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Tropical cyclones (TC)s are a major natural hazard and the jet stream is closely linked 
to mid-latitude storm activity. Both TCs and the jet stream can therefore have a 
significant impact on society, yet the extent to which ocean variability impacts on TCs 
and the jet stream is far from understood.   This thesis aims to improve understanding 
of when and how the ocean modulates storm activity. The emphasis is on how air-
sea interactions and variability of the Atlantic Ocean circulation impact on the 
frequency and intensity of tropical cyclones, together with the ocean influence on 
the northern hemisphere jet stream.   

Ocean drivers of recent active Atlantic hurricane seasons are found to take two 
forms: late winter changes in the ocean circulation related to a reduced Atlantic 
Meridional Overturning Circulation and late spring/early summer changes in the air-
sea heat flux.  Over the Atlantic, the TC rainfall rate (mm/hr) increases by 6% for a 
1°C SST rise in the Main Development Region (MDR).  Over land, however, the rainfall 
rate increases by over 30% for a 1°C rise in SST in the MDR and appears linked mainly 
to the increase in TC wind speed.  

In the subtropical Atlantic, around Bermuda, average TC intensity is found to be 
increasing at 5kts per decade linked to rising ocean temperatures in the region. The 
prediction of TC potential intensity is also found to be closer to actual intensity using 
the average temperature through the top 50m layer (!"#$%%%%%%) as opposed to SST, with 
the improvement proportional to the SST - !"#$%%%%%% temperature difference.   

For the northern hemisphere jet stream, the ocean acts to reduce the seasonal range 
of jet latitude variability, particularly over the North Atlantic where the oceanic 
Meridional Heat Transport (MHT) is greatest. Interannual to decadal variability in jet 
latitude and speed is most evident in the North Pacific in winter where the Pacific 
Decadal Oscillation explains 50% of the variance in jet latitude since 1940. On 
multidecadal timescales trends vary significantly on a regional basis. The largest 
increasing trends in jet latitude and jet speed are observed in the North Atlantic, with 
increases in winter of 3° and 4.5ms-1, respectively. There are no trends in jet latitude 
or speed over the North Pacific.  
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Chapter 1 Introduction  

1.1 Overview 

The aim of this thesis is to improve understanding of when and how the ocean modulates 

storm activity. Emphasis is focused upon how air-sea interactions and variability of the 

Atlantic Ocean circulation impact the frequency and intensity of tropical cyclones (TC). 

Additionally, this thesis also explores ocean influence on the northern hemisphere jet 

stream. Predicting the future of storm activity whether related to TCs or extra-tropical 

storms, and the associated impact on society, is a subject of significant scientific debate. 

Improving our understanding of the role of ocean mechanisms in storm activity will help 

inform the discussion. 

Tropical cyclones (TC)s are important for society, as they are one of the most costly natural 

hazards impacting on coastal regions across the world (Emanuel et al., 2008, Murakami et 

al., 2016, Pielke Jr et al., 2008) and there is an increasing trend of multi-billion dollar 

disasters (Smith and Katz, 2013). 70% of total TC damage is caused by major hurricanes of 

category 3, 4 or 5 on the Saffir-Simpson scale, which fall on land (Murakami et al., 2016). 

Whilst prediction of TC activity is relatively good, days in advance, seasonal to interannual 

prediction on a regional basis could be improved (Vecchi and Villarini, 2014),  and would be 

beneficial for society, as it would improve weather and climate forecasts and assist in risk 

prediction. The extent to which Atlantic Ocean variability affects North Atlantic tropical 

cyclone storm activity is not yet fully understood so this thesis looks at the links between 

TC activity and sea surface temperature (SST), ocean heat content (OHC), and the Atlantic 

Meridional Overturning Circulation (AMOC). Higher than normal SSTs (alongside other 

factors such as weak vertical shear in the atmosphere) are conducive to the formation of 

tropical cyclones.  The AMOC, through ocean circulation changes, together with air-sea 

heat fluxes therefore has the potential to affect SSTs and modulate the associated TC 

activity via OHC anomalies (OHCA) and related SST anomalies (SSTA). 

