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Abstract
Easterly waves (EWs) are important moisture carriers and their variability can impact the total May–November rainfall, 
defined as seasonal precipitation, over the Tropical Americas. The contribution of EWs to the seasonal precipitation is 
explored over the tropical Americas using rain gauge stations, reanalysis data and a regional model ensemble during the 
1980–2013 period. In the present study, EWs are found to produce up to 50% of seasonal rainfall mainly over the north of 
South America and contribute substantially to interannual regional rainfall variability. An observational analysis shows that 
the El Niño Southern Oscillation (ENSO) affects EW frequency and therefore, their contribution to seasonal rainfall. In 
recent years, tropical cyclone (TC) activity over the Main Development Region (MDR) of the tropical North Atlantic has a 
negative impact on regional seasonal precipitation over northern South America. High TC activity over MDR corresponds 
to below-normal precipitation because it reduces the EW activity reaching northern South America through the recurving 
of TC tracks. Recurving TC tracks redirect moisture away from the tropical belt and into the mid-latitudes. However, this 
relationship only holds under neutral ENSO conditions and the positive phase of the Atlantic Multidecadal Oscillation. A 
10-member regional model multi-physics ensemble simulation for the period 1990–2000 was analyzed to show the rela-
tionships are robust to different representations of physical processes. This new understanding of seasonal rainfall over the 
tropical Americas may support improved regional seasonal and climate outlooks.
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1  Introduction

Convectively coupled equatorial waves (CCEWs) are 
responsible for transporting moisture, momentum, and 
heat over the tropics and producing up to 20% of the tropi-
cal intraseasonal precipitation variance (Lubis and Jacobi 
2015). They also play a dominant role in influencing tropical 

climate because their seasonal and interannual variability 
drives changes in tropical rainfall. Easterly Waves (EWs) are 
CCEWs that travel westwards, and their structure is Rossby 
wave-like. EWs produce significant amounts of rainfall in 
the tropics that affect large populations over this region. This 
type of CCEW is also well-known as a precursor of tropical 
cyclones (TCs) particularly over the North Atlantic and East-
ern Pacific Oceans (Pasch et al. 1998; Schreck et al. 2012).

Some studies (Walter et al. 2003; Kiladis et al. 2009; 
Crétat et al. 2015) describe EWs, commonly called tropical 
depression type waves, as synoptic waves that have well-
organized cumulus, periods of 2–6 days, group speed of 
5–10 m/s and favor the occurrence of intense precipitation in 
places such as West Africa. EWs occur from May to Novem-
ber and carry moisture from oceans to land (Thorncroft and 
Hodges 2001), mainly during September and October when 
they are more active (Jiang and Zipser 2010). However, most 
investigations have focused on understanding connections 
between EWs and daily rainfall over African regions, for 
instance the Sahel region, rather than other regions such as 
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the Tropical Americas (TAs) and its adjacent continental 
landmass (Fig. 1). Understanding the role of EW activity 
for continental and seasonal rainfall over TAs may support 
socioeconomic planning of activities dependent on regional, 
seasonal water availability.

Tropical cyclones (TCs) are also important moisture car-
riers. Arid or semi-arid regions can benefit greatly from 
a single TC event because one system can produce such 
intense precipitation (Dominguez and Magaña 2018). TCs 
are well known for transporting moisture from the tropics 
to the subtropics and mid-latitudes, but they also can induce 
drying conditions in regions that are remote to their circu-
lation, approximately more than 500 km (Dominguez and 
Magaña 2018). This drying effect has been rarely explored 
and quantified. It is explained in terms of weak subsidence 
outside the core of the system that is forced mechanically 
and may produce clear skies and moisture divergence in 
neighboring regions to the TC system (Emanuel 1997; 
Dominguez and Magaña 2018). In other words, while some 
arid or semi-arid regions are favored by TC occurrence, 
other distant regions from the TC center can be adversely 
affected in their accumulated seasonal rainfall. For exam-
ple, Marengo et al. (2008) explored the causes and effects 
of droughts over northern South America, mainly over the 
Amazonian region, that occurred during 2005. In this year, 
the North Atlantic TC activity was very high. This study 

showed that a weakened easterly flow and reduced upward 
motion resulted in a decrease of rainfall and consequently, 
a severe drought.

El Niño Southern Oscillation (ENSO) dominates precipi-
tation patterns in the tropics and subtropics on 2 to 7-year 
timescales. Under La Niña conditions, extreme rainfall 
events are more likely to occur because subsidence decreases 
over southern Mexico and the Caribbean Region (Magaña 
et al. 2003). This allows tropical convection to develop over 
those regions, and the Hadley circulation also strengthens 
the convection produced by its upward air motion over 
northern South America (Wang and Enfield 2003; Arias 
et al. 2015). On the other hand, under El Niño conditions, 
deep convection can be inhibited leading to negative pre-
cipitation anomalies over those regions (Wang and Enfield 
2003) because of strong induced subsidence (Magaña et al. 
2003). Summer seasons under neutral ENSO conditions do 
not show a clear signal in seasonal precipitation, since no 
strong seasonal dynamical teleconnections exist, resulting 
in low seasonal predictability (Barnston et al. 2010). In the 
absence of strong dynamical ENSO forcing, other processes 
such as the continuation of long-term trends, persistence 
of anomalies, or other subseasonal oscillations such as 
the Madden–Julian Oscillation (Vitart 2017) can become 
important. Moreover, longer-term oscillations, such as the 
Atlantic Multidecadal Oscillation (AMO), have also shown 

Fig. 1   Regional climate model 
domain, showing terrain 
height (m) and the three study 
regions: main development 
region (MDR), northern South 
America (NSA) and the Tropi-
cal Americas (TAs)
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to play a significant role in TC activity over the Atlantic 
basin, since higher SSTs lead to more TCs and lower SSTs 
lead to fewer TCs. For instance, Caron et al. (2015) found 
that under favorable conditions for TC formation, which are 
present during the positive phase of AMO (AMO+), more 
EWs become TCs in the Main Development Region (MDR). 
Their study analyzed maritime rainfall and found a nega-
tive relationship between more TCs over the mid-Atlantic 
Ocean and precipitation off the coast of South America dur-
ing AMO+.

