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Abstract: This study investigated the number of tropical cyclones (TCs) that affected Puerto Rico
during the June-November hurricane season in the period 1980-2016, and their contribution to the
total precipitation. Special attention was dedicated to assessing the role of atmospheric-oceanic
teleconnections in the formation of TCs that affect this island. The HURDAT?2 tropical cyclone
climatology database and the multi-source weighted set precipitation (MSWEPv2) data with a
spatial resolution of 0.1° x 0.1° were used. A total of 92 TCs within a 500-km radius of Puerto Rico
were identified for the study period. Contrary to what was expected, a similar percentage of
affectation was found between those TCs formed under El Nifio and La Nifa conditions. Regarding
the North Atlantic Oscillation, a 23.91 % of the 92 TCs that affected Puerto Rico formed under the
negative phase, while the 13.04% during the positive phase, which is explained in agreement with
previous findings with the weakening and shift to the south and west of the Azores High during
the negative phase of North Atlantic Oscillation. The role of the Sea Surface Temperature on the
genesis of TCs that affected Puerto Rico was also assessed through the Atlantic Meridional Mode
and the Atlantic Warm Pool area. It is confirmed that the affectation of TCs in Puerto Rico is highly
related to the eastward extension of the Atlantic Warm Pool and the Sea Surface Temperature
gradient in the tropical North Atlantic region. Indeed, a northward shift in latitude and longitude
in genesis position was found from July to November. Finally, a monthly analysis revealed that in
August and September the maximum mean rain contribution from TC was ~17% for the grid but
with values in the 20-30% interval.

Keywords: tropical cyclones; rainfall contribution; teleconnections; Puerto Rico

1. Introduction

Tropical cyclones (TCs) are one of the most devastating atmospheric phenomena that
develop in the tropics due to strong surface winds, associated tornadoes, and floods
caused by their intense rains. Despite this, the rainfall associated with TCs can play a
positive role as a source of freshwater, even becoming the most important to increase the
level of dams and other surface water deposits [1]. Therefore, TCs are the main weather
phenomena in the hydrological cycle for tropical and semi-arid regions around the world
[2]. For instance, several studies have shown that TCs contribute to seasonal or annual
rainfall depending on the characteristics and evolution of its wind field, topographic
effects, atmospheric humidity, and size, but mainly, by the proximity of these systems to
the coastline [3-5].
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Specifically, the percentages of TCs contributing to the accumulated precipitation
have been studied by data from different sources. From gridded daily rainfall analysis
based on rain gauge observations. Larson et al. [6] found that landfalling TCs show values
of 15-20% for the Mexican coasts and U.S. Golf in the period 1950-1998. Later, Ren et al.
[7] using rain gauge data showed that the ratio of TC-precipitation compared to the
accumulated total is 20-30% over China in the period 1971-2004. Using monthly passive
microwave rainfall estimates over two oceanic basins, Rodgers et al. [4,8] determined that
TCs contribute 7% (3—4%) to the North Pacific (North Atlantic) cumulative rainfall. On the
other hand, several studies using the Tropical Rainfall Measurement Mission (TRMM)
multi-satellite dataset have also been carried out to evaluate TCs- contribution at a global
or basin-scale [9-12].

Some studies have indicated that TCs-activity is related to climatic variability
controlled by the Atlantic Meridional Mode (AMM) [13] and El Nifio—Southern
Oscillation (ENSO) [14]. Furthermore, some studies (e.g., [15,16]) suggest that North
Atlantic Oscillation (NAO) [17,18] also affects TCs; a negative phase of the NAO is
associated with a weaker High Subtropical system that extends further south and favors
the westward propagation of TCs toward the eastern North America. It is also known that
a strengthening of the Atlantic Warm Pool (AWP) has an impact on the upper-level wind
change, reducing in the troposphere the vertical wind shear that favors the formation of
hurricanes and their intensification during August—October in the North Atlantic (NATL)
basin [19]. Therefore, an important aspect to take into account for investigating the genesis
and rainfall contribution of TCs is the possible influence of these modes of climate
variability.

