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The time-lagged impacts of spring PMM on TC landfalling 
activity results in a new predictor to forecast seasonal TC 
landfall activity along the US (especially over the Gulf of 
Mexico and Florida) and Caribbean coastal regions.
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1 Introduction

North Atlantic tropical cyclones (TCs) are one of the cost-
liest and most catastrophic natural hazards affecting the 
US (e.g., Pielke Jr et al. 2008; Smith and Katz 2013). TCs 
cause severe damages to the coastal and inland regions 
during or after landfall (e.g., Pielke Jr and Landsea 1999; 
Pielke Jr et al. 2008), with significant impacts due to strong 
winds, heavy rainfall, flooding, and storm surge. Despite 
the significant societal and economic impacts associated 
with these storms, the prediction of TC landfall statistics 
is still a very challenging problem (e.g., Marks and Shay 
1998; Saunders and Lea 2005; Elsner and Jagger 2006; 
Vecchi and Villarini 2014; Vecchi et  al. 2014; Murakami 
et al. 2016). It is therefore of crucial importance to better 
understand what controls the frequency and variability of 
landfalling TCs in terms of climate processes, which in 
turn can lay the foundation for better predictions.

In general, the US TC landfall activity tends to be sup-
pressed (enhanced) during El Niño (La Niña) events (e.g., 
Bove et al. 1998; Pielke Jr and Landsea 1999; Elsner 2003; 
Tang and Neelin 2004; Elsner and Jagger 2006; Smith et al. 
2007) because of the modulation of the vertical wind shear 
and steering flow in the North Atlantic (e.g., Bove et  al. 
1998; Klotzbach 2011; Staehling and Truchelut 2016). 
After the identification of the central Pacific El Niño/Warm 
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Pool El Niño (CP El Niño; e.g., Ashok et al. 2007; Weng 
et  al. 2007; Kug et  al. 2009), several studies have been 
devoted to the analysis of whether, how and to what extent 
CP El Niño modulates TC landfall (Kim et  al. 2010; Lee 
et al. 2010; Larson et al. 2012; Wang et al. 2014; Patricola 
et al. 2016). In addition to ENSO, there are other climate 
modes that have been found to be related to the frequency 
and tracking of US landfalling TCs. For instance, the Atlan-
tic warm pool, which is a large body of warm water cover-
ing the Gulf of Mexico, the Caribbean Sea, and the west-
ern tropical North Atlantic, has been found to modulate TC 
landfall rate by changing both genesis locations and steer-
ing flow (Wang and Lee 2007; Wang et  al. 2008, 2011). 
In particular, large (small) sizes of the Atlantic warm pool 
tend to produce steering flow unfavorable (favorable) to 
TC landfall along the US coast; this then leads to a smaller 
(larger) number of TCs in the main development region 
(MDR) than climatology in the presence of a large (small) 
Atlantic warm pool (Wang and Lee 2007; Wang et al. 2008, 
2011). Moreover, the Atlantic Multidecadal Oscillation 
(AMO) and the Atlantic Meridional Mode can also influ-
ence the modulation of ENSO on TC landfall (Vimont and 
Kossin 2007; Klotzbach 2011; Patricola et al. 2014), while 
the North Atlantic Oscillation (NAO) has been found to 
affect TC landfall by changing the steering flow and sub-
tropical ridge (e.g., Xie et al. 2005; Kossin et al. 2010; Vil-
larini et al. 2011).

In addition to these climate modes, recent work has 
linked ENSO and the Pacific Meridional Mode (PMM), 
which is defined as the first Maximum Covariance Analy-
sis (MCA) of sea surface temperature (SST) and the zonal 
and meridional components of the 10  m wind field (Chi-
ang and Vimont 2004). PMM acts effectively as a conduit 
through which the extra-tropical atmosphere influences 
ENSO (e.g., Anderson 2003, 2004; Chang et al. 2007; Bos-
chat et  al. 2013). The North Pacific Oscillation (NPO) is 
a north–south seesaw in sea level pressure over the North 
Pacific (Walker and Bliss 1932), exerting strong impacts of 
El Niño/La Niña (e.g., Vimont et al. 2001, 2003; Ding et al. 
2015). For example, the NPO/Victoria mode can affect the 
onset of El Niño/La Niña in which PMM acts as a bridge 
by the seasonal footprinting mechanism (SFM) and the 
wind-evaporation-SST feedback (Vimont et al. 2001, 2003; 
Chiang and Vimont 2004; Ding et al. 2015), indicating that 
PMM is closely linked with the development of ENSO 
(Chang et al. 2007; Zhang et al. 2009a, b; Kim et al. 2012; 
Pegion and Alexander 2013; Larson and Kirtman 2014; 
Di Lorenzo et al. 2015; Ding et al. 2015; Lin et al. 2015). 
During winter (year−1), the midlatitude atmospheric vari-
ability (e.g., NPO) exerts an SST “footprint” (anomaly) 
to the ocean surface by changing the net surface heat flux 
(Vimont et  al. 2001, 2003). The SST anomaly can persist 
into the spring and summer season (year0) in subtropics 