Previous regional studies of TAs rainfall (Cerveny and 
Newman 2000; Jiang and Zipser 2010) mostly focus on 
exploring the footprint of TCs in rainfall and show that 
TCs contribute up to 20% of seasonal precipitation over 
this region. These studies suggest that other tropical phe-
nomena could play a larger role in the regional rainfall. For 
instance, CCEWs, mainly EWs, commonly affect northern 
South America (NSA), but their impact on regional precipi-
tation has been barely quantified. Here, we build on these 
studies by exploring dynamical mechanisms that associate 
EW activity, TC tracks, and regional rainfall to determine 
their role in regional summer rainfall variability, mainly 
over NSA (Fig. 1). We hypothesize that high TC activity 
over the MDR, produce more TCs developing from EWs, 
and transport moisture into the subtropics, leading to dry 
summer seasons over the TAs by means of the TC drying 
effect and few EWs reaching the continental NSA. TCs act 
as drying agents for the TAs when they are over the mid-
Atlantic Ocean because they transport moisture from the 
tropics to the subtropics, causing negative anomalies of 
moisture in this region, mainly over NSA (Dominguez and 
Magaña 2018), and reducing the chances of rainfall over the 
TAs continental landmass. In addition, more EWs becoming 
TCs over the MDR mean that few EWs arrive at the TAs and 
consequently, this could impact the seasonal precipitation 
over NSA.

The main objective is to understand the role of EW–TC 
rainfall relationship in seasonal precipitation over TAs, 
mainly NSA, and determine if this relationship is modified 
by ENSO phase. The outcomes of this study could be key in 
understanding the relationship between EWs and seasonal 
rainfall in order to support improved regional seasonal fore-
casts. This study investigates the contribution of EWs to sea-
sonal precipitation over the TAs in observations, reanalysis 
data, and Regional Climate Model (RCM) outputs. Dynami-
cal downscaling performed using RCMs provides detailed 
information on tropical phenomena, such as TCs and EWs, 
and regional precipitation (Crétat et al. 2015; Done et al. 
2015). A RCM grid spacing of 36-km has proven to cap-
ture adequately tropical synoptic circulations and rainfall 
(Bruyère et al. 2017). Moreover, EW characteristics (spa-
tial distribution, evolution, generation, organized convec-
tion and potential vorticity structure) have been realistically 

represented by RCMs (Hsieh and Cook 2007; Berry and 
Thorncroft 2012; Crosbie and Serra 2014), which suggests 
that RCMs can be used to analyze EWs and their contribu-
tion to tropical precipitation.

Analysis of a multi-physics RCM ensemble simulation 
complements the observational analysis by exploring the dif-
ferent climate response of each member to the same Surface 
Sea Temperatures (SSTs). In other words, the robustness 
of the physical mechanisms to different representations of 
physical processes will be examined in each ensemble mem-
ber. Here, we develop an understanding of whether RCMs 
can capture the EW–TC rainfall relationships seen in obser-
vations, using the multi-physics ensemble.

The next section describes the observational and reanaly-
sis data, RCM outputs and the methodology used to define 
EW tracks. The approach to attribute rainfall to EWs is also 
presented. Section 3 analyses the contribution of EWs to 
accumulated seasonal precipitation in observations and 
reanalysis data. Section 4 analyzes contributions of EWs 
to rainfall in a RCM ensemble. Finally, the summary and 
conclusions are given in Sect. 5.

2 � Data and methods

2.1 � Observations and reanalysis

Daily precipitation data from rain gauge stations and buoys 
are used to analyze the rainfall produced by EWs in the 
MDR, tropical Americas and the tropical Eastern Pacific 
Ocean. The surface station data are obtained from the cli-
mate information website of the National Weather Services 
that are located in the study region. Rain gauge stations that 
had 34 years of data were selected for this analysis. The 
TAO/TRITON and PIRATA projects provided the buoy pre-
cipitation information over the MDR in the North Atlantic 
Ocean and over the tropical eastern Pacific Ocean during the 
1998–2013 period. We focus on data from May to November 
(hereafter defined as the summer season) when EWs are 
active.

The original temporal and spatial resolution of Tropical 
Rainfall Measure Mission (TRMM) 3B42 is 3-hourly and 
0.25° respectively. We compared the European Centre for 
Medium-Range Weather Forecasts ERA-Interim (ERAI) 
reanalysis, the Climate Forecast System (CFSR) reanalysis 
and TRMM 3B42 rainfall dataset with the surface station 
data during the 1998–2013 period. Thus, an assessment 
of the Brier Skill Score, Normalized Root Mean Square 
Error and the cumulative minimum value were conducted 
to determine the extent to which the datasets capture daily 
rainfall over tropical North America as described by the 
surface station data (see Supplementary Material: tables 
ST1, ST2, and ST3). We find that regional precipitation 
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from ERAI compared most favorably with surface station 
data (see supplementary material). Kim and Alexander 
(2013) pointed out that CFSR has the best performance in 
representing tropical variability. However, they also found 
that the ERAI reanalysis represents adequately tropical 
precipitation variability associated with EWs. Another 
advantage of using ERAI is the number of years that this 
database provides for long-term climate studies.

Environmental variables including humidity and wind 
are used to examine EWs (main variables used for track-
ing EWs as described later). The ERAI reanalysis data, 
which is available from 1979 to the present and has a T255 
spectral resolution (~ 80 km) on 60 vertical model levels 
(Dee et al. 2011), provided these atmospheric variables. 
In addition, the EW contribution to summer rainfall is also 
estimated using the ERAI precipitation dataset. This infor-
mation helps to compute precipitation associated with EW 
tracks over the North Atlantic and Eastern Pacific Ocean.

Both objective and subjective techniques have been 
used to track EWs (Pasch et  al. 1998; Thorncroft and 
Hodges 2001; Berry et al. 2007; Serra et al. 2010; Agudelo 
et al. 2011) over the North Atlantic Ocean. However, the 
resulting tracks are sensitive to the method and no offi-
cial EW track dataset has been established. Following 
Thorncroft and Hodges (2001), the TRACK technique is 
implemented to objectively identify EW tracks over the 
1980–2013 period. Winds at 850, 700 and 600 hPa from 
ERAI are averaged, vorticity is calculated, and filtered to 
remove mesoscale vorticity features and leave synoptic 
scales. The criteria, the same as used in previous work 
(Thorncroft and Hodges, 2001; Serra et al. 2010), to define 
vorticity centers as EWs are:

1.	 Westward movement
2.	 Lifetime of at least 2 days
3.	 First detected points are over the oceanic domain 

5°–20°N
4.	 Vorticity centers are 2.0 × 10−5 s−1 or greater
5.	 Systems travel at least 1000 km.

