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The North Atlantic ocean/atmosphere environment exhibits pronounced interdecadal 
variability that is known to strongly modulate Atlantic hurricane activity1–6. Sea surface 
temperature (SST) variability is correlated with hurricane variability through its 
relationship with the genesis and thermodynamic potential intensity of hurricanes7. 
Another critical factor governing hurricane genesis and intensity is ambient environmental 
vertical wind shear8–10 (VWS). Warmer SST generally relates to more frequent genesis and 
greater potential intensity while VWS is a major factor that inhibits genesis and keeps 
hurricanes that do form from reaching their potential intensity. When averaged over the 
Atlantic hurricane main-development-region, SST and VWS co-vary inversely11,12 so that 
the two factors act in concert to either enhance or inhibit basin-wide hurricane activity. 
Here I will show, however, that the regional patterns of variability are essential, and that 
conditions conducive to greater basin-wide hurricane activity occur systematically in 
tandem with conditions for more probable weakening of hurricanes near the United States 
(US) coast. In this case, the VWS and SST form a protective barrier along the US coast 
during periods of heightened basin-wide hurricane activity. Conversely, during the last 
period of quiescence, hurricanes [and particularly major (Category 3–5) hurricanes] near 
the US coast, while substantially less frequent, exhibited much greater intensification rate 
variance and were much more likely to rapidly intensify. This poses greater challenges to 
operational forecasting and, consequently, greater coastal risk during these hurricane 
events.
 
The annual frequency of Atlantic hurricanes, and particularly major (Category 3–5) hurricanes, 
exhibit coherent interdecadal variability (Fig. 1a,b). Hurricane seasons during the period from 
the late-1960s to mid-1990s were comparatively quiescent, and during periods prior and 
subsequent to this, seasonal hurricane activity was comparatively active. Hurricanes are known 
to be modulated by their ambient environmental conditions, particularly by sea surface 
temperature (SST) through its relationship with thermodynamic potential intensity7, and vertical 
wind shear (VWS), which inhibits hurricanes from reaching or maintaining their potential 
intensity8–10. During the more active (quiescent) hurricane periods, SST in the hurricane main-
development region (MDR) is anomalously warm (cool) and VWS is anomalously weak (strong) 
(Fig. 1c,d).   

 
The interdecadal SST and VWS variability in the MDR, or simply the tropical North Atlantic, is 
well correlated to basin-wide hurricane activity, but does not provide an adequate picture when 



 

 

considering intrabasin variability. In particular, the patterns of variability exhibit pronounced 
intrabasin differences between the MDR and regions closer to the US coast (Fig. 2). During 
periods of anomalously warm SST and weak VWS in the MDR, which coincide with enhanced 
basin-wide activity, the VWS along the US coast tends to be anomalously high while the SST 
anomalies in the region are substantially smaller than found in the MDR. Of particular relevance 
to hazard exposure and mortality risk is the relationship between basin-wide activity and US 
landfall activity13–19. Here the question of whether the patterns of variability seen in Fig. 2  
project onto this relationship is addressed.  
 
As discussed above, VWS inhibits hurricanes from reaching or maintaining their thermodynamic 
potential intensity. That is, VWS acts as an intensity braking mechanism and hurricanes that 
move into higher VWS are expected to weaken (or intensify more slowly). In this case then, the 
enhanced VWS during more active periods of hurricane activity is expected to weaken 
hurricanes that approach or move along the US coast. This signal becomes clear when hurricane 
intensification rates in the region where hurricanes near the US coast (denoted by the 
northernmost white-outlined region in Fig. 2) are separated by active and quiescent periods 
(Fig. 3 and Table 1). The mean intensification rates between the active and quiescent periods are 
well-separated for hurricanes, and particularly major hurricanes for which the mean rates are 
negative in both active periods and positive during the quiescent period (Table 1). The mean 
rates tend to be near zero, as steady state intensity is most likely, with the exception of major 
hurricanes during the quiescent period, which are most likely to intensify by 5 kt in any given 6-
hour period (Fig. 3a–d). Although the differences in the mean are statistically significant (at 90% 
confidence or greater), they are fairly small. The more pronounced differences are found in the 
variances, as the intensification rate distributions for the quiescent period are less leptokurtic 
with distinctly broader tails. For major hurricanes near the US coast, the intensification rate 
variance is 2 times (3 times) greater during the quiescent period compared to the prior 
(subsequent) active periods. This elevated variance, or volatility, in intensification rates during 
quiescent periods, which is not just a manifestation of the smaller sample size (see Methods), 
would very likely introduce substantial additional forecasting and warning challenges as these 
hurricanes and major hurricanes approach or move along the US coast. 
 