The Caribbean region, and particularly Puerto Rico (PR), are affected by TCs during
the hurricane season, which occurs from June to November. Some results have also found
that hurricane-induced rainfall has reached 300 mm at several stations located in PR [20]
during lat years, therefore, the role of TCs rainfall in the total precipitation over PR is of
utmost importance for the hydrological resources of the country. Indeed, it has been
studied previously by several authors. Rodgers et al. [8] showed that the greatest
contribution of rainfall from TCs is nearly 30% and occurs over the northeast of PR.
According to the findings of Khouakhi et al. [20] a large fraction (20-40%) are also found
along the east coast of the United States, the Gulf of Mexico, and PR.

Hernandez and Matyas [21] argue that TCs rainfall variability over PR is related to
the following elements: the storm center distance from the island’s coast, the
environmental moisture distribution, the storm duration, and the horizontal translation
speed. In 2017, Hernandez and Matyas [22] carried out a more detailed analysis of the
spatio-temporal distribution of precipitation from station data interpolated to surfaces by
different interpolation methods. They also found that largest rainfall contribution by TCs
occur in August and September, representing 20% and 30% respectively, while the lowest
contributions were found for June and November. In this research, the authors proposed
as future research to determine the spatio-temporal changes of the TC rainfall
contribution, and therefore assess if climate variability or change has caused a decrease or
increase TC rainfall contribution over PR. Therefore, this work aims to quantify the
amount of rainfall supplied by TCs using a long-term gridded precipitation dataset, and
to investigate the role of oceanic and atmospheric teleconnection on the variability of the
TCs affectation and the associated impact of the rainfall contribution.

Study Area

With an area of around 9000 km?2, Puerto Rico is the main island of the same name,
and the smallest island of the Greater Antilles archipelago, located in the Caribbean Sea
[23]. The orography is varied as a function of the island’s complex and varied geology
[24], highlighting the coastal plains and the central mountain range, as observed in Figure
1. The climate is humid tropical, with a narrow range of daily temperature because of its
location in the tropics and the buffering effect of the surrounded waters of the Atlantic
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Ocean [25]; and the average annual temperature is 26° centigrade [23]. According to
Torres-Valcarcel et al. [26], the dry season occurs from December to April, while the wet
season from May to November. The island experiences a significant variation concerning
the spatial and temporal distribution of rainfall and runoff resulting from it. Thus, the
geographic pattern presents a contrast between the north coast, with about 70 inches of
annual rainfall, and the south coast, with about 35 inches of annual rainfall [27]. Indeed,
the hydrographic network is very dense, but the largest is found in the northern part of
the country (see Figure 1).

Elevation (m)
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Figure 1. The geographical extension of Puerto Rico. The elevation is shaded in green-brown (in
meters above sea level) from the HydroSHEDS project [28] and the river and inland water shaded
in bluish colors.

2. Material and Methods
2.1. Datasets

To determine the number of TCs that affected Puerto Rico in the period 1980-2016,
the Atlantic hurricane database (HURDAT2) was used. This dataset provides the location,
maximum wind, and minimum central pressure of all known tropical, and subtropical
cyclones every six hours [29] and it is freely available at [30]). The precipitation from the
Multi-Source Weighted-Ensemble Precipitation (MSWEP) v2 [31] on a regular
latitude/longitude grid of 0.1° x 0.1° and temporal three hourly resolutions, for the period
1980-2016 were also used. This database performed an optimal merging of a wide range
of data from different sources. MSWEP v2 data are freely available upon request at
http://www.gloh2o.0rg/ (accesed on 10 July 2020).

To assess the relationship between atmospheric and oceanic teleconnections and the
number of TCs that affected PR during the period of study, we considered the ENSO,
NAOQO, and AMM indices. These modes of variability are known to induce large-scale
control of tropical Atlantic cyclonic activity [32,33]. The classification of months under the
positive (El Nifio) and the negative (La Nifia) phase of ENSO, freely provided at
https://psl.noaa.gov/people/cathy.smith/best/ (accessed on 10 July 2020) was used. The
values of the NAO index were obtained through the Climate Prediction Center (CPC) at
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml (accessed on 10
July 2020). The monthly climate time series of the AMM index were downloaded from
https://psl.noaa.gov/ (accessed on 10 July 2020). To determine the negative, neutral, and
positive phases of the NAO and AMM was used the same approach of Patricola et al. [34]
and Munoz and Rodrigo [35]. The phase of the phenomenon is positive (negative) when
the index value is greater (less) than the standard deviation of the series determined for
the study period.

