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Low Frequency SST Modes and North Atlantic Tropical Cyclone Activity

The SSTs used in our study come from the Community Climate System Model version 4 (CCSM4) 
(Gent et al 2011) and from the Canadian Centre for Climate Modeling and Analysis (CanESM2) 
(Chylek et al 2011) climate models from the fifth Coupled Model Intercomparison Project (CMIP5) 
(Taylor et al 2012). We’ve examined the tropical cyclones using both the historical simulation that 
employs volcanic and aerosol forcing as well as the representative concentration pathway 4.5 
(RCP4.5). In addition, we’ve compared the present day North Atlantic tropical cyclone metrics from a 
previous study (LaRow, 2013) to these climate change experiments. The experimental setup is shown 
in Table 1. We considered the CMIP5 experiment number ‘3.2 historical’ (Taylor et al, 2011), which 
provides simulations of the recent past (1850-2005). The second set of CMIP5 SSTs is the RCP4.5 
experiment where the radiative forcing stabilizes at 4.5W m 2 after 2100 (experiment number 4.1 in 
Taylor et al 2011).
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Table 1: Experiments

SSTs
Before discussing the projections of tropical cyclone activity in the early and late 21st century 

the CMIP5 SSTs used in the study is examine. The CanESM2 and CCSM4 model annual SST bias is 
shown in Figure 1. Figure la shows the bias for the CanESM2 model while figure lb shows the bias 
for the CCSM4 model. The bias is calculated from the models’ historical simulation compared against 
the ERSSTv3 SST (Smith et al. 2008). The CanESM2 model shows a pronounced cold bias in the 
central equatorial Pacific along with cold biases in the subtropical gyres. The SST bias in the CCSM4 
model is less pronounced compared to the CanESM2 model. The largest cold bias in the tropics is 
located in the North Atlantic (-1K) while the equatorial Pacific shows a weak cold bias below -0.5K.



Figure 1 CMIP5 historical simulation annual SST bias with respect to the ERSSTv3 SST1854-2005.
(a) CanESM2, (b) CCSM4. Negative values shaded. Contour interval is 0.5K.

The annual mean SST time series for three selected domains from the CanESM2 and CCSM4 models 
are shown in Figure 2. The three domains are the Nino-3.4 [190E-240E; 5S-5N], Main Development 
Region (MDR) [280E-340E; 5N-15N] and the global tropics [30S-30N], The black lines are the non
bias corrected SSTs from both the historical simulation and the RCP4.5, the red/blue lines show the 
bias corrected SSTs with the observed positive/negative phase of the AMO imposed (hereafter denoted 
as AMO+ and AMO-). For reference the green line shows the ERSSTv3 SST since 1940.
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Figure 2 Annual SST time series in the Nino-3.4, main development region and the global tropics. 
Black lines are the historical and RCP4.5 simulation (not bias corrected). Red lines are the bias 
corrected SSTs (AMO+); blue lines are the bias corrected SST (AMO-) and the green lines are the 
ERSSTv3 SSTs since 1940. Top panel is the CanESM2 model. Bottom panel is the CCSM4 model. Unit 
Kelvin.

The SST warming in the 21st century simulation is clearly evident in all three regions. Both models 
exhibit larger than observed year-to-year variability in the Nino-3.4 region with the CanESM2/CCSM4 
models having standard deviations of 1.2/1.OK while the observed values is 0.6K. In the MDR region 
the mean difference between the CanESM2 with the AMO+/AMO- and the RCP4.5 simulation is 
0.86K/-0.21K. For the CCSM4 model the mean differences in the MDR region between the 
AMO+/AMO- and the RCP4.5 simulation is 1.15K/0.09K.

Tropical Cyclones
A box whisker plot of the named storms and hurricane counts for the North Atlantic using the 

modified RCP4.5 SSTs is shown in Figure 3. Also shown in the figure are the counts from a previous 
experiment where the CFSvl (Saha et al. 2006) forecast SST were bias corrected before using as a 
lower boundary condition in the atmospheric model (LaRow, 2013). These bias corrected SSTs are 
denoted as BC1 and BC2 and correspond to the time periods: 1982-1994 and 1995-2009, respectively, 
and correspond to the period when the observed AMO was negative and positive (Goldenberg et al. 
2001).
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Figure 3 Box whiskers plots of named tropical cyclone and hurricane counts in the North Atlantic. EN 
and EP denote the early 21st century simulations using the AMO- and AMO+ phases and the LN and 
LP denote the late 21st century simulations with the AMO-/AMO+ phases.