Jet streams are fast, narrow air bands, which flow around the globe in both hemispheres 

near the tropopause at around 10,000m. Jet stream variations have a significant impact on 

storm activity and temperature patterns across both hemispheres, and accordingly impact 

the environment and society. Recent research for example Czaja and Blunt (2011) suggests 
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western boundary currents (WBC), through deep atmospheric convection, can influence 

the jet stream on interannual and decadal time-scales, yet no global study appears to 

identify any jet stream trends over oceanic areas (North Atlantic, North Pacific) compared 

to land masses (Eurasia, North America). 

The work presented here has two themes which are split into the chapters. The first theme 

is an investigation of how Atlantic Ocean variability impacts on tropical cyclones, through 

links associated with sea surface temperature (SST), ocean heat content (OHC), and the 

variability of the Atlantic Meridional Overturning Circulation (AMOC). Chapter 2 

investigates the extreme Atlantic hurricane seasons in 2005, 2010 and 2017 to understand 

the ocean precursors to those seasons. Chapter 3 is a study of the increasing tropical 

cyclone intensity and potential intensity in the subtropical Atlantic around Bermuda from 

an ocean heat content perspective from 1955 -2019, and looks at how tropical cyclone 

potential intensity forecasts can be improved by considering ocean heat content as 

opposed to sea surface temperature data. Chapter 4, is an analysis of the links between 

North Atlantic sea surface temperature anomalies (SSTA) and landfalling Atlantic tropical 

cyclone rainfall between 1998 - 2017. A second theme is an analysis of the impact of land-

ocean contrast on the seasonal to decadal variability of the Northern Hemisphere jet 

stream, which in turn influences the extratropical storm activity and is addressed in chapter 

5. Chapter 6 summarises the main findings of this study, discusses the implications and 

suggests some future work. 

The remainder of this chapter reviews the research to date in relation to the right 

environment for tropical cyclones, how large-scale ocean and atmospheric processes 

impact on tropical storm activity, future projections of tropical cyclone activity and finally 

how the land-ocean contrast impacts on the seasonal to decadal variability of the northern 

hemisphere jet stream. 

1.2 The right environment for tropical cyclones 

TCs are large rotating storms comprising several organised thunderstorms, which form in 

the tropics over warm ocean waters.  TCs are called hurricanes in the Atlantic and 

typhoons in the Pacific, and are typically between 100 and 2,000 km (60 and 1,240 mi) in 
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diameter, and have sustained winds over 33ms-1 (>64knots) (Montgomery and Farrell, 

1993).   

The minimum sea surface temperature (SST) requirement for TC formation is around 26.5°C 

over a large area (Črnivec et al., 2016), although it can vary slightly by ocean basin.  The 

warm ocean waters, both SST and underlying ocean thermal structure, provide the energy 

for the TC to develop through the direct transfer of latent and sensible heat (Emanuel, 

1999). However, in addition to a minimum SST there also needs to be convergence of 

surface winds, sufficient Coriolis force, weak vertical wind shear and low sea level pressure 

(SLP), to help initiate the formation (Ahrens and Henson, 2016).   

Surface air convergence can occur in the trough of easterly waves which form off the 

African coast and propagate westwards, primarily between 10-20°N. Easterly waves are 

generated almost every day but only a fraction turn into tropical cyclones (Goldenberg et 

al., 2001), but account for over 80% of major Atlantic hurricanes (Landsea, 1993). The 

poleward side of the intertropical convergence zone (ITCZ), up to a latitude of 20°, is also 

an area of surface air convergence, characterised by weak vertical shear in the horizontal 

wind, and can trigger convection (Gray, 1968). 