(i.e., PMM) and force changes in atmospheric circulation 
associated with zonal wind stress anomalies in the tropi-
cal equatorial region. These equatorial zonal wind stress 
anomalies (caused by the SFM) are considered as key 
source of stochastic atmospheric forcing for tropical ENSO 
variability in the following (year+1) winter (Vimont et al. 
2001, 2003). Positive (negative) values of PMM that peaks 
in spring are largely followed by El Niño (La Niña) events 
(Chang et al. 2007; Zhang et al. 2009a, b; Larson and Kirt-
man 2014). Around 46% of the variability of ENSO in the 
mature phase can be explained by the PMM index during 
the previous January–May (Chang et  al. 2007). In terms 
of TC activity, for instance, PMM strongly modulates the 
occurrence of the Eastern Pacific hurricanes (Murakami 
et al. 2017) and typhoons in the western North Pacific by 
mediating vertical wind shear and this association is veri-
fied in both observations and long control experiments 
using a coupled climate model (Zhang et al. 2016, 2017).

The association between PMM and ENSO, and that 
between ENSO and landfalling TCs suggests that PMM 
may influence the frequency of North Atlantic TCs mak-
ing landfall along the coastlines. The goal of this study is, 
therefore, to examine the role played by PMM via ENSO in 
controlling the frequency and tracking of landfalling TCs. 
By advancing our understanding of the physical processes 
controlling landfalling activity, we will provide basic infor-
mation that can lead to the improved seasonal predictions 
of these storms.

This paper is organized as follows. Section 2 presents the 
data and methodology, while Sect.  3 discusses the results 
based on observations and simulations. Section 4 includes 
the discussion and summarizes the main conclusions.

2  Data and methodology

The information about North Atlantic TCs is based on lati-
tude, longitude and time of occurrence of TCs. TC data 
are obtained from the National Oceanic and Atmospheric 
Administration’s (NOAA) National Hurricane Center’s 
best-track database (HURDAT2; Landsea and Frank-
lin 2013) available for the period 1851–2015. We use the 
Met Office Hadley Center (HadISST, version 1.1; Rayner 
et  al. 2003) as reference SST data, while the atmospheric 
variables are obtained from the National Centers for Envi-
ronmental Prediction (NCEP)/National Center for Atmos-
pheric Research (NCAR) reanalysis project (NCEP-NCAR; 
Kalnay et al. 1996).

We divide the US coastline facing the Gulf of Mexico 
and the Atlantic Ocean into four main regions (Fig.  1): 
Southwest (Gulf of Mexico), Florida, Southeast and North-
east. We also analyze North Atlantic TCs making landfall 
over Caribbean islands and Mexico (Fig. 1). We consider as 
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a landfalling TC affecting any of these regions if the center 
of circulation of the storm is within 300 km from the coast-
line (sensitivity analyses with buffers from 100 to 500 km 
showed similar results). Moreover, we focus only on storms 
that occurred during the August–October months (ASO) as 
this is the peak of North Atlantic TC season.

Steering flow is used to analyze the environmental flow 
that leads to the changes in TC tracks, and is defined as the 
deep-layer mean wind fields from 850 to 200  hPa levels 
(e.g., Chan and Gray 1982; Velden et al. 1992).

The PMM index is calculated following the methodol-
ogy described in Chiang and Vimont (2004). In calculat-
ing it, the seasonal cycle and the linear trend of SST and 
10-m wind field are first removed by applying a 3-month 
running mean to the data, and then subtracting the linear fit 
to the cold tongue index (CTI) (Deser and Wallace 1987) 
from the spatial grids to remove correlations with El Niño 
(Chiang and Vimont 2004). The CTI is defined as the SST 
anomalies averaged over 6°S–6°N, 180°W–90°W minus 
the global mean SST. The 10 years with the largest posi-
tive/negative MAM PMM values are listed in Table 1.