Throughout the remainder of this progress report the early 21st century simulations with the AMO- 
/AMO+ phases will be denoted as EN/EP and the late 21st century simulations with the AMO-/AMO+ 
phases will be denoted as LN/LP. For both the CanESM2 and CCSM4 AMO+/AMO- simulations the 
model predicts an overall increase in both named systems and hurricanes compared to the BC1 and 
BC2 simulations. The increase is greater with the AMO+ simulation compared to the AMO- simulation. 
For both the early and late 21st century simulations the 25th percentile of the counts for the AMO+ is 
greater than the 75th percentile of the BC2 simulation while the medians in the AMO- simulations are 
similar to the BC2 simulation. Averaging the number of hurricanes in the early and late 21st century for 
both the CanESM2 AMO+ and AMO- simulations yields a 71% increase over the 1982-2009 simulated 
counts. For the CCSM4 simulation there is a 50% increase in hurricane counts. The percent increase is 
quantitatively similar to the 61% increase found in Zhao et al. (2009).

Table 2 summarizes the correlations between the interannual variability in the hurricanes and 
tropical storm counts in the AMO-/AMO+ simulations for both the early and late 21st century 
simulations with the selected domain average SSTs and wind shear in the MDR. We’ve found that in 
general the CanESM2 AMO+/AMO- simulations produced more then twice the number of significant 
correlations compared to the CCSM4 simulations (28/40 compared to 12/40). In addition we found that 
the phase of the AMO did not appear to change the number of significant correlations. The relative SST 
index (Vecchi and Soden 2007) along with the Nino-3.4 SSTs appears to be the best predictors for 
North Atlantic tropical cyclone activity in our model.



AMO + Nino-34 SST MDR SST AMM Relative SST MDR Shear
CanESM HR -0.45 (-0.41) 0.24 (0.30) 058 (0.37) 0.46 (057) -0.37 (-0.41)
CanESM TS -0.47 (-058) 039 (0.44) 0.44(0.31) 058 (0.74) -0.45 (-039)

AMO- Nino-34 SST MDR SST AMM Relative SST MDR Shear
CanESM HR -0.62 (-0.18) 0.30 (0.61) 052 (052) 0.66 (0.67) -059 (-0.30)
CanESM TS -0.47 (-0.29) 0.30 (050) 0.44 (057) 053 (0.69) -059 (-0.35)

AMO + Nino-34 SST MDR SST AMM Relative SST MDR Shear
CCSM4 HR -0.09 (0.25) 0.43 (-0.03) 0.44 (0.28) 0.31 (0.25) -0.32 (-0.24)
CCSM4 TS -0.44 (-0.70) 0.19 (-0.13) 0.28 (0.08) 0.25 (0.28) -0.40 (-0.37)

AMO- Nino-34 SST MDR SST AMM Relative SST MDR Shear
CCSM4 HR -0.37 (-0.45) 0.05 (0.27) 0.11 (-0.31) -0.07 (038) -0.37 (-053)
CCSM4 TS -0.41 (-0.71) 0.02 (0.25) 0.21 (-0.20) 0.03 (056) -0.34 (-0.60)

Table 2. Correlations of hurricane and tropical storm counts vs. selected SST indices and vertical wind 
shear for the two SSTs and two phases of the AMO. Values shown in the tables are for the early(late) 
21st century simulations. Values shown in bold are significant at the 90% level.

The maximum 10-m wind speed achieved from each tropical cyclone in the North Atlantic from all the 
simulations is shown in the box whisker plot in Figure 4. The maximum 10-m wind speed obtained by 
the model simulations is 54 m s'1. This occurs in both the AMO+ and AMO- phases. In the present day 
climate, BC2 produced a maximum wind speed of 52 m s'1. Overall, regardless of the AMO phase, the 
tropical cyclone wind speeds increase in the 21st century simulations compared to the model’s current 
climate. The median values in both the CanESM2 and CCSM4 AMO+/AMO- simulations are higher 
than the BC2 simulation. The median value in the CanESM2 simulations increases as the sea surface 
temperatures increase. In addition, we find that the model median values for the AMO+ (EP/LP) 
simulations are higher than the AMO- simulations (EN/LN). This is qualitatively similar to the 
observations in Goldenberg et al (2001) showing the positive phase of the AMO tends to produce more 
intense hurricanes (surface wind speeds > 50 ms'1).
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Figure 4 Box whisker plot of 10-m maximum wind speed from each tropical cyclone in the North 
Atlantic. Units m s'1.

Figure 5 shows the PDFs of the North Atlantic tropical cyclone maximum wind speeds every 6- 
hours during the lifetime of the storms. Red lines are future projections based on the CanESM2 
simulations while the blue lines are the future projections based on the CCSM4 simulations. Solid 
black lines are the present day model tropical cyclone wind speeds using bias corrected SSTs (1982
1994) and the dashed black lines are the present day model tropical cyclone winds speeds using bias 
corrected SSTs from 1995-2009.
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Figure 5 PDF of North Atlantic tropical cyclone wind speeds. Red lines are future projections based on 
CanESM2 simulations and the blue lines are the future projections based on the CCSM4 simulations. 
Solid black lines are the present day model tropical cyclone wind speeds using bias corrected SSTs 
(1982-1994) and the dashed black lines are the present day model tropical cyclone winds speeds using 
bias corrected SSTs from 1995-2009. Bin width 2 m s'1. Units m s'1.