 

Figure 1 Schematic diagram illustrating the spin up associated with the inward movement 

of the M- surfaces. Here Ω is the Earth's angular rotation rate and v is the tangential 

velocity. Source: Smith and Montgomery (2016) 

For tropical cyclogenesis to occur there needs to be sufficient Coriolis force to generate the 

rotation around the low-pressure centre. A larger Coriolis parameter causes greater 

acceleration of vorticity favouring tropical cyclone development (Deng et al., 2018). 

Typically, the minimum distance required from the equator is 500km (Gray, 1979) with 
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most tropical cyclones forming within 10-20° of the equator (Ahrens and Henson, 2016).   

Low-pressure is a key feature with most TCs forming when pressure is 980hpa or below and 

more active TC seasons tend to occur when there are negative SLP anomalies (Lim et al., 

2016). The increase of wind velocities towards the centre of a TC follows from the 

conservation of absolute angular momentum when air masses converge towards the eye 

of the storm as schematically illustrated in Figure 1. Finally, low vertical wind shear in the 

horizontal wind is required for TCs to develop. Strong upper level winds destabilise the 

convection, by dispersing the heat and moisture (Ahrens and Henson, 2016).  

Figure 2 Average annual cycle of tropical cyclone occurrence for each ocean basin. The 

abscissa spans the 13 months, December through January of the following year; the 

ordinate is the number of storms per hundred years. For each day, the graph shows the 

number of years that a cyclone was present (normalized per 100 years). The blue line 

represents all tropical cyclones (surface winds greater than 17 m s-1 or 34 knots); shading 

represents tropical cyclones of hurricane strength (surface winds greater than 33 m s-1 or 

64 knots). Source https://public.wmo.int/en/our-mandate/focus-areas/natural-hazards-

and-disaster-risk-reduction/tropical-cyclones 
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How these large-scale ocean and atmospheric factors impact on tropical cyclones is 

discussed in more depth in sections 1.3 and 1.4. There are 6 core regions where TCs are 

found, and the typical seasonal cycles are shown in Figure 2. The highest TC activity is 

located in the Western North Pacific followed by the Eastern and Central North Pacific, then 

the Atlantic.  The peak in all 3 basins is in September when the SST is at its warmest. 

However, the peak is much broader over the Pacific where the SST reaches the minimum 

threshold required for a larger part of the year. TC activity is much lower in the Southern 

Hemisphere with the seasonal TC cycle peaking in Jan/Feb again coinciding with the 

warmest SSTs. 

1.3 The impact of large-scale ocean processes on tropical cyclone 

activity 

1.3.1 Sea surface temperature and vertical structure of the upper ocean 

The minimum SST for TC formation is typically around 26°C (Črnivec et al., 2016, Leipper 

and Volgenau, 1972), and over 95% of TCs in the Atlantic form in waters over 25.7°C 

(Defforge and Merlis, 2017). As hurricanes intensify, by extracting energy from the warm 

ocean surface via air-sea sensible and latent heat fluxes, both the SST and upper ocean 

thermal structure are critical for their development and intensification (Emanuel, 1999, 

Emanuel, 1987, Shay et al., 2000, Huang et al., 2015, Lloyd and Vecchi, 2011, Domingues et 

al., 2019, Mainelli et al., 2008, Dare and McBride, 2011). There are several observational 

studies of the impacts of ocean thermal structure on intensification. Shay et al. (2000) 

highlight how the warm Loop current in the Gulf of Mexico led to intensification of 

