmericaHigure 8B). The lack of TCs
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over these regions along with enhanced subsidence, ldsslgas to seasonal precipitation in 1997 o the eastern coast of the US,
waves than average, and a southerly displaced Inter Tropicptoducing around 140 mm of rainFigure 8A).

Convergence Zone (ITCZ) over the eastern Paci ¢ contribute  On the other hand, large TC activity over the IAS during
to this extremely dry condition Nlagana et al., 2003 In 2005 was observed, with two TCs from the IAS-A cluster, four
regions where some TC trajectories (cluster IAS-B and IAS-CTCs from IAS-B, six TCs from IAS-C and six from IAS-D
are observed, a positive precipitation anomaly is observedFigure 7A), that contributed with approximately up to 260 mm
(Figure 8B). The IAS-B cluster appears to positively contributeover the northeastern Mexico and 560 mm over most of the
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Caribbean Sea and the Gulf of Mexicbigure 8C). There is
a close relationship between TC trajectories and theirarai 300
precipitation, which may add up to more than 500 mm in a ]
few days Figure 8Q). It is clear though, that TCs are not the
only source of precipitation in the tropical and subtropical
North America, given that there are still negative seasonal
precipitation anomalies even during a highly active 2005 TC
seasonkKigure 8D).

The number of days under the inuence of TCs is an
important element to consider when analyzing the contrilouti
of these topical systems to seasonal precipitation. For instan
when the number of TC days from cluster IAS-A is above-
normal, the precipitation anomalies over northeastern Mexicg
are mostly positiveRigure 9). Under strong El Nifio conditions,
TCs from cluster IAS-A are usually absent, as in 1982, 1987, .
and 1997 Figure 7A), which results in negative precipitation S0 T 4
anomalies over the northeastern part of Mexico. 1979 1983 1987 1991 1995 1999 2003 2007

However, the activity of cluster IAS-C can be normal under
moderate El Nifio conditions, as in 2002 or 2009, which may FIGURE 9 | Time series of summer (JJASO) average precipitation anonies
resultin almost normal rainfall conditions in the northeaegion | (MM I the northeastern Mexico for the 1979-2009 period. Tred (blue) bars

) . . . correspond to El Nifio (La Nifia) years and the gray bars represt years
(Flgure 9)' The correlation between the anomalies of reqlonal de ned as neutral conditions. The green line represents ther@omalies in the
precipitation and the anomalies of TC days for cluster IAS-A iS number of TC days for cluster IAS-A.

0.72 at 99.99% level of con dence.

When the TEP-A cluster is less active than normal, as in
1979, 1980, 1990, 1994, and 2005 under neutral ENSO camglitio

200 -

100

skep D1 o salewouy

100

Anomalies of summer pcp (mm)
o

-200

a negative summer precipitation anomaly is more frequent 300

over northwestern MexicoHigure 10. TCs from cluster TEP- ]

A constitute important events to modulate seasonal precijaitat — 200 -

in the North American monsoon region, as during the year of E 1

2003 and 2006. The correlation between the anomalies ofrrabio g 100 - %’

precipitation and the anomalies of TC days for cluster TEP-A is g 1 3

0.82 at 99.99% level of con dence. E g

- e

I _— 5 5]

Processes for TC Contribution or Inhibition & 400 1 o

to Regional Precipitation £ @

The mechanisms which favor or inhibit precipitation over the| & 4,

regions a ected by the TC activity are related to changes in 1

moisture uxes (convergence and divergence), as in the ITCZ

or the Caribbean Sea. The subtropical regions correspond to =0 -4

zones where moisture divergence at lower levels is strohg. T 1979 1983 1987 1991 1995 1999 2003 2007

IAS regions also experience the e ects of subsidence thabiinhi
deep convection Magaﬁa and Caetano, ZQOEasterIy waves FIGURE 10 | Time series of SL_Jmmer (JJASO) average precipitation anonies
and TCs are mechanisms that reduce atmospheric stability and™™ I the northwestern Mexico for the 1579-2009 period. Tred (blue)