Thus, mid-latitude systems and topographically-induced 
waves are removed. This objective method also tracks TCs. 
To identify TC tracks, hurricane matching is carried out 
by following the TC centers defined by the best-track data-
base HURDAT of the National Hurricane Center (Land-
sea and Franklin 2013), in a grid of 2° × 2°. This helps to 
define which TCs came from EWs and remove the portions 
of TC tracks from our EW track database.

Agudelo et al. (2011) suggested that a 15° × 15° region 
around the center of the wave can be used to capture the 
EW features. Thus, a threshold distance of 7.5° from the 
EW center defined by the TRACK technique is used to 
define the precipitation produced by EWs. However, this 

step assumes that precipitation matches with the positive 
phase of EWs and also that the precipitation is confined 
within the 15° × 15° box.

While EW precipitation does not exclusively occur in the 
positive phase of the wave, it is far from constant throughout 
all phases of the wave (Serra et al. 2008). Using satellite-
based rainfall estimates and reanalysis data over the Atlantic 
Ocean, Janiga and Thorncroft (2016) found that rainfall typi-
cally maximizes in the wave trough where the air is moist. 
The ridge is characterized by drier air and shallow convec-
tion. But they also find substantial variability about these 
typical conditions. Our focus on only the positive phase may 
result in an underestimation of the total EW rainfall because 
we may miss some rainfall associated with the negative 
phase. This represents a potential limitation of our approach, 
as discussed in Sect. 5.

In addition, the AMO monthly index was obtained from 
the detrended Kaplan SST database version 2 (Enfield et al. 
2001). Only the values of AMO index from May to Novem-
ber are considered for this study. The Reynolds optimum 
interpolated (OIv2) dataset (Reynolds et al. 2007) was also 
analyzed to explore the AMO influence on tropical SSTs.

2.2 � Regional climate model experiment design

Using a regional climate model brings about better-resolved 
phenomena such as TCs or EWs than in coarse resolution 
global models. Here, we use an existing RCM dataset 
described by Bruyère et al. (2017) and summarized here. 
The Weather Research and Forecasting (WRF; Powers 
et al. 2017) model was driven by the ERAI reanalysis for 
the 1990–2000 period. The Reynolds optimum interpolated 
analysis (Reynolds et al. 2007), which has a weekly tempo-
ral resolution and 1.0° spatial resolution, was used to force 
the RCM ensemble. The experiments were designed at the 
National Center for Atmospheric Research (NCAR) for a 
large variety of studies. The domain used for the experi-
ments extends from Canada to Brazil and from Hawaii to 
the west coast of Africa (Fig. 1). The size of the domain is 
enough for capturing EWs that enter the eastern boundary 
and become TCs over the North Atlantic Ocean within the 
RCM domain (Bruyère et al. 2017). Furthermore, the fact 
that the domain boundaries are far away from our regions 
of study, let the regional climate processes evolve freely 
within the WRF domain and they are not constrained by 
the boundaries (Done et al. 2015). Three specific regions 
were considered to explore the EW contribution to seasonal 
rainfall according to their location and summer precipitation: 
MDR, NSA and TAs (Fig. 1).

For this study, ten members were chosen from a 
24-member model physics ensemble. The members that 
performed adequately in terms of their simulated TC activ-
ity were considered, as described in Bruyère et al. (2017). 
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The ten members have different physical parameterization 
schemes: (1) radiation scheme (CAM: Collins et al. 2006 
and RRTMG: Mlawer et al. 1997); (2) cumulus convec-
tion (Kain Fritsch: Kain and Fritsch 1990, New Simpli-
fied Arakawa-Schubert: Han and Pan 2011, and Tiedtke: 
Tiedtke 1989); (3) microphysics (WRF Single-Moment 
6-Class: Hong et al. 2004, and Thompson: Thompson et al. 
2004) and (4) planetary boundary layer (PBL) (Mellor-
Yamada-Janjic: Janjic 1994, and Yonsei University: Hong 
et al. 2006). The ten members were abbreviated as follows: 
the first letter indicates the radiation scheme (c for CAM 
and r for RRTMG), the second letter denotes the cumulus 
parameterization (k for KF, n for NAS and t for Tiedtke), 
the third character the microphysics (6 for WSM6C and t 
for Thompson) and the fourth letter represents the plan-
etary boundary layer scheme (m for MYJ and y for YU). 
The aforementioned physics combinations are commonly 
used and well-tested (Bruyère et  al. 2017). The Noah 
scheme (Chen and Dudhia 2001) was the only land surface 
scheme used for the experiments. This focuses our study 
on the robustness of the physical processes to different 
representations of atmospheric processes.

Vorticity centers are tracked in the 10-member ensem-
ble using the same technique and aforementioned criteria 
as for ERA-I data. However, vorticity centers had to be 
1.8 × 10−5 s−1 or greater. An additional criterion of wind 
speed at 1000 mb was used (less than 12 m/s for KF simu-
lations and 10 m/s for the rest of the simulations), since 
TC tracks in the ensemble were defined using these thresh-
olds (Bruyère et al. 2017). In this way, TCs that came 
from EWs in the outputs were detected and the portion of 
the tracks that were TCs was removed from the EW track 
database.

3 � Results: easterly wave contributions 
to seasonal rainfall in observations

3.1 � Easterly wave contributions to rainfall 
over the tropical Americas in the period 1980–
2013

The TAs region has different climatic rainfall regimes. While 
the Caribbean region receives around 600 mm annually, the 
amount of seasonal precipitation over Panama can be greater 
than 1000 mm per year (Fig. 2a). As mentioned before, the 
precipitation produced by EWs is defined as the rainfall 
that is at a threshold distance of 7.5° from the EW center 
defined by the TRACK technique, as proposed by Agudelo 
et al. (2011). Then, the seasonal precipitation attributed to 
EWs is obtained by adding all the precipitation associated 
with the EW tracks for each year. The climatological EW 
precipitation is an average of this seasonal amount for the 
1980–2013 period.