Hurricane Opal in 1995. Lloyd and Vecchi (2011) find that category 4 and 5 hurricanes are 

more likely to form where there is a deeper mixed layer depth and higher associated upper 

ocean heat content. Domingues et al. (2019) find that hurricane Harvey in 2017 intensified 

from a tropical depression to a category 4 hurricane after moving from the Caribbean Sea, 

where there was a shallow mixed layer depth, into the Gulf of Mexico where record ocean 

heat content levels prevailed (Trenberth et al., 2018). Lin et al. (2008) found that where the 

depth of the mixed layer was shallow (around 60m) warm ocean features were more critical 

to tropical cyclone intensification than where the ocean heat content was higher (i.e. where 

the depth of the 26C isotherm was over 100m). From an operational perspective,   
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Mainelli et al. (2008) highlight how intensity forecasts have been improved by up to 20% 

for individual storms by using ocean heat content information in the forecast with the 

maximum improvement in the 72-96 hour forecast. Sharma and Ali (2014), also highlight 

that TCs interact with the upper layer of the ocean not just the surface layer and confirm 

that when the ocean heat content (OHC) of the upper layer is considered, better 

predictions were made of intensification of TCs in the North Western Pacific Ocean. 

Figure 3 Timeseries of (a,c,e) maximum averaged tangential wind speed and (b,d,f) 

intensification rate at 3 different latitudes and 3 different SSTs. Solid black line 

indicates threshold value of 15ms-1 day-1.  Values of IR above this level are used to 

characterise rapid intensification. Source: Črnivec et al Q.J.R. Meteorol. Soc 142 

(2016). 
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Similarly, Rajeevan et al. (2013) found that the increasing trend in OHC over the North 

Arabian Sea was in line with the increasing trend seen in intensification of TCs in the area. 

In terms of modelling studies, Črnivec et al. (2016) found that the TC intensification rate 

increased, as SST increased. In their study, which uses a 3 dimensional, non-hydrostatic 

numerical model on an f-plane,  they also find that latitude was more important when the 

SST was marginal at 26°C, with higher intensification rates at lower latitudes, as outlined in 

Figure 3. Fraza and Elsner (2015) found a 16% increase in intensification for every 1°C 

increase in SST.  However, they also found that their model over predicts intensification 

over the Florida and Yucatan peninsulas where there is proximity to land, which moderates 

the intensification. In contrast Fraza and Elsner (2015) model under predicts intensification 

near the Orinoco River in the Gulf of Venezuela, where fresh water fluxes reduce salinity.  

They conclude that the fresh water makes a more stable and buoyant vertical profile, which 

is less susceptible to mixing by hurricane winds thereby making the area more prone to 

intensification. Balaguru et al. (2012), in a study using in situ, reanalysis data and a high 

resolution coupled model, also found that where there was an increased stratification and 

stability in the upper ocean layer, less vertical mixing was induced by the TC. The reduction 

in vertical mixing resulted in an increased enthalpy flux from the ocean to atmosphere, and 

accordingly intensification of the storm. This is referred to as a barrier layer, as it reduces 

vertical mixing and entrainment cooling and can occur where there is a shallower halocline 

than thermocline (Sprintall and Tomczak, 1992). 

1.3.2 AMOC variability 

The AMOC is part of the large-scale ocean circulation. There is a northward surface flow of 

warm saline waters along the western boundary of the Atlantic, from south of the equator 

(Lim et al., 2016), at a depth less than 1km.   The waters are transported northwards driven 

by winds and density gradients via the Gulf Stream, then the North Atlantic and Irminger 

Currents. As the waters are transported northwards they cool and release heat to the 

atmosphere. The colder and denser waters, through buoyancy loss, form the deep and 

intermediate waters of the AMOC in the Nordic and Labrador Seas. The cold deep waters 

then flow southwards until they mix with the Antarctic Circumpolar Current, effectively 

forming an overturning circulation (Trenberth and Caron, 2001, Ganachaud and Wunsch, 

2002). 
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The northward transport of heat by the ocean has a significant impact on the climate of the 

North Atlantic region (40-60°N, 40°W-40°E), where ocean and land temperatures are 

around 4° warmer than expected for similar latitudes (Levitus, 1982).  The net meridional 

ocean heat flux at 26°N is 1.3PW (1PW = 1015W), of which 90% comes from the AMOC 

(Johns et al., 2011). 