Figure  2 depicts the PMM pattern represented by the 
regression of SST and surface wind fields onto the PMM 
index in both observations and climate simulations with the 
Geophysical Fluid Dynamics Laboratory (GFDL) Forecast-
oriented Low Ocean Resolution Version of CM2.5 or FLOR. 
The PMM pattern in the positive phase is characterized by a 
warming (cooling) in the northwestern (southeastern) part of 
the subtropical and tropical eastern Pacific, coupled with sur-
face winds (Fig. 2). Overall, FLOR realistically captures the 

fundamental structure of PMM in the observations (Fig. 2), 
as also reported in Zhang et al. (2016, 2017).

We define Niño3.4 index as the SST anomalies over the 
region 5°N–5°S, 120°–170°W, Niño3 index as the SST 
anomalies over the region 5°N–5°S and 150°W–90°W, and 
Niño4 index as the SST anomalies over the region 5°N–5°S, 
160°E–150°W. SST anomalies are defined with respect to the 
1970–2000 base period.

We use the genesis potential index (GPI; Emanuel and 
Nolan 2004) to examine the potential of TC genesis dur-
ing the peak seasons when PMM in the previous spring is 
strongly positive or negative. GPI is defined as:
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Fig. 1  The six regions used to 
define TC landfall including 
Southwest (Gulf of Mexico, 
green), Florida (orange), South-
east (purple), Northeast (blue), 
Caribbean Islands (red) and 
Mexico (dark blue)

Table 1  List of the 10 years with the strongest positive and negative 
MAM PMM values during the 1948–2015 period

PMM phases Years

Positive PMM 1954, 1959, 1966, 
1967, 1968, 1980, 
1986, 1994, 1995, 
2015

Negative PMM 1975, 1976, 1983, 
1998, 1999, 2000, 
2001, 2008, 2011, 
2012
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where � is is absolute vorticity at 850 hPa level,  is the 
relative humidity at 600 hPa level (unit: percent), vpot is the 
potential intensity (unit:  ms−1), and  Vshear is the vertical 
wind shear between 850 and 200 hPa levels. GPI involves 
thermodynamic and dynamic variables that are important 
for TC genesis. GPI has been widely used to analyze gen-
esis potential in observations and climate models across 
different basins.

We complement the results from observational and rea-
nalysis datasets using a newly-developed high-resolution 
coupled climate model (FLOR) for perturbation experi-
ments (Vecchi et al. 2014). The capability of FLOR in rep-
resenting the frequency, intensity, track, seasonality and 
genesis of global TCs and in forecasting global TC activity 
has been described in previous studies (e.g., Vecchi et  al. 
2014; Murakami et al. 2016; Zhang et al. 2016, 2017).The 

atmosphere and land components of this model are from 
the GFDL CM2.5 with a spatial resolution of 50  km ×  
50 km (Delworth et  al. 2012) while its ocean and sea ice 
components are similar to those in the CM2.1 with a spatial 
resolution of 1° × 1° (Delworth et  al. 2006). We use the 
flux-adjusted version of FLOR (FLOR-FA) (Vecchi et  al. 
2014). More details about FLOR/FLOR-FA are discussed 
in Vecchi et  al. (2014) and references therein. We use a 
tracker to obtain TC tracks from FLOR simulations (Zhang 
et al. 2016). TC track and genesis densities in observations 
and FLOR simulations are obtained by binning TCs into 
5° × 5° box with Boxcar spatial filter (with size 3 × 3) to 
smooth local variations. GPI is also smoothed by the Box-
car spatial filter (with size 3 × 3).

We perform a set of perturbation experiments to iso-
late the role of the PMM in forcing the changes in TC 

Fig. 2  The regression of SST 
(shading unit: °C) and 10 m 
wind fields (vector unit:  ms−1) 
onto the PMM index in a obser-
vations and b FLOR control 
experiments



995Impacts of the Pacific Meridional Mode on Landfalling North Atlantic tropical cyclones  

1 3

activity and tracking. In the control run (CTRL), SST is 
restored to a repeating annual cycle of the SST clima-
tology in the 1860 control run with a 10-day restoring 
timescale (tau). The restoring of SST in the model to the 
observed estimates is represented by:

A restoring tendency was applied to the SST tendency 
as computed in the coupled model (�) over a restoring 
time scale tau [tau is the constant restoring time scale 
(e.g., 5-day or 10-day)]; dSST represents the change of 
SST and dt change of time. SSTo represents a space- and 
time-dependent array of the observed estimates of SST, 
while SST is the SST simulated by the model. The larger 
the tau, the more relaxed the coupling and the weaker 
the nudging/restoring of SST. A free run with a fully-
coupled model has a tau of infinity while Atmospheric 
Model Intercomparison Project (AMIP) run has a tau of 
zero. The restoring time scale is set as 10-day because 
this allows the changes of simulated SST, which is dif-
ferent from AMIP runs in which SST is considered as 
boundary forcing and cannot be changed. In the pertur-
bation experiment, we prescribe the sum of the annual 
cycle of SST and the temporally constant SST anomalies 
associated with the positive PMM patterns (denoted as 
PPMM) at the 10-day scale. We select the 10-day restor-
ing time scale to permit atmosphere–ocean feedbacks 
including TC-ocean feedbacks and to prevent large-scale 
SST biases. After an initial 100-year spinup, both exper-
iments are integrated for 60 years.

(2)
dSST

dt
= � +

SSTo − SST

tau

3  Results

The March–May averaged (MAM) PMM index has sig-
nificant associations with the frequency of ASO TC 
landfall over the Gulf of Mexico, Florida, the entire US 
coast, the Caribbean Islands and Mexico (Table  2). The 
southern part of the US coast includes the Gulf of Mex-
ico and Florida, which are subject to the largest number 
of landfalling TCs each year. The correlation coeffi-
cient between the MAM PMM index and the number of 
peak-season (ASO) TCs making landfall over the Gulf 
of Mexico and Florida for the 1948–2015 is −0.36, and 
significant at the 0.05 level. However, the correlation 
coefficients between the PMM index in JJA and ASO and 
TC landfall activity are much smaller compared to those 
computed with respect to the MAM PMM. The correla-
tion coefficient between the MAM PMM index and the 
number of peak-season (ASO) TCs making landfall over 
the Caribbean Islands is −0.30 which is significant at the 
0.05 level (Table  2). Moreover, we do not find a statis-
tically significant correlation with the other regions. To 
substantiate the correlation coefficient, Table 3 shows the 
frequency of TCs making landfall over the regions during 
positive, negative and neutral PMM phases. The positive 
(negative) PMM phase includes the years with the MAM 
PMM index larger (smaller) than one (minus one) stand-
ard deviation, while the remaining years are considered 
as neutral years. In general, the frequencies of landfalling 
TCs during the positive PMM phase are lower than those 
during negative PMM phase, particularly when there are 
significant correlations between the frequency of land-
falling TCs and the PMM index (e.g., Gulf, Florida, Gulf 

Table 2  Correlation coefficients between PMM in March–May (MAM), June–August (JJA) and August–October (ASO) and the frequency of 
landfalling TCs over different coastal regions (1948–2015)

The symbol “*” represents the correlation coefficients which are significant at the 0.05 significance level. “Gulf and Florida” represents TCs that 
made landfall over the Gulf of Mexico and Florida combined

Gulf Florida Gulf & Florida Southeast Northeast US Coast Caribbean Mexico

PMM (MAM) −0.26* −0.35* −0.36* −0.20 −0.15 −0.32* −0.30* −0.21
PMM (JJA) −0.06 −0.20 −0.15 −0.06 −0.04 −0.12 −0.23 −0.04
PMM (ASO) −0.13 −0.22 −0.20 −0.10 −0.007 −0.15 −0.27* −0.08

Table 3  Average frequencies 
of landfalling TCs over different 
coastal regions during positive, 
negative and neutral PMM 
phases (1948–2015)

The positive (negative) PMM phase includes the years with the MAM PMM index larger (smaller) than 
one (minus one) standard deviation, while the remaining years are considered as neutral years

Gulf Florida Gulf and 
Florida

Southeast Northeast US Coast Caribbean Mexico

PMM (positive) 1.1 1.5 2.0 1.5 1.4 2.6 2.2 1.6
PMM (negative) 2.2 3.2 4.0 2.3 2.0 4.6 3.6 2.1
PMM (neutral) 1.9 2.4 3.1 2.4 1.9 4.0 3.0 1.7
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and Florida and Caribbean Islands) (Tables  2, 3). For 
example, there are four TCs making landfall over Gulf 
and Florida on average during the negative PMM phase, 
which is twice the average frequency during the positive 
PMM phase (Table 3).