EWs can act as moisture carriers that transport humidity 
from the MDR to the Eastern North Pacific Ocean (ENP). 
EWs produce up to 400 mm per year over the MDR and at 
least 600 mm over the ENP (Fig. 2b). Over tropical land-
mass, Costa Rica and Panama are greatly impacted by EW 
rainfall, since these regions can receive up to 700 mm per 
year. However, other mechanisms such as the Caribbean 
Low-Level Jet (CLLJ) and Chocó Jet can be significant con-
tributors to the seasonal rainfall over these regions (Arias 
et al. 2015). EW tracks are also important moisture carri-
ers over southern Mexico, the Caribbean region and NSA 
(Fig. 2b). Here, the interannual variability of EWs may 
result in wet or dry years, depending on the region.

(a) (b)

(c) (d)

Fig. 2   a Summer rainfall (mm), b summer rainfall (mm) produced by easterly waves, c annual average easterly wave track density, and d contri-
bution (%) of easterly waves to summer rainfall. Data are shown for the 1980–2013 period using ERAI data
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EW density was computed as the number of tracks per 
unit area (1° × 1°) and per year (from May to November), 
as shown in Fig. 2c. Both coasts of Panama and NSA 
region experienced the highest density of EWs when com-
pared to other continental regions such as southern Mex-
ico or the coast of Africa. Apart from providing triggers 
for tropical cyclogenesis, EWs are significant contribu-
tors to regional seasonal precipitation. Their contribu-
tion is defined as the division of the seasonal EW rain-
fall by the total summer rainfall and then, multiplied by 
100%. Figure 2d points out that EW contribution varies 
regionally. EWs can contribute more than 60% of summer 
rainfall over ENP and at least 50% over Costa Rica and 
Panama. Over southern Mexico and NSA their contribu-
tion can vary from 30 to 50% of the total seasonal rain-
fall (Fig. 2d). Thus, EWs should be essential elements of 
the hydrological cycle over TAs, since they act as highly 
convective systems and produce at least 20% of regional 
precipitation.

Surface stations and buoys that have information dur-
ing the 1998–2013 period were analyzed. The analysis 
began in 1998 because the TAO/TRITON and PIRATA 
projects were launched operationally from 1998. The 
mean of EW contribution was computed as mentioned 
above. A surface station or buoy is affected by an EW 
when it is inside a box of 7.5° from the EW center defined 
by the TRACK technique and their contribution was aver-
aged considering 16 years (from 1998 to 2013). This 
analysis supports the results using reanalysis data. EWs 
can produce more than 60% of seasonal rainfall over the 
ENP. However, as they move westward, their contribution 
decreases. Over the Central American region and MDR, 
EWs can contribute up to 60% of the rainfall (Fig. 3). 
TCs can also have an impact on the seasonal accumulated 
amount over MDR, but the most important contributors 
to summer rainfall are EWs. Over southern Mexico and 
NSA, their contribution to seasonal precipitation varies 
regionally. The main contribution over NSA is located 
in the north of the region. For example, EWs over the 
north of Colombia and Venezuela can contribute up to 
50% (Fig. 3).

3.2 � Relationships between ENSO, regional rainfall 
and TC activity over the northern South 
America

The yearly accumulated summer precipitation or sea-
sonal rainfall over NSA varies from 500 mm to more than 
1000 mm (blue bars in Fig. 4). This variability is also linked 
to the changes in summer rainfall produced by EWs (green 
bars in Fig. 4), since the correlation between accumulated 
summer precipitation and seasonal EW rainfall over NSA 
is r = 0.63 at a 99% level of confidence for the 1980–2013 
period. The number of EW days, defined as the yearly sum 
of days when EW passages over a region, also shows that the 
variability is well-correlated with the seasonal EW precipita-
tion over this region for the whole period (r = 0.52 at a 99% 
level of confidence). For example, during the years when 
the seasonal rainfall was below normal, such as 1983 and 
2005, the summer precipitation produced by EWs was also 
low and EW days were less than 20 over NSA (Fig. 4). This 
is far below the average of 33 days. Thus, it is demonstrated 
that changes in EW frequency over NSA may lead to large 
interannual variations of precipitation.

The MDR is the region with the highest proportion of 
EWs becoming TCs. Instead of reaching the NSA region, 
some of these TCs can curve and carry moisture from the 
TAs to the subtropical mid-Atlantic Ocean or the eastern US, 
depending on the TC track. In that sense, TC circulations 
can also reduce the chances of rain over NAS by inducing 
moisture divergence over this region, particularly when the 
TC tracks are over the mid-Atlantic Ocean. Our hypothesis 
is that more TC days over MDR mean fewer EWs reaching 
NSA and consequently, less EW days affecting this region. 
However, this relationship is only valid for some years, such 
as 1987, 2005 and 2012. The opposite occurs for some years, 
such as 1985, 2006 and 2013. The correlation between TC 
days over MDR and EW days over NSA is 0.23 for the whole 
period and it is not statistically significant. It is possible that 
this correlation is low because the EW–TC relationship is 
strongly modulated by interannual climate oscillations, as 
the ENSO.

ENSO is an important climate forcing that drives 
changes in atmospheric circulations over the TAs, induc-
ing positive or negative anomalies of accumulated rainfall, 

Fig. 3   Climatological annual 
contribution (%) of EWs to 
summer rainfall during the 
1998–2013 period using surface 
station data
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depending on the phase. During the 1980–2013 period, 
5 years were defined as El Niño and five as La Niña.

However, some weak El Niño and La Niña events were 
not considered in our study. Neutral conditions cover 
19 years (Table 1). Firstly, the ENSO impact on the sea-
sonal precipitation over NSA is determined.

Seasonal precipitation anomalies over NSA are defined 
as the subtraction of the accumulated rain value in a given 
year minus the average of the summer rainfall over this 
region for the 1980–2013 period. The behavior of the 
regional precipitation under the three phases of ENSO was 
determined by averaging the anomalies in rainfall over 
NSA during the years that each phase was active. The 
yearly number of TC days corresponds to the sum of the 
days when TCs are over the MDR. The anomalies are cre-
ated by averaging the yearly number of TCs days and then 
subtracting the average from the TC days in a given year. 