Since 2004, the strength of the AMOC has been measured at 26°N through the transatlantic 

RAPID array (Smeed et al., 2014, McCarthy et al., 2012, Kanzow et al., 2010, Cunningham 

et al., 2007, Kanzow et al., 2007, Smeed et al., 2018).  The array combines measurements 

of the Gulf Stream in the Florida Straits (Baringer and Larsen, 2001), Ekman transports from 

multi-platform winds (Atlas et al., 2011), and geostrophic mid ocean transports calculated 

from densities obtained from temperatures and salinities measured by the mooring array.  

These measurements show that the AMOC is highly variable on subannual to interannual 

timescales (McCarthy et al., 2012, Smeed et al., 2018, Moat et al., 2020, Kanzow et al., 

2010).  Smeed et al. (2014) highlighted that the AMOC saw a 2.7 Sv reduction in the 

northward heat transport for the period 2008-2012 compared to the first four years of 

measurements.  McCarthy et al. (2012) highlight that the mean AMOC flow is 18.5 Sv ± 1.0, 

however, the flow saw a 30% reduction for 14 months during 2009-10, to 12.8 Sv. Smeed 

et al. (2018) show that the AMOC stayed in a weakened state after 2010 but in the most 

recent years the AMOC has been slightly increasing (albeit not to pre-2008 levels (Moat et 

al., 2020)).  

The AMOC variability is associated with the development of OHCAs (Sonnewald et al., 2013, 

Bryden et al., 2014) which can feed back onto the atmosphere via SST (Mecking et al., 2019, 

Duchez et al., 2016) in regions that are crucial for the genesis of tropical and extratropical 

storms.  Duchez et al. (2016) found that the AMOC observations at 26°N could be used to 

predict SSTs in the North Atlantic. Their lead-lag analysis suggests that the AMOC best 

predicts SST when an AMOC (slowdown) leads positive SST anomalies, in the tropics 

through tropical convergence, by 5 months and could be used to complement existing 

seasonal TC forecasts in the Atlantic. Other studies also support the idea that climate 

variability in the North Atlantic is related to changes in the AMOC (Matei et al., 2012, 

Pohlmann et al., 2013). 
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1.3.3 El Niño  Southern Oscillation (ENSO) 

El Niño is a large-scale ocean-atmosphere climate interaction associated with SST warming 

in the central and east central equatorial Pacific. El Niño (positive ENSO) events are started 

by a westerly wind anomaly in the west  Pacific, in the region, which is normally dominated 

by easterly trade winds which drive an Ekman upwelling off the west coast of South 

America.  The westerly wind anomaly ceases the upwelling and creates positive SST 

anomalies in the Pacific region (Ahrens and Henson 2016).  Collins et al. (2016) found that 

active tropical cyclone seasons in the Eastern North Pacific are associated with May-June 

El Niño conditions.  However, the same is not true for the Atlantic where El Niño is 

associated with higher vertical wind shear, which is not conducive for the formation of 

hurricanes. More hurricanes typically form in the Atlantic during La Niña (negative ENSO) 

years when the vertical wind shear is lower and negative SLP anomalies are present (Lim et 

al., 2016). During La Niña years there are cold SST anomalies in Central and Eastern tropical 

Pacific. 

1.3.4 Atlantic Meridional Mode (AMM) and Atlantic Multi-decadal Oscillation (AMO) 

The AMM is the internal coupled mode of ocean surface temperature and lower 

atmospheric (10m) wind fields in the tropical and subtropical North Atlantic (21°S-32°N, 0-

72°W) (Chiang and Vimont, 2004).  It is associated with the cross-equatorial SST gradient in 

the tropical Atlantic (Doi et al., 2010) which develops in spring through an air-sea 

interaction linked to the ITCZ migration. A northward (southward) shift in the ITCZ results 

in weaker (stronger) trade winds in the northern hemisphere, which reduces (increases) 

evaporation and latent heat loss, which then leads to an increase (decrease) of the SSTA.  