The time series of the MAM PMM index and the ASO 
TC landfall frequency are shown in Fig. 3. Overall, when 
the PMM index in spring is positive, there are fewer peak-
season TCs making landfall, while the opposite is true for 
the negative PMM values. For example, the spring PMM 
index is negative in 1953, 1969, 1971, 1987, 1998, 1999, 
2002, 2008 while the peak-season TC landfall over the 
Gulf of Mexico and Florida is quite active (Fig. 3a). Simi-
lar results are shown for the entire US coast and Caribbean 
Islands (Fig.  3, panels b, c). This suggests that there is a 
marked time-lagged association between PMM and the fre-
quency of landfalling TCs over the Gulf of Mexico, Flor-
ida, the US coast and Caribbean islands. The 10 years with 
strong positive PMM index have less TC landfalls than 

those with strong negative positive PMM index (Fig.  3; 
Table 1).

Figure  4 illustrates the histogram and fitted Gaussian 
distribution of MAM PMM indices in the 20 years with the 
highest and the lowest TC landfall frequency, respectively. 
Higher/lower landfall frequencies over the Gulf of Mexico, 
Florida, Gulf of Mexico and Florida combined, the entire 
US coast, Mexico and the Caribbean Islands are associ-
ated with lower/higher values of the PMM index, supported 
by the clear shift in the histogram and fitted distributions 
(Fig. 4). This further supports the lagged linkage between 
spring PMM and peak-season TC landfall.

Figure  5 depicts the TC density anomalies during the 
10  years with the largest absolute values of the MAM 
PMM (Table 1). TC density anomalies are characterized by 
a dipole when the MAM PMM phase is positive (Fig. 5a); 
there is a large positive area of TC density in the eastern 
North Atlantic while there is a high negative area in the 
western North Atlantic, Gulf of Mexico, Caribbean region, 

Fig. 3  Time series of the MAM PMM index and the number of land-
falling TCs during the August–October period. a The storms mak-
ing landfall along the Gulf of Mexico and Florida (correlation coef-
ficient of −0.36), b the number of storms making landfall along the 
US coastline (correlation coefficient of −0.32), and c the number of 

storms making landfall along the Caribbean islands (correlation coef-
ficient of −0.30). The grey and black vertical lines represent 10 years 
(Table  1) with strong positive and negative PMM values in MAM, 
respectively
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and the US coast when MAM PMM is positive. This sug-
gests fewer TC landfalls over the US coast (especially 
over the Gulf of Mexico and Florida) and the Caribbean 
Islands (Fig.  5a). When MAM PMM is negative, the TC 
density anomalies are largely opposite to those discussed 
for the positive MAM PMM (Fig. 5b). These findings are 
consistent with the negative correlation between MAM 
PMM and ASO TC landfall (Fig. 3; Table 2). During the 
positive (negative) MAM PMM, there is largely suppressed 
(enhanced) TC activity in the North Atlantic basin and 
along the US coast and Caribbean Islands (Fig. 5).

Because TC density anomalies are strongly influ-
enced by changes in TC genesis and steering flow (e.g., 
Wang et al. 2011; Colbert and Soden 2012), we analyze 
changes in these two quantities to interpret the changes in 
TC density with respect to the PMM phases. TC genesis 

anomalies are characterized by negative anomalies in the 
Gulf of Mexico and western North Atlantic and positive 
anomalies in the eastern North Pacific when MAM PMM 
is positive (Fig. 6a). This is in good agreement with the 
negative TC density anomalies along the southern US 
coast (Fig. 5a). When MAM PMM is negative, TC gene-
sis density features positive anomalies in part of the Gulf 
of Mexico. The genesis anomalies are generally positive 
compared with those during the positive spring PMM, 
albeit the anomalies are located in a small region in the 
North Atlantic (Fig.  6b). TC genesis anomalies in the 
North Atlantic have a larger magnitude during the posi-
tive MAM PMM than those during the negative MAM 
PMM, in particular in the Gulf of Mexico and Caribbean 
Islands (Fig. 6). Therefore, TC genesis density anomalies 
during the peak season are mainly consistent with TC 

Fig. 4  Histogram and fitted Gaussian distribution of the MAM PMM indices when the frequency of landfalling TCs during ASO is the highest 
(red) or the lowest (black) over a Gulf, b Florida, c Gulf of Mexico and Florida, d the entire US coast, e Caribbean islands and f Mexico
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density anomalies during the positive or negative MAM 
PMM phases (Figs. 5, 6).