The AWP area was calculated for every month from June to November for the period
1980-2016. The monthly values of Sea Surface Temperature (SST) with a horizontal
resolution of 1° in longitude and latitude from the COBE-SST dataset [36] were used. This
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dataset is freely provided by the NOAA/OAR/ESRL PSL, from their web site at
https://psl.noaa.gov/ (accessed on 10 July 2020).

2.2. Methodology

We considered that a TC affected PR if in its trajectory the center of the system was
located 500 km or less away from the coast. This criterion takes into account the TC
primary wind circulation region (80—400 km radius from the TC center), and the range of
the curved TC cloud shield (550-600 km radius) [37]. Various studies have also
implemented a radius of ~500 km with the same aim for regions such as México [38],
Central and North America [38], and China [39]. However, the use of a 500 km radius can
influence the inclusion of the precipitation associated with troughs in the total
accumulated.

To investigate the relationship between the genesis of TCs that affected PR, and
different modes of climate variability were accounted the TCs formed during each phase
of the ENSO, NAO, and AMM during the period of study. A composite analysis was
performed to quantify the average TC rainfall contribution during months under the
positive, neutral, and negative phases of these modes. The same analysis was performed
for larger, small, and neutral AWP. Those seasons when the AWP occupied more (less)
than 25% of its climatological area (~ 4.4 x 106 km?) were considered larger (smaller)
AWPs, otherwise has been considered neutral [40].

3. Results and Discussion
3.1. TC Activity during Hurricane Season in the Period 1980-2016

In the study period of 1980-2016, 564 TCs were formed in the NATL basin, and of
these only 92 TCs affected PR directly or indirectly. Figure 2a shows the interannual
variability of the number of TCs for 1980-2016. Blue bars represent the total number of
TCs, and red bars the amount of TCs that affected the island according to the criterion
here used. The mean affectation (~16%) is represented by the solid green line. The
maximum number of affectations occurred during the very active cyclonic season of 2008
followed by 2005 and 1995. Figure 2b also shows that most of the TCs that have influenced
the weather conditions in PR corresponds to TCs whose center moves at a distance of ~
500 km, because only in six seasons (1984, 1989, 1996, 1998, 2004, and 2011) at least 1 TC
landfall for PR was identified.

The trajectories of TCs that affected PR are shown in Figure 3a, while the location of
the genesis of the 92 TCs that affected PR is are shown in Figure 3b. The analysis revealed
that in June there has been no impact of any TC to PR from 1980 to 2018. For the rest of
the months, the genesis of TCs occurred along the tropical NATL from the coast of West
Africa to the Caribbean Sea. Although in October and November mostly occurred to the
west between the 49° W and 70° W. Each marker represents a specific month where it is
observed that from July to November there is a northward shift in latitude and longitude
of the TC genesis areas as shown in Figure 3c, where the mean genesis positions are
zoomed. In particular, there is a marked difference from July to November and a very
similar behavior in August and September.
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Figure 2. (a) Number of TCs formed in the NATL basin (blue bars) and TCs affectation (red bars)
to PR, the solid green line shows the mean affectation; (b) TCs-landfall over PR (red bars) and
TCs-no landfall (blue bars) that affected PR. Period June-November of 1980-2018.

Relationship between the TC Activity and the ENSO, NAO, AMM, and the AWP

Figure 4a,c illustrates the interannual variability of the number of TCs that affected
PR formed during each ENSO and NAO phases. It can be observed that in years with the
maximum number of affectations by TCs (e.g., 1981, 1985, 1995, 1999, 2001, 2005, 2008, and
2011) prevailed the neutral and negative phases of ENSO. A similar result was found for
the NAO, although, there were some TCs formed under the positive phase of the NAO.
The above suggests that the cyclonic activity and the affectation to PR are active in the
presence of neutral and negative ENSO and NAO phases. Figure 4b,d resume as
percentages the genesis of TCs that affected PR under the ENSO and NAO phases for the
entire period of study. The results show no differences in the formation of TCs between
the positive and negative phases of ENSO, 17.39% formed under Nifio and Nifia
conditions (Figure 4a). Regarding the NAO, Figure 4a shows that apart from the neutral
conditions, the negative phase favored the formation of a greater number of TCs (23.91%
of the total) than the positive phase (13.04% of the total); confirming the importance of the
Azores High position on the TCs genesis in the NATL basin.
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Figure 3. (a) Tracks of TCs that affected PR; (b) Areas of the genesis of TCs for the months of July