Accordingly, during a positive AMM phase the Atlantic ITCZ moves northwards generating 

positive SSTA and reduced vertical wind shear which increases TC genesis in the Atlantic 

(Murakami et al., 2016, Vimont and Kossin, 2007) and shown in Table 1 and Figure 4. 

The Atlantic Multi-decadal Oscillation (AMO) also known as the Atlantic Multi-decadal 

Variability (AMV), is defined as the area average SST anomaly over the North Atlantic (0N-

65°N, 80W-0E). It is usually detrended to show only interannual variability. The AMO has a 

periodicity of around 70 years with warm phases 1930-1965 and since 1995. Cool phases  
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 of the AMO have occurred between 1900-1930 and 1965-1995. The AMO variability has 

been linked to heat transport in the Atlantic and AMOC variability in modelling studies 

(O'Reilly et al., 2016a, Gastineau and Frankignoul, 2012, Knight et al., 2006), such that the 

when the AMOC slows down (speeds up) the northern north Atlantic cools (warms). Other 

studies suggest external aerosol forcing on short wave radiation is responsible for AMO 

variability (Mann and Emanuel, 2006, Mann et al., 2021, Booth et al., 2012). Despite the 

uncertainties regarding the reasons for AMO variability,  Murakami et al. (2016) find 

Table 1: Rank correlation coefficients between the observed interannual variability of climate 

indices and the observed TC number for each cluster shown in Figure 4. Source: Murakami et al. 

(2016). 

Figure 4 TC tracks during the period 1980 – 2014 separated by cluster analysis (see 

discussion below).  Observed TC tracks (green), mean tracks (red) and predicted tracks 

(black).  The blue domain indicates the region considered for landfall. Source: Murakami et 

al. (2016) 
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statistically significant correlations between the AMO and TC activity. In their analysis of 

the Atlantic, they defined TCs into 4 clusters as seen in Figure 4.  Clusters 1 and 2 have a 

strong correlation with the AMM and AMO whilst clusters 2 and 4 have a strong correlation 

to La Niña, as shown in Table 1. In addition, (Murakami et al., 2016) found that the landfall 

ratio was higher during La Nina years, in line with the typical track followed by cluster 2 

(Gulf of Mexico and Caribbean), and similar to the work undertaken by (Bove et al., 1998) 

who found that there was an increased landfall risk of two or more US hurricanes from 28% 

in El Niño years to 66% during La Niña. The climate modes ENSO, NAO and AMM can also 

work together to either enhance or moderate the TC activity, as highlighted by the work of 

(Lim et al., 2016). 

  

1.3.5 Kelvin and Rossby Waves  

Several studies in the eastern Pacific show that subsurface ocean properties can have an 

impact on TC activity in the region (Boucharel et al., 2016, Jin et al., 2014).  The subsurface 

temperature (associated with sea level height and thermocline depth), is mainly forced by 

Kelvin and Rossby waves which in turn are often associated with a Madden-Julian 

Oscillation (MJO).  During an MJO event the NE trade winds in the equatorial Pacific are 

reversed, and the warm deep ocean layer in the west begins to travel east as a Kelvin wave. 

It takes 3-4 months to travel across the Pacific Basin. After having reached the east Pacific 

coast the waves travel poleward along the coast. As it propagates along the coast the Kelvin 

waves gradually lose energy by radiating Rossby waves westward into the Eastern Pacific 

TC region. The waves create subsurface warming which can lead to TC intensification. 

Boucharel et al. (2016) found that equatorial Kelvin waves and the associated westward 

propagating Rossby waves related to the MJO influence the thermocline depth and 

explained 30% of the TC activity unrelated to El Niño. 