GPI is also consistent with the genesis density anoma-
lies during the different PMM phases. For example, the 
GPI anomalies are largely positive (negative) in the Gulf 
of Mexico, Caribbean and western North Atlantic, con-
sistent with the positive (negative) TC genesis anomalies 
during the negative (positive) MAM PMM (Fig. 7). There 
are strong positive GPI anomalies north of 25°N, which 
may be related to the positive SST anomalies in those 
regions associated with La Niña in the tropical Pacific 
(Fig. 7b). Climatologically, few TCs form north of 25°N 
in the North Atlantic. Therefore, the positive GPI anom-
alies north of 25°N during the negative PMM phase do 
not exert strong impacts on TC genesis (Fig. 6b). On the 
other hand, there are differences with respect to GPI and 
TC genesis in the tropical eastern Atlantic, where stronger 
GPI anomalies correspond to weaker TC genesis anoma-
lies during the negative PMM phase compared to the pos-
itive one (Fig. 7).

4  Physical mechanisms

4.1  Time‑lagged modulation

The results so far have highlighted the significant time-
lagged association between PMM and TC landfall. Here 
we focus on the physical mechanisms underlying this 
lagged association. A number of studies have documented 
that PMM is mostly followed by ENSO events (e.g., 
Chang et al. 2007; Zhang et al. 2009a, b; Larson and Kirt-
man 2014). We hypothesize that this lagged association is 
caused by the PMM-ENSO-TC linkage.

Figure  8 displays that the time series of MAM PMM, 
and Niño3, Niño3.4 and Niño4 indices averaged over ASO. 
The correlation coefficients between the PMM (wind) index 
in the spring and Niño4, Niño3, Niño3.4 in ASO have val-
ues of 0.50, 0.42, and 0.48, respectively; these results are 
statistically significant at the 0.05 level, and consistent with 
previous findings that PMM is largely followed by ENSO 
(e.g., Chang et  al. 2007; Zhang et  al. 2009a, b; Larson 
and Kirtman 2014). The correlation coefficients between 

Fig. 5  ASO TC track density 
anomalies (shading unit: occur-
rences/season) when MAM 
PMM is a positive and b nega-
tive. Hurricane track density is 
calculated by binning hurricane 
tracks into 5° × 5° grid boxes. 
The base period for climatology 
is 1948–2015
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the PMM (SST) index in the spring and Niño4, Niño3, 
Niño3.4 in ASO are similar to those obtained for the PMM 
(wind) index shown above. The correlation between PMM 
and Niño4 is higher than those between PMM and Niño3 
and Niño3.4, indicating that the PMM may have a slightly 
higher chance to be followed by the central Pacific El Niño 
(El Niño Modoki) than by the eastern Pacific El Niño (e.g., 
Kim et al. 2012; Ding et al. 2015; Lin et al. 2015), at least 
based on the observations.

To further substantiate these statistical results, we select 
the 10  years with the strongest positive and the 10  years 
with the strongest negative MAM PMM (Table  1). We 
composite the SST and steering flow anomalies in MAM, 
JJA, ASO, and OND. During the positive MAM PMM, the 
typical PMM mode with positive (negative) SST anoma-
lies in its northwestern (southeastern) part is very strong, 
while the steering flow in the Atlantic and US sector is 
negligible along or close to the US coast (Fig. 9a). During 
JJA, the strong positive SST anomalies in the northwestern 
part of the PMM pattern propagate southeastward towards 
the tropical Central Pacific. Accompanying this, there are 
strong northwesterly steering flow anomalies along the 
US coast (Fig.  9b). During ASO (i.e., peak TC season), 
the positive SST anomalies have moved further southeast-
ward in the tropical central and eastern Pacific and the 
steering flow anomalies are stronger than in the previous 
months (Fig. 9c). Such steering flow pattern is detrimental 

to the TC landfall over the US coast: these results provide a 
mechanism to understand why PMM in the spring impacts 
TC landfalling activity in the US. However, the steering 
flow is not significant along the US, Mexican, and Carib-
bean coasts during ASO (Fig. 9). Finally, during OND, an 
El Niño-like pattern in the tropics develops (Fig. 9d).

The years characterized by a strongly negative MAM 
PMM present patterns that are largely the opposite of what 
described for the positive years. During the positive MAM 
PMM, there are warm (cool) SST anomalies in the south-
eastern (northwestern) portion of the tropical and subtropi-
cal eastern Pacific (Fig. 10a). There is also an anomalous 
easterly steering flow over the southeastern and northeast-
ern part of the US coast, while there is westerly flow over 
Florida and the Caribbean regions (Fig. 10a). During JJA, 
the cooling moves equatorward, while the warming dimin-
ishes in the southeastern part, in contrast to what observed 
in MAM. The anomalous steering flow over Florida and 
the Caribbean changes from westerly to easterly (Fig. 10b). 
During ASO, the warming in the southeastern part almost 
disappears, while a La Niña-like pattern develops in the 
tropical central and eastern Pacific (Fig. 10c). Correspond-
ing to this SST pattern, the anomalous easterly steering 
flow tends to steer TCs to make landfall over the coastal 
regions (Fig. 10c). It is noted that the steering flow is not 
statistically significant along the Caribbean coast. The 
propagation of SST warming from the subtropical eastern 