As tacitly expected, there are fewer basin-wide hurricanes during the period of quiescence and 
substantially fewer major hurricanes (Table 1), but when a hurricane or major hurricane is near 
the US coast, the probability of intensification is substantially greater during the period of basin-
wide quiescence (Fig. 3 and Table 2). The probability that a hurricane near the US coast during 
the quiescent period would intensify by 10 kt or greater in the following 6 hours was roughly 
twice that of a hurricane near the coast during the active periods (Fig. 3e and Table 2). The 
probability of intensification by 15 kt or greater in 6 hours was 2 times (3 times) more likely 
during the quiescent period compared to the prior (subsequent) active period. For major 
hurricanes, the differences are larger. A major hurricane near the US coast during the quiescent 



 

 

period was about 2 times (4 times) more likely to intensify by 10 kt or greater and 3 times (6 
times) more likely to intensify by 15 kt or greater in the following 6 hours compared to the prior 
(subsequent) active period (Fig. 3f and Table 2). Rapid intensification near the coast poses a very 
significant risk because it is difficult to forecast and shortens public warning time20,21.  
 
In the hurricane MDR, anomalously warm SST occurs concurrently with anomalously weak 
VWS, and vice versa, so that the two factors operate in concert to either enhance or inhibit basin-
wide hurricane activity11,12. This is not the case, however, when the region along and near the US 
coast is considered. In this region, during periods of anomalously warm MDR SST, VWS is 
anomalously strong and the local SST anomalies are substantially weaker. That is, the VWS and 
SST in this region tend to operate in concert to inhibit intensification during periods when the 
MDR is conducive to it. This region is where hurricanes approaching the US coast must track, 
and thus the environmental conditions act as a coastal barrier during periods when basin-wide 
activity is elevated. The shift of intensification rates of major hurricanes near the US coast 
between periods of active and quiescent hurricane seasons is particularly pronounced, and the 
probability that a major hurricane near the US coast will undergo rapid intensification was 
comparatively much higher during the last quiescent period.  
 
The patterns of variability and co-variability of SST and VWS described here are congruent with 
the patterns forced by the Atlantic Meridional Mode (AMM)11,12. The AMM is the leading mode 
of coupled ocean–atmosphere variability in the Atlantic and operates on interannual to 
interdecadal timescales. The AMM can be described as an intrinsic dynamic mode that is 
established through a wind-evaporation-SST feedback process12, which provides a plausible 
physical-dynamical foundation for understanding the relationship between MDR hurricane 
activity and suppression of intensification along the US coast. Further empirical and numerical 
modeling explorations of this potential linkage, particularly on interdecadal timescales, are 
warranted. 
 
The results here raise questions regarding what may be expected if environmental conditions 
shift back toward the pattern of the previous quiescent period22,23, as well as what may be 
expected as the tropics continue to warm. The VWS pattern shown in Fig. 2 exhibits marked 
interdecadal variability but no trend since 1948. However, there is a significant SST trend that 
projects onto the interdecadal variability, which can be seen by the trend in the leading principal 
component time series (blue line in Fig. 2c). The SST trend pattern (Fig. 4) shows significant 
increasing trends throughout the MDR, but essentially no trend along the US coast. Considering 
this in tandem with the pattern of VWS variability (Fig. 2a), the effects of interdecadal VWS 
variability on hurricanes near the US coast have not been strongly compounded or offset by SST 
variability or trends. That is, the amplitude of both the interdecadal variability and trend of SST 
have minima along the US coast (Figs. 2b & 4), and appear to be playing only a minor role in 
modulating conditions there. It is not clear that this behavior will remain stationary under 



 

 

projected continued warming of the tropics, but there is a potential that future warming will not 
strongly affect the control of VWS on these hurricanes.  
 