Jin et al. (2014) found that even where the thermocline depth varied by less than 15m there 

could be subsurface temperature changes of up to 5°C, which could increase the major TC 

count by up to 74%, suggesting that changes in the subsurface can influence TC activity. 
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1.4 The impact of large-scale atmospheric processes on tropical cyclone 

activity  

1.4.1 Vertical wind shear 

The magnitude of the vertical wind shear of the horizontal wind, typically measured as the 

difference between 250mb and 850mb winds, is important for modulating tropical cyclone 

activity. Strong vertical shear, in the horizontal wind, prevents deep convection and inhibits 

the formation and intensification of tropical cyclones (Gray, 1968, Gray, 1979). Vertical 

shear greater than 10ms-1 is generally considered unfavourable for TC formation and 

development (DeMaria, 1996, DeMaria et al., 1993). Generally in the Atlantic the vertical 

shear is not considered favourable for the development of TCs (Gray et al., 1993) so more 

active seasons occur when there is weak vertical shear, typically when there are La Niña 

events (Lim et al., 2016). During La Niña events there is a decrease in upper tropospheric 

westerly winds over the Caribbean basin and the equatorial Atlantic which reduce the 

vertical wind shear (Gray, 1984). By contrast during El Niño years the wind shear over the 

North Atlantic tends to be larger which suppresses hurricane activity.  

1.4.2 African Easterly Waves (AEW) 

AEW are a type of atmospheric trough of low pressure which is generated due to baroclinic 

instability, as a result of a reversed lower tropospheric temperature gradient between the 

extremely warm Sahara, compared to the cooler temperatures along the Gulf of Guinea. 

The waves form in the eastward flow along the equatorward side of the high pressure, 

which lies north of the Intertropical Convergence Zone (ITCZ)(Carlson, 1969).  The waves 

propagate westward across the tropical Atlantic from the west coast of Africa, typically 

between 10-20N, which is the main development region (MDR) for hurricanes (Goldenberg 

and Shapiro, 1996). The number of AEWs each year is relatively constant at around 60 (Avila 

and Pasch, 1992), with the main season between May and October(Grist, 2002) however, 

the number that assist the generation of tropical cyclones varies each year. The presence 

of AEW is, however, important for TC formation providing a region of surface air 

convergence and Landsea (1993) highlights that over 80% of all major hurricanes (category 

3 and above) originate from AEW, compared to around 60% for other hurricanes and 

tropical storms.  Chen et al. (2008) also found 58% of Atlantic TCs originate from AEWs.  
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1.4.3 Saharan dust and aerosols 

Saharan dust in the atmosphere can play an important role in modulating tropical cyclone 

activity in the Atlantic particularly through the impact on SST. Foltz and McPhaden (2008a) 

find that positive (negative) dust anomalies are associated with a reduction (increase) in 

shortwave radiation which accounted for 35% of the observed interannual SST variability 

for the period 1984-2000 over the region 10-25N – 20-60W. Foltz and McPhaden (2008b) 

found that dust concentrations over western Africa and the tropical North Atlantic Ocean 

decreased significantly between 1980 and 2006 in association with an increase in Sahel 

rainfall. The decrease in dust in the tropical North Atlantic tended to increase the surface 

radiative heat flux and they find an increase in SST over the period, particularly in the 

eastern Atlantic between 20-30N. 

Aerosols also have an impact on TCs both directly, through the microphysical role of 

aerosols acting as cloud condensation nuclei, resulting in slower development and lower 

intensity Wang et al. (2014) and indirectly by suppressing the SST/OHC and associated TC 

intensity (Villarini and Vecchi, 2013). Between 1960 and 1980 Villarini and Vecchi (2013) , 

suggest that aerosols contributed to the suppressed SST/OHC and the associated reduction 

in TC intensity. 

1.4.4 North Atlantic Oscillation (NAO) 

The NAO is an atmospheric index based on the surface sea level pressure (SLP) difference 

between the subpolar (Icelandic) low and the subtropical (Azores) high. During a positive 

(negative) phase of the NAO there is a greater (smaller) difference between the SLP 

between the Azores high and the Icelandic low. During a positive NAO phase there is an 

increase in intensity in the North Atlantic jet stream and storm track which can bring mild 

wet winters across Europe (Hurrell, 1995).  