Figure 6 shows the genesis counts for both the AMO- and AMO+ simulations from the CCSM4 
(top panels) and CanESM2 (bottom panels) accumulated over the two 20-year periods. The genesis 
counts are binned on a 3x3 grid. As already mentioned the positive phase of the AMO produces more 
tropical systems than the negative phase of the AMO and this is seen in the figure. However, the 
distribution of the genesis locations in the North Atlantic is different depending upon the choice of 
SST. The CanESM2 AMO simulations show the majority of genesis occurring within the classical 
definition of the MDR region, regardless of the phase of the AMO. This result is similar to the results 
seen in LaRow (2013) and therefore we don’t see a climate change signal in the main genesis region in 
the model. In contrast, the CCSM4 AMO simulations produce two general locations for genesis. The 
first one located in the MDR region and the second one located slightly pole ward, off the southeast 
coast of the United States. This secondary location of genesis is a result of SSTs in the negative AMO 
simulation that is +1K greater than the AMO+ (not shown). In both the CCSM4 and CanESM2 
simulations, the mean and median genesis latitude in the negative phase of the AMO is found pole ward 
of the positive AMO phase with the difference in the average genesis latitude is approximately 4° 
between the positive and negative AMO phases. We do find that the AMO+ simulations do produce 
more storm genesis in the Caribbean and Gulf of Mexico compared to the AMO- simulations. This is 
especially evident in the CCSM4 simulations. In addition, the AMO+ simulations (both the CCSM4 
and CanESM2) produce Cape Verde storms whereas the AMO- simulations do not.
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Figure 6 Tropical cyclone genesis densities for CCSM4 (top) and CanESM2 (bottom). Data binned to a 
3x3 grid.

In order to examine the changes in landfall/land impacting events in the AMO climate change 
experiments we’ve counted the number of 6-hour periods when a tropical cyclone with a the minimum 
central pressure reached 965 hPa or less for the two phases of the AMO were also examined. The 
central pressure cutoff of 965 hPa is chosen since it corresponds to CATS or greater on the Saffir- 
Simpson wind damage scale. To identify the land impacting storms of CATS or greater, storms with 
central pressure less than or equal to 965 hPa that are found inside the domain [260W-292W; 25N- 
50N] are counted. The AMO- simulations were found to produce noticeably fewer hurricanes with 
central pressures less than 965 hPa impacting the U.S. (between 37-81% fewer) compared to the 
AMO+ simulations. This pattern of enhanced landfalls (land impacting events), and stronger storms, 
during the positive AMO phase is noted in the observations (Goldenberg et al. 2001). We also found 
that the CanESM2 AMO-/AMO+ simulations produced more land impacting events than the CCSM4 
simulations, 78% and 34%, respectively. The lack of intense tropical systems in the Gulf of Mexico is 
more a result of an insufficient number of storms entering or developing in the Gulf of Mexico (LaRow



et al. 2008) rather than a lack of environmental support since maximum potential intensity (Bister and 
Emanuel 1998) calculations indicate support for intense systems in the Gulf. We are currently 
investigating this issue.
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Figure 7 PDF of the North Atlantic tropical cyclone area averaged precipitation.

Figure 7 shows the PDFs of the North Atlantic tropical cyclone area averaged precipitation. Black lines 
show the precipitation in the current climate [1982-2009] from the BC1 and BC2 simulations and the 
red/blue lines show the storm precipitation associated with the CanESM2/CCSM4 simulations in the 
AMO+ and AMO- simulations. The area averaged precipitation is computed using a 2° radius centered 
on the tropical cyclones minimum central pressure. The tropical cyclone mean precipitation in the 
current climate from BC1 and BC2 is 86 mm day1. The mean tropical cyclone precipitation in the 
AMO+/AMO- simulations increases to 101 mm day"1 in the CCSM4 LP simulation and up to 112 mm 
day"1 in the CanESM2 LP simulation. The mean North Atlantic tropical cyclone precipitation from all 
the AMO simulations is statistically different at the 95% level compared to the current climate 
simulations.