As a closing note, the inverse relationship between variability in the MDR and the region along 
the US coast may help to explain the weak relationship between US landfalling hurricane 
frequency and basin-wide frequency13–19, 24 by tempering US landfall frequency increases during 
active periods. Similarly, the present “drought” of US major hurricane landfalls25,26 could 
plausibly be explained, in part, by this relationship. Given the potential impacts on US coastal 
hazard risk, this relationship merits further observational and modeling study. 
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Methods 
 
Hurricane data were taken from the HURDAT2 archive maintained by the U. S. National 
Hurricane Center, which provide 6-hourly “best-track fixes” with the location of the storm center 
and an estimate of the maximum wind-speed (intensity) for each storm27. Intensities are provided 
in 5 kt increments. The HURDAT2 file used here is “hurdat2-1851-2015-021716.txt” (see Data 
availability section below). The standard Saffir-Simpson scale was used to categorize the 
hurricanes. HURDAT2 data quality varies by time period considered28. Aircraft reconnaissance 
into hurricanes began in the 1940s, and meteorological satellite data became available in the late-
1960s (polar orbiting satellites) to early-1970s (geostationary satellites). Here the data were 
separated into three 23-yr periods with the earliest period being post-reconnaissance but mostly 
pre-satellite, and are thus somewhat less reliable than the later data. 

 
VWS was calculated from daily-mean winds from the NCEP/NCAR R1 reanalysis data29. The 
data begin in 1948 and are provided in units of m s–1. For each day, the zonal and meridional 
wind components were used to form the wind vectors at low level (pressure level 850 hPa) and 
upper level (200 hPa). The magnitude of the vector difference between the 200 hPa and 850 hPa 
winds provides the mean daily shear, which was then used to compute monthly averages (see 
Code availability section below). The  SST is based on monthly mean data from NOAA 
Extended Reconstructed Sea Surface Temperature V4 (ref. 30). The VWS and SST were 
averaged over the main hurricane season (Aug–Oct) and standardized at each location using the 
local mean and standard deviation, which were calculated from the full 68-year time series 
(1948–2015) at each location. Principal component analysis (PCA) was applied to the 
standardized data. The data are gridded and were weighted by latitude prior to PCA. The VWS 
and SST loading patterns shown in Fig. 2 were formed by regressing the first principal 
component of each onto the un-weighted standardized data. The leading loading patterns explain 
20% and 56% of the variance of VWS and SST, respectively, and their eigenvalues are well-
separated from those of the second loading patterns.  
 
Probability density functions of intensity change were formed using the intensity difference 
between successive 6-hourly fixes for all cases within the northern region outlined in Fig. 2a 
(22.5°– 40°N and 262°– 297.5°E) and for each 23-yr period. The first of the two successive fixes 
had to have at least hurricane intensity (Fig. 3a) or major hurricane intensity (Fig. 3b) and both 
fixes were always required to be over water (to avoid capturing weakening due to landfall). Error 
bars in Fig. 3a,b were computed using bootstrap sampling. The error bars span two standard 
errors from the bootstrapped means of each 5 kt bin. 
 
Empirical cumulative distribution functions (Fig. 3c,d) were computed using the Kaplan-Meier 
estimator, and the confidence bounds were determined using Greenwood’s formula. Statistical 
significance of the separation of the means in Table 1 was determined with a Student's t-test, and 
the significance of the separation of the variance was based on a standard F-test. As a robustness 



 

 

test for the separation of variance, the samples during the active periods were randomly 
subsampled 100,000 times, with replacement, to the smaller size of the quiescent period sample 
(Table 1). For both hurricanes and major hurricanes, the variance of the quiescent period sample 
is larger than the 99th percentile of variances from the random subsamples of the active periods 
(see Code availability section below). 
 
The trend map of SST shown in Fig. 4 is based on standardized data as described above. 
Statistical significance of the trend at each location was determined with degrees of freedom 
adjusted as necessary for autocorrelation. The degrees of freedom were adjusted if the 68-yr time 
series at that location failed a Durbin-Watson test, which was applied to the residuals of the 
regression of SST onto year. 
 
Code availability 
 
The Code used to analyze the data and create the graphics are available at the GitHub repository: 
https://github.com/jpkossin/Nature_code_data/upload/master 
 
Data availability 
 
HURDAT2 data are available at http://www.nhc.noaa.gov/data/#hurdat. Note that these data are 
periodically reanalyzed and updated to a new version. The version used here is available via the 
GitHub repository. 
 