November; (¢) Zoom of the mean position of genesis for each month.
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Period: 1980-2016.
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According to Lim et al. [30], the cyclonic activity can be modulated by a combined
impact of various modes of climatic variability, particularly those involving the SST.
Therefore, a similar analysis was carried out for the AMM and AWP. The results of the
interannual behavior for the AMM and AWP are shown in Figure 5a,c. The AMM showed
a marked predominance of the neutral phase with ~73% followed by the positive phase
~23.91% and 3.26% for the negative phase (see Figure 5b). This was much accentuated in
the years of the maximum number of TCs. For AWP there was mostly a predominance of
smaller AWP in the 1980-1990s, but prevailed larger AWPs in the rest of the seasons.
These results are summarized in Figure 5d. The percentage values for larger AWP, neutral
AWP and smaller AWP were 61.96%, 21.74%, and 16.3% respectively.

8

EEl Positive Phase (b)
71 mmm Neutral Phase (a) .
w 64 M Negative Phase 23.91%
§
% 5
>
wn
'4—4_
2 3.26%
5,
€
=3
Z 24
l'l‘l ‘II ”II ‘ ”II
0
8

N larger
71 mmm Neutral (© (d)
«w 64 ™ Smaller
IS
(]
@ 5
>
[¥5]
G 4
g5
g 16.3%
2 24
1_.

" I I " 21.74%
0 | e e e B B | B S e e e B I e S S S B S S e e e e
g < V\gdﬁ
LEEERER

1986 -j—

1980 -j—
1991 A
1992 A

—“aNM SN (=4 MIFNO~NONO
0 00 €O €O O (=) DO NNO
o o (=] (=l OO
A A — AAAAAAAN

Figure 5. Left column: Number of TC systems during the different phases of AMM (a) and AWP (c). Right column:
Percentage of the number of TCs during each phase of AMM (b), AWP (d). Period: 1980-2016.

3.2. Monthly Mean TCs Rainfall and Their Contribution to Puerto Rico

The monthly mean total rainfall, the monthly mean TCs rainfall, and its percentage
respect the total monthly rainfall over PR was calculated and represented in Figure 6.
These patterns highlight because of the little spatial variability, which may be associated
with the resolution of the data. June had peculiar characteristics since the contribution
was null since there was no TC affectation according to the criterion here used. However,
it is remarkable that the accumulated rainfall for this month ranged from 45 mm to 250
mm, with maximum values toward the northwest and east of the island (Figure 6a). On
the contrary, the lower mean rainfall values in this month are observed on the South coast.
As for July, a similar pattern is shown in Figure 6d, with a maximum marked on the east
and west of the island. The precipitation ranges were from 45 mm to 250 mm, as shown
in Figure 6d. This month occupied the third place with the least number of TCs
affectations to PR, with 13. The mean TCs rainfall pattern shows a southwest-northeast
change from 0 up to 5 mm respectively, revealing a major rainfall contribution over the
eastern half of PR but the lowest accumulated precipitation associated with TCs during
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the cyclonic season (Figure 6e). This may be associated with the formation of few TCs in
the central Atlantic Ocean during the hurricane season [41].
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Figure 6. Mean total precipitation (a,d,gj,m,p), Mean total TCs-precipitation (b,e,h,k,n,q) and its percentage (c,fi1,0,1)
for June, July, August, September, October, and November. Period 1980-2016.

In August the mean rainfall pattern reveals great homogeneity for the entire island,
but lower precipitation occurs over the south of the island (Figure 6g), a drier area than
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the north since it is the leeward zone of the central mountain range of PR [42]. During the
period of study, in August, PR received the highest number of affectations from TCs (31
systems). The TC rainfall contribution in August varied from maximum values (~45 mm)
in the east to lower mean rainfall in the west (~10 mm) (Figure 6h). Consequently, these
patterns expressed in percentage respect the mean total rainfall reveal that TCs provide
between the 5% in the northwest of the island to 15-30% in the southeast. This result is
similar to that achieved by Rodgers et al. [8], Khouakhi et al. [20], and Hernandez and
Matyas [22]. In September and October the maximum precipitation occurs over the center
and west of PR (>250 mm) (Figure 6j,m). In September PR was affected by 29 TCs, which
left the largest rainfall in the eastern of the country (Figure 6k).