Fig. 6  ASO TC genesis 
density anomalies (shading 
unit: occurrences/season) when 
MAM PMM is a positive and b 
negative. TC genesis density is 
calculated by binning the storm 
tracks into 5° × 5° grid boxes. 
The base period for climatology 
is 1948–2015
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Fig. 7  ASO TC genesis poten-
tial index anomalies (shading 
unit: occurrences/season) when 
MAM PMM is a positive and b 
negative

Fig. 8  Time series of PMM (wind and SST) in March–May (red and magenta, respectively), and Niño4 (yellow), Niño3 (blue), Niño3.4 (cyan) 
indices averaged over the August–October for the period 1948–2105. The PMM index (wind and SST) is normalized
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Pacific to the tropics is supported by the wind-evapora-
tion-SST feedback associated with thermodynamic air–sea 
coupling (e.g., Xie and Philander 1994; Chang et al. 1997; 
Chiang and Bitz 2005) which have been widely used in 
analyses of this kind. During OND, the easterly steering 
flow anomalies become even stronger, while the La Niña-
like SST anomalies prevail in the tropical central and east-
ern Pacific (Fig. 10d).

The impacts of ENSO on steering flow have been widely 
discussed in the literature (e.g., Camargo et  al. 2007; 
Kossin et  al. 2010; Colbert and Soden 2012; Wang et  al. 
2014; Li et  al. 2015). A typical Matsuno-Gill-type (Mat-
suno 1966; Gill 1980) response of the atmosphere can be 
induced over the tropical Atlantic and there is a weakening 
of the North Atlantic Subtropical High causing anomalous 

cyclonic flow in the eastern mid-Atlantic during El Niño 
(La Niña) seasons, which is conductive to less (more) TC 
landfalls (e.g., Colbert and Soden 2012; Kossin et al. 2010; 
Li et al. 2015). ENSO events, especially those in the cen-
tral Pacific, are strongly associated with the Pacific-North 
American Pattern (PNA) (e.g., Ashok et  al. 2007; Weng 
et al. 2007, 2009), which may also bridge the influences of 
PMM on steering flow.

Therefore, the steering flow anomalies during the pos-
itive and negative PMM phases largely support the time-
lagged relationship between MAM PMM and ASO TC 
landfall. However, the steering flow is not statistically 
significant in the Caribbean coast during negative PMM 
phase whereas it is largely not significant along the US, 
Caribbean and Mexican coast during positive PMM 

Fig. 9  Composite SST (shad-
ing unit: °C; see color bar) and 
steering flow (wind vectors) 
anomalies during MAM, JJA, 
ASO, and OND when the MAM 
PMM is in the positive phase. 
Stippled regions denote the 
places which are statistically 
significant at the 0.05 level. The 
black wind vectors are statisti-
cally significant at the 0.05 level
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phase. This is also supported by the TC genesis anoma-
lies during the positive and negative PMM phases. The 
time-lagged association between MAM PMM and ASO 
TC landfall is therefore largely attributed to the changes 
in both genesis and steering flow.

4.2  Modeling results using FLOR

To further verify the impacts of PMM on TC landfall 
over the US coast, we performed a set of perturbation 
experiments with GFDL FLOR, where SST is partially 
allowed to change. The SST anomalies associated with 
the positive PMM pattern propagated from the subtropical 

eastern Pacific to tropical central Pacific in ASO (Fig. 11). 
In ASO, the PPMM pattern (PPMM minus CTRL) pro-
duces the strongest SST warming in the tropical central 
Pacific (Fig.  11a) while the SST warming was originally 
the strongest in the subtropical eastern Pacific in PPMM 
(Fig.  11b). This suggests that the SST anomalies associ-
ated with PPMM tend to be followed by the central Pacific 
warming, which has been widely documented in the lit-
erature (e.g., Kim et al. 2012; Ding et al. 2015; Lin et al. 
2015). Such tropical Pacific warming strongly modulates 
TC activity in the North Atlantic. Moreover, the TC den-
sity and genesis anomalies in PPMM minus CTRL experi-
ments are strongly negative along the US coast and in the 