ENSO/Southeast Precipitation in CMIP5 Historical Simulations

Winter precipitation anomalies over the Southeast United States (SEUS) are strongly modulated by 
ENSO (e.g. Ropelewski and Halpert, 1986, 1987; Kiladis and Diaz, 1987; Higgins et al 2000; 
Markowski and North 2003). Typical El Nino winters are associated with relatively frequent Gulf of 
Mexico storms (Eichler and Higgins 2006) and consequent cooler surface temperatures and an increase 
in regional precipitation. Conversely, La Nina winters see fewer storm passages and are therefore



generally warmer and drier. The strength of the relationship between ENSO and regional precipitation 
anomalies is well documented in the literature, and has been widely utilized by planners in realms such 
as agriculture, forestry and utilities. A scatter plot of observed (1948-2004) DJF area-averaged 
precipitation anomalies for the SEUS versus the contemporaneous Nino-3.4 temperature anomalies 
(Fig 8) illustrates the strength of this relationship. The correlation between the two time series is 0.65. 
While this is clearly statistically significant (based on Student’s t-test), a non-trivial fraction of 
precipitation variance remains unexplained by ENSO, and must be attributed to other modes of large- 
scale variability.
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Figure 8 Scatter plot of observed (1948-2004) SEUS DJF precipitation anomalies [mm 
day1 K1] vs. the contemporaneous Niho-3.4 SST anomalies [KJ. The correlation 
coefficient between the two series is the square root ofR2 (marked on the plot) or, in this 
case, 0.65.

Since such a large proportion of the SEUS’ winter precipitation variability is explained by ENSO, the 
degree to which contemporary climate models are capable of simulating this relationship may be 
essential in determining the utility of such models for regional climate change adaptation planning.

To address this question we calculated the correlation between the area-averaged SEUS DJF 
precipitation anomalies and the Nino-3.4 SST anomalies for the same period (1948-2004) from the 
CMIP5 historical simulations for all available ensemble members. The slopes of the linear fits and the 
R2 values for all model runs are summarized in Table 3.

Model Ensemble Member
Slope

[mm day"1 K"1]
R2

OBS N/A 0.61 0.42

CanESM2

rl 0.57 0.62
r2 -0.13 0.03
r3 -0.04 0.00
r4 0.15 0.04
r5 0.09 0.02

CNRM-CM5

rl 0.49 0.59
r2 0.44 0.43
r3 0.51 0.52
r4 0.47 0.50
r5 0.46 0.50



CSIRO-Mk3-6-0

rl 0.60 0.29

r2 0.44 0.10
r3 0.95 0.43

r4 0.81 0.33
r5 0.73 0.30

GFDL rl 0.08 0.02

GISS-E2-H

rl 0.47 0.28
r2 0.28 0.06
r3 0.40 0.16
r4 0.15 0.02

r5 0.33 0.18
GISS-E2-R rl 0.41 0.26

HadCM3

rl 0.26 0.22
r2 0.16 0.07
r3 0.31 0.19
r4 0.32 0.27
r5 0.03 0.00
r6 0.29 0.30

* rl 0.20 0.11
r8 0.30 0.24
r9 0.28 0.23

rlO 0.38 0.21
Inmcm4 rl 0.13 0.03

MIROC5

rl 0.52 0.80
r2 0.39 0.56
r3 0.42 0.53
r4 0.46 0.57

MPI-ESM-LR
rl 0.29 0.17
r2 0.30 0.18
r3 0.30 0.21

MRI-CGCM3
rl 0.73 0.38
r2 0.86 0.48

NorESMl-M
rl 0.41 0.46
r2 0.49 0.54
r3 0.36 0.44

Table 3: Slope [mm day1 K]J of the linear fit and R2 between SEUS DJF precipitation anomaly 
and contemporaneous Niho-3.4 SST anomaly from observations and model historical runs for the 
period 1948-2004.

The majority of model runs show a realistic relationship between the SEUS DJF precipitation 
anomalies and Nino-3.4 SST anomalies. A few exceptions, with R2<0.1 (correlation coefficient <0.32) 
are however present. In four out of the five CanESM2 model runs the two time series are practically 
uncorrelated; similar weak to absent correlation is present in the GFDL model run, two of the five 
GISS-E2-H model runs, two of the ten HadCM3 model runs, and the Inmcm4 model run.
The finding that in several instances within the same model some ensemble members show significant 
correlations between SEUS DJF precipitation and Nino-3.4 SST, while other ensemble members show 
lack of correlation is surprising, since the underlying physical processes should be the same. This 
suggests a strong internal variability of the strength of the relationship between Nino 34 SSTs and 
SEUS precipitation as simulated by these models. This may be at least partially explained by the



models’ internal variability of multidecadal modes of Northern Pacific variability that have been found 
to modulate the strength of ENSO teleconnections (Latif and Barnett, 1996; Gershunov and Barnett, 
1998; Diaz et al. 2001) or Atlantic Multidecadal variability (Enfield et al., 2001).
The implications of our findings are that model projections of precipitation changes will have to be 
treated with caution and the physical mechanisms governing the large-scale influence on a region of 
interest, such as the SEUS, must be carefully explored within each model’s context.
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