The high-resolution bathymetry data used to create a landflag are available at: 
https://www.ngdc.noaa.gov/mgg/global/relief/ETOPO2/ETOPO2v2-2006/ETOPO2v2g/ 
NOAA_ERSST_V4 and NCEP Reanalysis data were provided by the NOAA/OAR/ESRL PSD, 
Boulder, Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd/. 
 
  



 

 

Tables (and table legends) 
 
Table 1 | Means and variances of 6-hr intensification rates near the US coast.  Values show 
the mean rates [in units of ΔV (kt) per 6-hours] and the intensification rate variance for 
hurricanes (HU) and major hurricanes (MH) near the US coast (within the northernmost white-
outlined region of Fig. 2a, but only over water) in each of the 23-year periods. Sample size is 
also shown along with the counts of basin-wide hurricanes and major hurricanes and the number 
of storms that were hurricanes and major hurricanes while near the US coast. Statistically 
significant separation of the means and variances of each active period compared to the quiescent 
period are denoted by the asterisks (*, **, *** denote 90%, 95%, 99% confidence, respectively).  
 

  Mean Variance Sample Size Basin-Wide Count Near-Coast Count 
 HU MH HU MH HU MH HU MH HU MH 
1947–1969 +0.6** –0.5* 32.3*** 32.8*** 1077 313 149 68 101 48 
1970–1992 +1.4 +0.9 53.3 103.7 429 79 119 37 65 23 
1993–2015 –0.2*** –1.5** 40.5*** 55.5*** 735 197 165 72 88 35 

 
 
 
Table 2 | Probabilities of exceedance of 6-hr intensification rates near the US coast. Values 
show the probabilities (and their 95% confidence intervals) that the 6-hr intensity change was 
equal to or exceeded 5, 10, and 15 kt for hurricanes (HU) and major hurricanes (MH) near the 
US coast in each of the 23-year periods.  
 

  Pr (ΔV ≥ 5 kt) Pr (ΔV ≥ 10 kt) Pr (ΔV ≥ 15 kt) 
 HU MH HU MH HU MH 
1947–1969 0.310±0.028 0.230±0.047 0.079±0.016 0.061±0.027 0.022±0.009 0.016±0.014 
1970–1992 0.429±0.047 0.468±0.110 0.147±0.034 0.228±0.093 0.058±0.022 0.101±0.067 
1993–2015 0.263±0.032 0.239±0.060 0.086±0.020 0.096±0.041 0.033±0.013 0.031±0.024 

 
 
 
  



 

 

Figure legends 
 
Figure 1 | Interdecadal variability of basin-wide Atlantic hurricane frequency and MDR 
environmental conditions. Time series of detrended annual basin-wide frequency of hurricanes 
(a) and major hurricanes (b), and main development region VWS (c) and SST (d). VWS and 
SST are shown in units of m s–1 and °C respectively. Thick black lines show time series 
smoothed with a 11-yr centered mean filter. The MDR is defined here as the region 10°−20°N 
and 275°−340°E. 
 
Figure 2 | Patterns of Atlantic VWS and SST variability. Leading Principal Component 
Analysis loading patterns of VWS (a) and SST (b), and their associated principal component 
time series (c). The white-outlined regions in (a) are the hurricane MDR (tropical N. Atlantic) 
and the region that hurricanes approaching the US coast track through. The loading patterns have 
units of local standard deviation from local mean. 
 
Figure 3 | Probability distributions of observed intensification rates near the US coast. 
Probability density distributions of 6-hr intensity change for hurricanes (a) and major hurricanes 
(b) during comparatively active (1947–1969 and 1993–2015) and quiescent (1970–1992) periods. 
Units are knots [1 knot (kt) = 0.51 m s–1] per 6-hr. Data are provided in bins of 5 kt resolution. 
Error bars show ±σ (s.d.) from the mean probability density for that bin (based on bootstrap 
sampling). Actual counts of 6-hr intensification rates for hurricanes (c) and major hurricanes (d).  
Empirical cumulative distribution functions of hurricane (e) and major hurricane (f) 
intensification rates and their 95% confidence bounds (dashed lines). All data are taken from the 
region denoted by the northernmost white-outlined region in Fig. 2a, and only intensification 
rates over water are included, i.e., weakening due to landfall does not contribute. 
 
Figure 4 | Pattern of Atlantic SST trends. SST trend pattern over the period 1948–2015 in 
units of standard deviation per decade. Hatching shows regions where the trends are not 
significant.  
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