. . . ars correspond to El Nifio (La Nifia) years and the gray barspeesent years
allow the development of troplcal convective activity ovee th de ned as neutral conditions. The green line represents anomties in the
oceanic subtropical regions. TC clusters induce zones wher@umber of TC days for cluster TEP-A.
anomalous moisture convergence occurs. An example of such
e ect is presented for TCs from cluster IAS-B during the years
1984, 1985, 1989, and 2006, when IAS-B activity is above-
normal. When the mean 700 hPa circulation for the Northern ux convergence is large over o the southeastern US, while
Hemisphere summer (JJASO) is obtained, it is observed thdivergence is enhanced over the Caribbean Semife 11B. In
moisture divergence dominates over the IAS, with the presefic other words, the presence of TCs in a region induce moistuse u
a mean southeasterly ow at the TC steering leveg(re 11A).  convergence, as well as moisture ux divergence in surraugd
However, when TCs of a particular IAS cluster are present, theegions inhibiting tropical convection an reducing the anmbof
situation may vary signi cantly due to changes in the meanseasonal rainfall.
atmospheric circulation and the moisture ux divergenceorFo  Over the TEP, the ITCZ is a region of intense moisture
instance, when TCs from IAS-B cluster are present, moistureonvergence. O the Baja California peninsula, moisture
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anomalies during days when TEP-D cluster was active duringdB0, 1985,
1990, and 1994.

divergence dominates during the summer montkgylre 12A).
The TEP-D is active and TEP-A cluster is almost inactive,

moisture divergence over the northwestern states of Mexsco in the circulation in particular regions. However, they alow

enhanced Figure 128, which induces negative anomalies Ofthe mean background ow in which the TCs move, such as

precipitation. The spatlal_ pe_lttern_of the angmalous mOISturesubtropical large-scale circulations, hardly a ected by i@
convergence tends to coincide with the regions of anomalo

lonic circulati iated with enh d TEP-Diefu Lﬁ?assage. The mean southeast-northwest trajectory for a TC is
cyclonic circufations associated with enhance -Diefus mainly determined by the beta e ectAflem, 195§, but the
activity, around 17N, 120W.

ow over the Atlantic basin, given by the presence of the North
. . . Atlantic Subtropical High (NASH), plays a major role in de rgn
Mean Atmospheric Circulations at the TC the preferred trajectory followed by TCs€nggenhager, 20),3
Steering Level but its variations may determine the frequency of a particii@

TC trajectories are the result of complex interactions betwa  cluster. For instance, for the IAS-A cluster, the NASH extend
number of internal and external in uences. The preferred TCzonally at around 3N, and the dominant circulation at the
trajectory mainly depends on the location where the systersteering level extends from the Caribbean Sea into the ‘ncat
forms and the mean quasi-stationary circulations at thestegy  peninsula and the coastal regions of the western Gulf of Mexico
level. Atmospheric circulations at 700 hPa may be an adequatEigure 13A). For the IAS-B cluster, the mean circulation of the
approximation for the steering level, since the mean seasonsieering level includes the NASH that extends to the easteast
circulations include the e ect ofthe TC, and re ecttheir pegzce  of the USA allowing the TCs to recurve around this region.
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FIGURE 13 | Mean steering (streamlines at 700 hPa) ow of clusters over thintra-Americas Sea during the 1979-2009 period for(A) IAS-A, (B) IAS-B, (C) IAS-C,
and (D) IAS-D.