In general, Fig. 5 shows that El Niño brings dry conditions 
and La Niña brings wet conditions to the NSA region.

Under El Niño years, the chances for deep convection 
decrease due to the enhancement in wind shear (Camargo 
et al. 2007) and the number of TC days over the MDR also 
diminishes. Under La Niña years, the atmospheric condi-
tions are more favorable to deep convection when compared 
to neutral conditions and the number of TC days over the 

Fig. 4   Accumulated summer 
precipitation (mm, blue bars) 
and accumulated summer pre-
cipitation produced by easterly 
waves (mm, green bars) over 
northern South America, using 
ERAI. The blue line represents 
the accumulated days of TCs 
over the main development 
region and the red line repre-
sents the yearly easterly wave 
days over the Northern South 
America during the 1980–2013 
period

Table 1   Years when the ENSO phase was El Niño, neutral condi-
tions, and La Niña between 1980 and 2013

El Niño Neutral La Niña

1983 1980 1992 2001 2008 1988
1987 1981 1993 2003 2011 1995
1991 1984 1994 2005 2012 1998
1997 1985 1996 2006 2013 1999
2002 1990 2000 2007 2010

Fig. 5   Summer rainfall anomalies (mm) in northern South America 
under the ENSO conditions during the 1980–2013 period, using 
ERAI. The black line represents the anomalies in the number of TC 
days over the main development region under the ENSO conditions
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MDR increases. By modifying the large-scale circulation 
over TAs, ENSO strongly influences the regional climate 
variability over NSA. Under neutral conditions, a slightly 
opposed signal exists between the anomalies of seasonal pre-
cipitation over this region and anomalies in TC days over the 
MDR during the whole period (Fig. 5). In fact, considering 
only neutral ENSO conditions during the whole period, the 
correlation between anomalies in seasonal precipitation over 
NSA and anomalies in TC days over the MDR is − 0.5 at 
95% level of confidence.

EW track density and their associated rainfall under 
ENSO phases were examined. The anomalies of easterly 
wave track density were computed as the difference between 
the average of track density for each ENSO phase and the cli-
matological track density for the 1980–2013 period. Under 
El Niño conditions, fewer EWs reach NSA (Fig. 6b). This 
result is consistent with Bengtsson et al. (2006), who used 
ERA40 reanalysis to show negative track density anomalies 
under the warm phase of ENSO over the coast of NSA. How-
ever, the opposite occurs under La Niña conditions (Fig 6f), 
more EWs reach NSA. A strong dipole in the anomalies of 
easterly wave track density appears over the MDR under El 
Niño and La Niña conditions but inverted for each ENSO 
phase. This could suggest that the ENSO could modulate 
waveguide activity and determine which one is more active, 
depending on the ENSO phase. The physical mechanism that 
drives this dipole and the EW activity over MDR remains 
as future work. Under Neutral conditions, no pattern in the 
anomalies of easterly wave track density is noticeable.

Some El Niño years show fewer EW days than average, 
corresponding to a negative change (defined as negative 
anomalies from average) in EW contribution to seasonal 
rainfall over NSA. While some El Niño years show more EW 
days, meaning a positive contribution (Fig 7a). During 1997, 
although fewer EW days affected NSA, most of the seasonal 
precipitation was produced by EWs. Figure 4 also shows 
this, meaning that EWs were the main moisture carriers in 
1997. Overall, the anomalies in TC days over MDR tend to 
be negative under El Niño, except for 1987 (Fig. 7a). The 
EW–TC rainfall relationship holds in 1987, 1991 and 2002, 
which shows that even during El Niño events, the number of 
TCs over MDR and EW days over NSA are highly related. 
This relationship can dominate wet or dry seasons over the 
NSA region, depending on the number of EWs that reach the 
region, since the EW days and accumulated seasonal rainfall 
over this region are greatly correlated.

Under La Niña conditions, TC days over MDR and EW 
days over NSA are higher than normal (Fig 7b). Despite the 
high TC activity over MDR, the EW contribution tends to 
be higher than normal (Fig 7b), suggesting that large-scale 
atmospheric conditions are strongly favorable for intense 
convection over NSA during 1995, 1998 and 1999, and the 
TC-drying effect is overwhelmed for those years. However, 
this relationship does not hold for the stronger La Niña 
events of 1988 and 2010. During 1988, the anomalies in EW 
days are negative over NSA and so is their contribution to 
seasonal precipitation (Fig 7b). Based on Arias et al. (2015), 
the intensification of the Chocó Jet and the reduction in the 

(a) (b)

(c) (d)

(e) (f)

Fig. 6   Annual average easterly wave track density for: a El Niño years, c neutral years, e La Niña years during the 1980–2013 period and the 
anomalies of easterly wave track density for b El Niño years, d neutral years and f La Niña years
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magnitude of the CLLJ led to an anomalous wet season over 
NSA in 2010, mainly over Colombia. The latter indicates 
that La Niña conditions are not the only responsible driver 
for this atypical wet year. This is also supported by Fig. 4, 
which shows that the rainfall produced by EWs was moder-
ate when compared to non-EW precipitation in 2010. There-
fore, our results are consistent with Arias et al. (2015).

The EW contribution to accumulated summer rainfall 
exhibits considerable interannual variability under neutral 
conditions (Fig. 7c). The anomalous EW day frequency over 
NSA and anomalous TC days over MDR had similar sign 
in most of the years from 1980 to 2000 (Fig. 7c). How-
ever, after the year of 2000, the EW–TC rainfall relationship 
strengthens, which suggests that a decadal oscillation could 

(a) (b)

(c) (d)

Fig. 7   Anomalies of easterly wave (EW) contribution (%) to seasonal 
rainfall over northern South America for: a El Niño years, b La Niña 
years and c Neutral years and d the three ENSO phases during the 

1980–2013 period. The blue line represents the anomalies in EW 
days over northern South America and the black line represents the 
anomalies in TC days over the main development region
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play an important role in modulating this relationship under 
neutral ENSO conditions.