The intensity of the rainfall pattern associated with TCs decreases toward the west
from 65 mm to 10 mm approximately, revealing a similar pattern to that obtained for
August (Figure 6h). The TCs rainfall contribution for September expressed in percentage
appear in Figure 6i, and reveals that the highest contribution (~27.5%) occurs in the eastern
half of the island. In October, PR was affected by fewer TCs (15) that contribute to the total
precipitation over PR (Figure 6n). The contribution expressed in percentages reveals a
pattern with lower compared to the previous 2 months (<10%) (Figure 60), since the TCs
rainfall ranged in intervals of 3-20 mm. With very similar rainfall patterns (Figure 6j,m),
September and October are the rainiest months of the hurricane season [43], but there
were notable intensity differences in terms of the TC rainfall contribution, being less for
October because the precipitation for this month is due to multiple processes that include
localized convective thunderstorms, west-to-east moving troughs and cold fronts [44].
Finally, in November the rainfall pattern clearly shows lower values over the southern
and west of PR (Figure 6p). A similar pattern is observed in the mean total TCs rainfall
(Figure 6q), and revealing lower contributions than in previous months. Only 4 TCs
affected PR in November during the period of study. The pattern of TCs rainfall
contribution expressed as a percentage of the mean total of the month also describes a
decrease from the east to the west of the island and a maximum of ~12.5%.

The patterns of TCs rainfall and its contribution to the total rainfall plotted in Figure
6 revealed its maximum values toward the half east of the island. This behavior may be
associated with the predominance of the northwest and northward trajectories of TCs
before reaching the longitude of Puerto Rico. Figure 7 shows the probability density
function (PDF) determined using Gaussian kernels [45]. The maximum probability area
appears to the east of PR, and extends from approximately 15-20° N and 60-75° W, which
means that a major number of TCs had trajectories through this area. A circle radius of
~500 km (4.5°) centered on a latitude and longitude of Puerto Rico permits to observe that
a great part of the high probability area lies within the circle. On the other hand, there is
a secondary maximum to the south of the island, but it is negligible compared to the global
maximum mentioned above.
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Figure 7. The probability density function (PDF) for TCs tracks. The blue circle represents a distance equal to
approximately 500 km (~4.5°).
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4. Conclusions

In this study, the number of TCs that affected Puerto Rico during the hurricane
season of the period 1980-2016 was determined, and was quantified their contribution to
the total precipitation. The results reveal that Puerto Rico was affected by 92 TCs directly
or indirectly, which represents the 16% of the total number of TCs formed in the NATL
basin, approximately three TCs per season. The TCs rainfall contribution for every month
of the hurricane season except for June was calculated, since this month no TC affected
PR. It reveals that the half east of Puerto Rico tends to receive the major amount of rainfall
associated with TCs, which is greater in August and September, representing between the
5 and 30% of the total average climatological rainfall of these months across the island.
This is associated with the highest probability density of TCs trajectories observed over
the Atlantic Ocean near to the east of the country. Another analysis revealed that
approximately the same number of TCs that affected Puerto Rico was formed under El
Nifio and La Nifa conditions. Regarding the NAQO, the results revealed that 23.91% of the
total number of TCs that affected RP were formed during its negative phase, while 13.04%
were formed in the positive phase. This result confirms the importance of the weakening
and the shift of the Azores High on the genesis of TCs. The SST in the tropical NATL also
showed, as expected, a direct relationship with the genesis of TCs. During the positive
(negative) phase of the AMM were formed the 23.91% (3.26%) of the TCs that later affected
Puerto Rico. Likewise, under larger AWP, neutral AWP, and smaller AWP were formed
the 61.96%, 21.74%, and 16.3% of the TCs respectively. Thus, the affectation of TCs in
Puerto Rico is highly related to the eastward extension of the AWP and the SST gradient
in the tropical North Atlantic region. Finally, the year-on-year contribution was correlated
with the number of TCs, showing a positive value of ~ 0.6, which is above the 95%
significance level. The trend analysis of the contribution and number of systems showed
positive values but they were not statistically significant for the period 1980-2016. For
future studies, we intend to use observed data for better representing the rainfall spatial
variability and evaluate the MSWEP data.
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