An anticyclonic circulation over Texas also seems to preverwere examined. Finally, Yosocuta located in the southwester
these systems from moving into the southern USAg@re 13B.  part of Mexico, with a MOSC of only 46.8 mcm, was used as an
Clusters IAS-C and IAS-D, also show circulations over th& IA example.
(Figures 13C,D that determine the preferred TC trajectories. The Net Volume Inde (NVI) was used to assess the
For the TEP region, the trajectories largely depend on whethecontribution of TCs to the water stored in these reservoirs.
the wind o the Paci c coast of Mexico has a strong meridional FollowingSisto et al. (2015}he NVI can be expressed as:
component or not Figure 14. The more zonal the ow, the o ) )
more distant the TCs move from the continental region. For Ny (%) D volume stored minimum operating capacity
instance, for the TEP-A cluster, the mean ow at the 700 hPa Maximum Operating Capacity
ztzﬁfg?gi;et\gt ri]r?:r:a_:\f/ei"-t?\z n;i;;g;”'?;'?rnc'smt% t:]ivgl“'ilrf“;rf]The NVI di erence between months when TCs produced intense
into the northwestern MexicoKigure 14A). For clusters TEP-B Pains and runo and months.without tropical cyclone activity
and TEP-C, the steering level owFigures 14B,G show that over the regions served to estimate the impact of TCs on thewat

the circulation is inten | to th thern ¢ of Mexi availability of the previously mentioned dams.
anedcthcelrj1 a(ljeoectss in'ij fr?ecczsrﬁraclj Paecisc?u rgverft(i)nas T%s from TCs produce extreme precipitation, which could signi cantly

. : » Pre Y . change stored water levels. The impacts; however, are more
reaching northwestern Mexico, as observed in the correspandi

important in the water reservoirs located in the north. TCsrfr
cIu;ters. The ow tends to be more Zof‘a' for the TEP-D CTIU’Sterthe TEP-A cluster can raise the water level from 10 up to 70%
which determines more zonal trajectories into the centratie

. : in the reservoirs situated in the northwestern regidigure 15.
an?foththe coast of thfe Mexican Paci ¢gure 14D). timated .TCs of the IAS-A and IAS-C clusters can signi cantly change
€ mean_ow or a sum_mer season were estimated, | he NVI in reservoirs located in the northeastern Mexico,
would be possible to determine the preferred TC cluster Ok om values of 30% to values of 100%. During the 2010—

TI::Odl(()jmblgantrtraf dCt'(f)r;EZ T()tllesnltsalc'er:;[ag](li/ ao;j'_rc(l:”t .:?Slgu.t) na 013 drought period, the water levels of reservoirs located i
shou pursued 1 P lal impacts s Inregi he northeastern Mexico dramatically diminished due to an

precipitation are projected for instance, for water managei‘ner’\rlcrease in water demands and a strong meteorological drbug

PUrposes. The northeastern Mexico water crisis was slightly allediate
by two TC events: hurricane Alex in 2010 (IAS-A), under La
Impact of TCs on Water Reservoirs Nifia conditions and Tropical Storm Ingrid in 2013 (IAS-C),
The TC impact in water reservoir levels may be analyzed by usingnder neutral conditions. They provided such enough water to
data of the dam levels prepared by the Mexican National Watereservoirs that a major catastrophe on water supply over that
Commission (CONAGUA). The analysis of the impact of TC onregion was avoidedS(sto et al., 20)5 Their contribution to
water levels was done for the Adolfo Lopez Mateos and the Alvamwater levels of the dams was independent of their intensity.
Obregon dams, which are located in the northwestern region Inthe southern regions of Mexico, the NVI of water reservoirs
of Mexico and have a Maximum Operating Storage Capacitis barely noticeable when TCs occur nearby. The impact of
(MOSC) of 3086.1 and 2989.2 millions of cubic meters (mcm)lusters TEP-B and TEP-C produce, on average, an increase of
respectively. For the northeastern region of Mexico, El Cilehi 10% in the water levels, given the relatively minor conttidu
and Cerro Prieto dams, with MOSCs of 1123.14 and 300 mcnof TCs to summer rainfall in these regions.
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TEP-C, and (D) TEP-D.