Fig. 10  Same as Fig. 9 but for 
the negative MAM PMM years
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North Atlantic (Fig.  12), suggesting a suppression of TC 
landfall during ASO with positive PPMM. The steering 
flow anomalies in PPMM minus CTRL experiments are 
characterized by westerly and they are comparable with 
those in the observations (Fig.  13). The westerly steering 
flow in PPMM minus CTRL experiments is consistent with 
less TC landfalls during the positive MAM PMM phase 
(Fig. 13). The steering flow anomalies are consistent with 
the anomalous 200 hPa geopotential height, which features 
a wave train propagating from the tropical Pacific to North 
America, similar to the PNA pattern. This suggests that 
the central Pacific warming may modulate TC landfall by 
triggering atmospheric teleconnections, which is also sup-
ported by previous findings showing that the central Pacific 
El Niño is strongly associated with the PNA pattern (e.g., 
Ashok et  al. 2007; Weng et  al. 2007, 2009). Similar to 
the observations, the differences in steering flow between 
FLOR experiments are not statistically significant along the 
US, Caribbean and Mexican coasts, though the differences 
in steering flow largely support the association between the 
landfalling TCs and PMM.

5  Conclusions

Improved understanding of the physical controls on North 
Atlantic TCs making landfall along the coast of the US, 
Caribbean Islands and Mexico has been the subject of large 

interest by the scientific community because of the cata-
strophic effects that these storms can have. Here we exam-
ined the role played by the PMM and its impact on North 
Atlantic landfalling TCs.

We found that there is a statistically significant time-
lagged association between MAM PMM and the ASO 
TC landfall activity along the US coast (especially along 
the Gulf of Mexico and Florida) and Caribbean Islands. 
Specifically, the positive (negative) MAM PMM events 
tend to be followed by fewer (more) landfalling TCs over 
the US and Caribbean Islands in the following peak sea-
son. This lagged association is mainly caused by the lagged 
impacts of PMM on ENSO, and the subsequent impacts 
of ENSO on TC landfall. Positive (negative) PMM events 
are largely followed by El Niño (La Niña) events, which 
lead to less (more) TC geneses close to the US and Car-
ibbean coastlines (i.e., the Gulf of Mexico and Caribbean 
Sea) and easterly (westerly) steering flow in the vicinity of 
the US and Caribbean coast: these conditions are in turn 
unfavorable (favorable) for TC landfalling across the Gulf 
of Mexico and Florida. Although concurrent (ASO) PMM 
has some impacts on the peak-season TC landfall activity, 
the impacts are weaker than the lagged impacts induced by 
MAM PMM.

The steering flow for TCs in the North Atlantic can be 
modulated by the Atlantic warm pool, the Atlantic Meridi-
onal Mode and ENSO (e.g., Kossin et al. 2010; Colbert and 
Soden 2012; Wang et al. 2011). Moreover, the steering flow 

Fig. 11  a Simulated SST 
anomalies in (shading unit: 
°C) in PPMM minus CTRL 
experiments (ASO) and b the 
positive PMM pattern used in 
the PPMM experiment
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Fig. 12  Responses of North 
Atlantic TC a density (shading 
unit: occurrences/season) and b 
genesis (shading unit: occur-
rences/season) to the positive 
PMM (PPMM minus CTRL) in 
FLOR experiments

Fig. 13  Responses of steering flow (vector unit:  ms−1) and 200-hPa geopotential height (contours unit: gpm) to positive PMM (PPMM minus 
CTRL) in FLOR experiments. The black wind vectors are statistically significant at the 0.05 level
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in the North Atlantic can also be modulated by the tropi-
cal Pacific SST forcing due to the Matsuno–Gill responses 
(Li et al. 2015). The PNA pattern may bridge the influences 
of the central Pacific El Niño on steering flow. The present 
study therefore provides insights into the impacts of the 
central Pacific warming on TC activity in the North Atlan-
tic. Further analysis on the verification of such mechanisms 
underpinning changes in steering flow will be the focus of 
our future study.

Based on the analysis of the impacts of PMM on the 
North Atlantic landfalling TCs, the results also suggest that 
PMM should influence basinwide TC activity in the North 
Atlantic, shown in both observations and climate simula-
tions with FLOR.

The time-lagged impacts of MAM PMM on TC land-
fall provide the scientific and operational community with 
a new quantity that can be potentially useful to forecast 
the seasonal frequency of landfalling North Atlantic TCs, 
especially over the Gulf of Mexico, Florida and Caribbean 
Islands. In addition, current seasonal prediction model for 
TC landfall may be improved if PMM can be satisfactorily 
predicted by current climate models in boreal spring.
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