In summary, El Niño years result in less precipitation 
produced by EWs over NSA and a reduction in their activity 
(Figs. 6b, 7d), while La Niña years result in more precipita-
tion produced by EWs over NSA and an increase in their 
activity (Figs. 6f, 7d). Under neutral conditions, our pro-
posed EW–TC rainfall relationship only becomes apparent 
after the year 2000.

3.3 � Decadal modulation of the relationship 
between tropical cyclones and regional 
precipitation

The correlation between seasonal rainfall over NSA and TC 
days over MDR changes across the decades. The correla-
tion for the decade 1980–1989 is 0.61, for 1990–1999 is 
0.60, significant at a 95% level of confidence and for the 
2000–2013 period is − 0.1 (non-significant). However, after 
2000, TCs and seasonal rainfall are anti-correlated. The 
long-timescale variation in the correlation suggests that a 
long-term mode of climate variability may play an important 

role in the modulation of EW and TC frequency. The latter is 
partly supported by the analysis of the relationship between 
the EW contribution to accumulated summer rainfall over 
NSA and the anomalies of TC days over MDR under neutral 
conditions, which suddenly changes after the year of 2000 
(Fig. 7c). Here, the AMO is explored as the main decadal 
modulator over the Atlantic Ocean, whose index turned posi-
tive from the year 1995.

To assess the potential influence of the AMO on the 
atmospheric circulation for the 1980–2013 period, the nega-
tive phase of AMO is defined as the years whose averaged 
summer index is lower than − 0.103 °C (threshold that char-
acterizes the values that are in the lower tercile of the AMO 
distribution) and the positive phase exists when the yearly 
averaged value is greater than 0.104 °C (threshold that char-
acterizes the values that are in the upper tercile of the distri-
bution). The AMO modifies SSTs over a large portion of the 
Atlantic Ocean. However, the SST variance depends on the 
location and time of the year. So, the anomalies are standard-
ized considering the whole period. Nine years before 1995 
are considered as AMO− and 10 years are defined as AMO+ 
(Table 2).

The main dynamical factor that dominates the convection 
over the tropical Atlantic is the vertical wind shear (Camargo 
et al. 2007). Thus, the anomalies of vertical wind shear are 
examined to explore shear as a possible mechanism through 
which AMO has influence.

Figure 8a reveals that under AMO+ conditions, the stand-
ardized SST positive anomalies are present across the entire 
tropical Atlantic Ocean and the anomalies of vertical wind 
shear are negative, principally over the NSA region and its 
Atlantic coast, where the largest values are around − 1.2 m/s. 
This promotes tropical convection and consequently, 

Table 2   Years when AMO 
index was in the lower tercile, 
defined as AMO −, and years 
when AMO index was in 
the upper tercile, defined as 
AMO +

AMO − AMO +

1982 1991 1995 2006
1983 1992 1999 2007
1984 1993 2001 2008
1985 1994 2003 2009
1986 2005 2013

Fig. 8   Standardized anomalies 
of sea surface temperature 
(°C, shaded) and anomalies of 
vertical wind shear (m/s, green 
contours) for a years when their 
AMO index was in the upper 
tercile and b years when their 
AMO index was in the lower 
tercile. Dashed green lines 
represent negative anomalies of 
wind shear, the bold line repre-
sents the value of zero and the 
continuous green lines represent 
positive anomalies

(a)

(b)
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produces more rainfall. On the other hand, the standard-
ized SST anomalies are negative over the Atlantic Ocean 
and strong positive anomalies of vertical wind shear exist 
over the Atlantic coast of NSA and its adjacent landmass 
under AMO− conditions (Fig. 8b). These conditions are 
unfavorable for deep convection. Our results are consistent 
with Goldenberg et al. (2001) who identified vertical wind 
shear and SSTs as dominating TC frequency over the North 
Atlantic Ocean. Goldenberg et al. (2001) also suggests that 
more intense hurricanes can occur during AMO+, which 
indicate the existence of intense and well-defined TC circu-
lations and therefore, the TC-drying effect may be stronger 
under AMO+ conditions than under the AMO− phase.

3.4 � Relationships between easterly waves, tropical 
cyclones, and regional rainfall during recent 
neutral ENSO years

According to the results for the AMO phases, the EW–TC 
rainfall relationship does not hold in neutral years before 
1995 because of the inhibited convection induced by 
AMO− conditions. Under such conditions the TC circula-
tions over MDR and curving into the mid-Atlantic may not 
be strong enough to have a well-defined drying effect. How-
ever, the EW–TC rainfall relationship holds for neutral years 
from 2001 onwards.

Neutral years of high TC activity over MDR (2005, 2011 
and 2012) and neutral years of low TC activity over MDR 
(2006, 2008 and 2013) are analyzed to explore the atmos-
pheric dynamics that drive the changes in EW contribution 
and therefore, changes in regional precipitation, without 
considering a climate forcing as ENSO. Figure 9b shows 
that during years of high TC activity, the anomalies in the 
precipitation associated with EW tracks are below normal 
(Fig. 9a). The Caribbean region and NSA experience nega-
tive anomalies of vertically integrated moisture flux, but the 

eastern US is affected by a large anomalous moisture flux 
(Fig. 9c). The latter results in less seasonal EW rainfall over 
TAs when compared to relatively inactive TC seasons over 
MDR in neutral years (Fig. 9d).

During years of relatively low TC activity over MDR, 
EWs produce up to 125 mm above the average over the Car-
ibbean region and NSA (Fig. 9d, e). This results from posi-
tive anomalies of integrated moisture flux over these regions 
(Fig. 9f). Interestingly, the accumulated summer precipita-
tion produced by EWs over the ENP also increases during 
the years of relatively low TC activity over the MDR and 
diminishes during active TC seasons (Fig. 9a, d).

These results suggest that under AMO+ and ENSO neu-
tral conditions, TC activity over MDR could serve as an 
indicator of dry summer seasons over NSA, when the strong 
interannual climate signal of ENSO is absent.

4 � Results: easterly wave contributions 
to seasonal rainfall in a RCM ensemble

This section complements the observational analysis in 
the previous section and presents an analysis of a multi-
physics RCM ensemble simulation. Each ensemble mem-
ber produces a slightly different atmospheric response to 
the same SSTs. This presents an opportunity to (1) develop 
understanding of the extent to which RCMs can capture the 
EW–TC rainfall relationships, and (2) assess the strength 
of the physical mechanisms to different representations of 
physical processes.