FIGURE 14 | Mean steering (streamlines at 700 hPa) ow of clusters over #hTropical Eastern Paci ¢ during the 1979-2009 period for{A) TEP-A, (B) TEP-B, (C)

FIGURE 15 | Change (%) of Net Volume Index (NVI) of water reservoirs durin
months of tropical cyclones inducing precipitation in theegion (dark bars) and
without TCs in uence (light bars) for the 1979-2013 period.

Y

DISCUSSION AND CONCLUSIONS

in countries like Mexico. However, variations in TCs acthatre
part of the interannual climate variability, leading to poséi
and negative anomalies in precipitation. In other words, some
of the wettest or driest years for some regions may depend on
the characteristic (number and trajectories) of the TC seas
This dual role of TCs in modulating seasonally accumulated
precipitation is rarely considered in climate predictions or
outlooks.

In the present study, these opposite e ects of TCs have been
analyzed, for TCs in the IAS and tropical eastern Paci c for the
1979-2009 period. The use of a threshold-distance o&ptured
adequately the rainfall produced by TCs. The main elements
to consider in the estimates of the TC contribution to seadon
rainfall are the location and the trajectory, including nber of
days that the system a ects a region. Details of individualsize
and shape add limited value to the considerations on the radius
of in uence of the TC Ku et al., 201y TCs from a particular
trajectory cluster a ect precipitation by means of enhancing
or reducing moisture ux convergence or divergence. TCd tha
approach northern Mexico may cause signi cant increases in
water availability thanks to 1 or 2 days of intense rainfal,
long as the TC is close enough to the shoreline. Nevertheless
years of above-normal or normal TC activity, either over IAS
or TEP, may not necessarily mean above-normal or normal
expected precipitation at the regional level. This will depend o
TC activity for speci c trajectories (clusters), particulafbr the

TCs are recognized as key contributors to summer precipitationortheastern or northwestern Mexico. Even more, the absence
in most tropical regions. Their role in water balances is @lic of certain type of TC track may lead to signi cant negative
in semi-arid regions as in northern Mexico, as they may provideinomalies of precipitation for some regions.

up to 50% of the seasonal precipitation in some regions. Variou An estimate of the so-called TC mean steering level, say at
studies have estimated that the contribution of TCs to the’00 hPa, may be of great bene t to outlook the potential e ect
accumulated annual or seasonal precipitation may be from 10f TCs of a particular trajectory over a continental regioteT

to 50%, which makes them key elements of the water balancegationship between the mean quasi-stationary circafesiand
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ENSO conditions may serve to predict the mean ow at the 70@resent analysis may lead to develop forecast schemes of TC
hPa andto consider ifa TC may induce more or less precipitatiortrajectories for the Americas that eventually result innfall
Several attempts to predict TC activity, not only in terms ofestimates. For the time being, the empirical results of thadysis
number of systems, but also in terms of regions where theiserve to emphasize the role of TCs in any projection of climate,
activity may be more frequent for a season, have been dexkloper as a source of uncertainty in seasonal climate predictions o
to have an estimate of the regions that may be a ected, but natlimate change scenarios. Future work should consider the ro
with the aim of including their e ect on seasonal precipitation of large-scale forcing in determining preferred TC trackslan
forecasts. If such type of predictions were created, theydcouensembles of scenarios on what their e ect could be on seasonal
serve to prepare water management plans, mainly for regions thelimate at a regional scale.
largely depend on the e ect of TCs to increase water avaitgbili
as the semiarid regions of the north of Mexico. The TC actifoty AUTHOR CONTRIBUTIONS
the Atlantic and the Eastern Paci ¢ has generally been diagdo
and forecasted using ENSO condition§dtzbach et al.,, 20)1 CD and VM worked together to share and discuss ideas, how to
In this sense, the oceanic forcing is the main modulator of therepare plots and writing. Each one contributed to this researc
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