4.1 � Frequency of easterly waves

All members simulate adequately the EW activity over the 
MDR (Fig. 10) when compared to ERAI (Fig. 10l). How-
ever, all the members underestimate the simulated EW track 
density over the ENP. The members ck6 m, cn6y and rn6y 

(a)

(d) (e) (f)

(b) (c)

Fig. 9   Anomalies of seasonal rainfall (mm) associated with easterly 
wave tracks (a, d), anomalies of TC density (d, e), and anomalies of 
vertically integrated moisture flux (c, f, kg/m2  s) for years of high 

TC activity: 2005, 2011 and 2012 (upper row), and years of low TC 
activity: 2006, 2008 and 2013 (bottom row) over the main develop-
ment region
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simulate their maximum EW density westwards of the ERAI 
maximum (Fig. 9a, e, f), but they capture EW activity better 
in contrast to the other members. This indicates that WRF 
Single-Moment 6-Class microphysics scheme has a great 
impact on the EW activity.

The hurricane matching technique revealed that 50% of 
TCs develop from EWs over the North Atlantic Ocean and 
71% over the Eastern Pacific Ocean by using the ERAI rea-
nalysis and HURDAT database (Fig. 11). Our results over 
the Atlantic basin are consistent with Agudelo et al. (2011) 
and Schreck et al. (2012), since these studies estimate that 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

Fig. 10   Annual average density of easterly wave tracks in ten members of the RCM ensemble: a ck6m, c cktm, e cn6y, g cnty, i ctty, b rk6m, d 
rktm, f rn6y, h rnty, j rtty, k ensemble mean and l ERAI during the 1990–2000 period
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50–60% of the tropical cyclogenesis is produced by the TD-
type waves over the Atlantic basin. Nevertheless, Schreck 
et al. (2012) found a smaller percentage of TCs that originate 
from EWs over the Pacific basin (40–65%). Based on our 
results using ERAI, we suggest that EWs are the dominant 
tropical modes that produce TCs over the ENP, which also 
yield up to 70% of the accumulated summer rainfall over 
this region.

For the RCM outputs, all ensemble members underes-
timate the tropical cyclogenesis produced by EWs when 
compared to ERAI. The only two members that reasonably 
simulate TCs coming from TD type waves (more than 40%) 
are rn6y and rnty. The RRTMG/New Simplified Arakawa-
Schubert/Yonsei University combination has an impact on 
the generation of tropical cyclogenesis (Fig. 11). Intrigu-
ingly, these two members produced fewer TC tracks when 
compared to the rest of the members (Bruyère et al. 2017). 
On the other hand, the worst-performing members for simu-
lating EWs as precursors (cktm and ctty) adequately capture 
TC tracks (Bruyère et al. 2017). Further research is needed 
to determine this misrepresentation.

4.2 � Simulated easterly wave contributions 
to rainfall

The simulated EW rainfall varies substantially among the 
ensemble members. While four members, cn6y, rn6y, cnty 
and rtty, captured adequately the EW precipitation over the 

ENP (Fig. 12e–g, j), all members produced too low precipi-
tation (less than 200 mm) over the Atlantic Ocean and its 
continental landmass, as NSA. Only two members—cn6y 
and rtty—reasonably capture EW precipitation over the 
MDR (Fig. 12e, j). It seems that the EW track density is not 
related to the skill of representing EW rainfall, since all the 
members simulate the EW activity over this region appropri-
ately, but only two members represent the EW precipitation 
adequately. This suggests that the RCM produces the wind 
patterns associated with EW horizontal structure, but that 
these tropical waves are too dry.

Despite a misrepresentation of EW rainfall over the 
MDR, all members overestimate the EW contribution (more 
than 60%) to seasonal rainfall (Fig 13). In general, the per-
centage of EW contribution over NSA is well-represented 
by the ensemble (Fig. 13k) but poorly represented over the 
ENP. The members cn6y and rtty, which are the only mem-
bers that adequately simulate the EW rainfall over the MDR, 
do not have a good skill to simulate the EW contribution to 
seasonal precipitation over the NSA appropriately (Fig. 13e, 
j). In addition, the EW contribution over the Central Ameri-
can region is underestimated by members rk6 m, cktm, rktm, 
cn6y, rnty, ctty and rtty.

4.3 � Simulated relationships between ENSO, 
regional precipitation and tropical cyclone 
activity

Some RCM ensemble members show that they can simulate 
the EW track density over the ENP adequately (Fig. 10), but 
they cannot capture the EW contribution to accumulated 
summer precipitation over this region. This suggests that 
most of the EWs are simulated as dry waves. On the con-
trary, some members have problems simulating EW track 
density over NSA, but they reproduce a reasonable EW con-
tribution over this region.

The interannual variability of the EW–TC rainfall con-
tribution is explored here for each ENSO phase. During 
the 1990–2000 period of the RCM simulations, only 1991 
and 1997 were El Niño years, and 1995 and 1999 were La 
Niña years (Table 1). For the same period, the years 1990, 
1992, 1993, 1994, 1996 and 2000 are ENSO neutral years 
(Table 1).

During El Niño years, the RCM ensemble shows a 
negative change in the EW contribution to seasonal pre-
cipitation over NSA (Fig. 14a), which demonstrates that 
EWs simulated by RCM members produce less rainfall 
than normal under these conditions. The performance of 
the anomalies in EW days over NSA has a good skill when 
compared to observations (Fig. 7), since their anomalies 
are like those observed, but for the 1980–2013 period. 
In addition, the RCM ensemble also indicates that, under 
El Niño conditions, MDR TC days are fewer, which also 

Fig. 11   Percentage (%) of easterly waves that become TCs over the 
North Atlantic basin (light blue) and Eastern North Pacific Ocean 
(dark blue) according to the ERAI reanalysis and ten members: ck6m, 
cktm, cn6y, cnty, ctty, rk6m, rktm, rn6y, rnty and rtty during the 
1990–2000 period
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agrees with observations (Fig. 7a). For La Niña conditions 
EWs generally produce precipitation above normal over 
NSA and TC days are also generally active over MDR 
(Fig. 14b), as we concluded in Sect. 3.2. However, slightly 
negative anomalies of EW days in 1998 are simulated 

under these conditions. Therefore, EWs over NSA and TCs 
over MDR are reasonably well represented by the RCM 
ensemble in the two ENSO phases.

During neutral years, the EW–TC rainfall relationship 
is dominant in 1993, 1994 and 2000 (Fig. 14c), which 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

Fig. 12   Rainfall (mm) produced by easterly waves in ten members of the WRF ensemble: a ck6m, c cktm, e cn6y, g cnty, i ctty, b rk6m, d rktm, 
f rn6y, h rnty, j rtty, k ensemble mean and l ERAI during the 1990–2000 period
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is different from the observed relationship in those years 
(Fig. 7c). Moreover, the variability in EW contribution 
and EW days during neutral ENSO phase is less than in 
observations (Fig. 7c).

In summary, the RCM ensemble reproduces adequately 
the atmospheric response to La Niña and El Niño SST con-
ditions. Figure 14 reveals that the RCM can capture most of 

the EW and TC characteristics over NSA and MDR under 
different ENSO phases. Our previous results are consistent 
with this figure because convection is inhibited under El 
Niño conditions and so is the EW contribution to summer 
season over NSA (Fig. 14d). Furthermore, EW convection 
over NSA is enhanced under La Niña conditions.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

Fig. 13   As Fig. 12 but for the contribution (%) of easterly waves to summer rainfall
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The relationship between TC days over MDR and NSA 
seasonal rainfall holds across the ensemble. The correla-
tion between TC days over MDR and seasonal rainfall over 
NSA is 0.61 in ERA-I and 0.60 during neutral years for the 
1990–2000 period. The members cn6y, cnty, rk6 m and 

rktm, rn6y, rnty and rtty (70% of the members) capture this 
signal (Table 3).

In summary, the RCM adequately captures the regional 
climate variability over the TAs. In particular, the EW–TC 
rainfall relationships seen in observations are robust to 
the different physical representations in the multi-physics 
ensemble, as is the relationship between MDR TC days 
and accumulated seasonal rainfall over NSA. RCMs may 

(a) (b)

(c) (d)

Fig. 14   Anomalies of EW contribution to seasonal rainfall (%) for the 
WRF ensemble under a El Niño conditions, b La Niña conditions, c 
neutral conditions, and d the three phases of ENSO during the 1990–

2000 period. The blue line represents the anomalies in EW days over 
NSA and the black line represents the anomalies in TC days over the 
MDR
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therefore provide useful information about the regional 
climate variability of the TAs.

5 � Summary and conclusions

Tropical cyclones (TCs) and Easterly Waves (EWs) are 
key phenomena over the tropical Americas (TAs) for their 
importance in transporting moisture. EWs are important 
transporters of humidity to northern South America (NSA), 
the Caribbean Sea, Central America, and southern Mexico, 
collectively defined as TAs landmass. In particular, the accu-
mulated seasonal rainfall depends on EW activity, since they 
produce up to 50% of the accumulated summer precipitation 
over NSA.

An observational analysis showed that El Niño-South 
Oscillation (ENSO) dominates interannual variability over 
TAs. Under strong El Niño conditions, induced subsidence 
inhibits deep convection over TAs. Under strong La Niña 
conditions, the lack of subsidence promotes deep convection 
and enhanced rainfall over NSA (Arias et al. 2015). Under 
ENSO neutral conditions the EW contribution to interannual 
variability can become important. We find a relationship 
between TC days over MDR and the EW contribution to 
accumulated seasonal rainfall under neutral ENSO condi-
tions, but only after the year 2000. In this period, more TC 
tracks that curve into the mid-North Atlantic transport more 
moisture into the subtropics or mid-latitudes. This reduces 
the chance of rain over the continental TAs because the 
number of EW days reaching this region is reduced. This 
is defined in this paper as the EW–TC rainfall relationship. 
The opposite effect occurs under low TC activity over MDR. 
However, this relationship is overwhelmed under strong El 
Niño or La Niña events and it is only valid under AMO+ 
conditions. AMO+ enhances tropical convection because 
the SSTs are anomalously warm and the vertical wind shear 

anomalously low. The EW–TC rainfall relationship vanishes 
under AMO− conditions because cool SSTs and strong ver-
tical wind shear is more intense, preventing deep tropical 
convection from organizing.

Additional comparative studies are needed to fully 
understand how robust the results are to details of our 
analysis. In particular, sensitivity should be tested to the 
definition of EW rainfall based only on rainfall associated 
with the positive phase of the waves, to understand the 
extent to which this definition underestimates EW contri-
butions to rainfall.

To complement the observational analysis, a multi-
physics RCM ensemble simulation was used to (1) develop 
understanding of the extent to which RCMs can capture 
the EW–TC rainfall relationships, and (2) assess the 
strength of the physical mechanisms to different repre-
sentations of physical processes. Our analysis of observa-
tions showed that 50% and 70% of TCs come from EWs 
over the North Atlantic and North Eastern Pacific Ocean, 
respectively. Most of the ensemble members were able 
to reasonably capture EWs as precursors of cyclogenesis 
in both basins. Whereas the simulated EW precipitation 
over land is poorly represented, the EW contribution to 
seasonal rainfall over TAs landmass is adequately captured 
by most of the members. The atmospheric responses to 
ENSO are also well simulated by the members as dem-
onstrated by the analysis of TC days over MDR, EW days 
over NSA and their contribution to seasonal rainfall. The 
positive correlation between TC days over MDR and sea-
sonal precipitation over NSA during the period 1990–2000 
was also adequately captured by 70% of the members. This 
indicates that the relationship is fairly robust to the differ-
ent representations of physical processes.

Additional RCM simulations are needed to assess 
whether the EW–TC relationship is robust in other dec-
ades with other combinations of AMO and ENSO charac-
teristics. Moreover, future work should further investigate 
the physical mechanisms that drive EW activity over TAs 
under AMO+/− conditions.

The findings of this research have implications for cli-
mate predictability. There is potential to predict rainfall 
over continental TAs based on predictions of TC activity 
over MDR (e.g., Klotzbach et al. 2011; Klotzbach et al. 
2017) under neutral ENSO and AMO+ conditions.
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