In terms of Atlantic hurricanes, the NAO has an impact on hurricane steering. During 

negative phases of the NAO there is an increase in landfalling tracks over the US (Elsner et 

al., 2006). During a negative NAO phase the Azores high is typically further south and west 

of its mean position, close to the Azores (Elsner, 2003).  TCs typically remain on the 

equatorward side of the high and are prevented from recurving northwards, therefore 

increasing landfalls in the US. 
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So far sections 1.2 – 1.4 have outlined the large-scale ocean and atmospheric processes 

which can impact on tropical cyclone formation, intensification and propagation and these 

processes and mechanisms are summarized in Table 2. For TC formation all 5 components 

need to be present for the formation of a TC; SST greater than 26°C, weak vertical wind 

shear, sufficient Coriolis force, low SLP and convergence of surface winds.
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Table 2 Processes for TC formation, intensification and propagation 

TC stage Contributing Factors Mechanisms 

TC Formation  

 

SST over 26°C Atlantic Positive AMO phase/ Positive AMM phase  
Reduction in AMOC north of the MDR and tropical convergence 
Northward shift in the ITCZ leading to weaker trade winds  
Reduction in Saharan dust 

All ocean basins Reduction in aerosols 
Pacific  El Nino 

Weak vertical wind shear Atlantic  La Nina 
Sufficient Coriolis Force All ocean basins Latitude greater than 5° 
Convergence of surface winds Atlantic African Easterly Waves 

All Ocean Basins ITCZ 
Low sea level pressure All Ocean basins SLP below 980hpa 

TC Intensification Positive SST anomalies over 
26°C and positive OHC 
anomalies 

Atlantic Positive AMO phase/ Positive AMM phase 
Reduction in AMOC at 26°N and tropical convergence 
Northward shift in the ITCZ leading to weaker trade winds 
Reduction in Saharan dust 

Pacific El Nino 
All basins Reduction in aerosols 

Kelvin and Rossby waves 
Reduced ocean salinity leading 
to increased stratification in 
the upper ocean 

All basins River basin outflow (e.g. Yucatan, Mississippi) 
Increased precipitation 
 

TC Steering More landfalling tracks  Atlantic  La Nina conditions 
Negative NAO (Azores high further south and west) 

More recurving Atlantic  Negative SLP anomalies off the east coast of North America 
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1.5 Tropical Cyclone Activity in a changing climate 

Predicting the future of TC activity, relating to the number, intensification, track and 

landfall and the associated impact on society, is a subject of significant scientific debate. A 

key challenge is trying to separate a trend associated with a changing climate (for example 

warming global temperatures) and internal climate variability.  Internal variability can occur 

on sub-annual to multi-decadal timescales and can therefore be difficult to observe in 

historical observations. For example, for tropical cyclones, section 1.3.4 highlighted that 

the AMO phase was important for TC variability (Murakami et al., 2016).  AMO variability,  

has a periodicity of around 70 years, yet Hurricane data (HURDAT2) for the Atlantic only 

dates back to 1851 and there are questions on the data accuracy prior to 1956 (Landsea 

and Franklin, 2013, Villarini and Vecchi, 2013).  Detection of any trends associated with 

climate change needs to account for internal variability on decadal timescales. 

 

Earlier in Chapter 1, the relationship between SST and TC formation was highlighted, 

however when the trends are looked at across all ocean basins the relationship is not so 

clear (Rayner et al., 2003, Knapp et al., 2010). Figure 5, inspired by Webster et al. (2005), 

provides a 50 year timeseries from 1970 to 2020 of the running 5-year mean of SST (Figure 

5a),  tropical cyclone count (Figure 5b), and tropical cyclones which are category 3 and 

above (Figure 5c) during the respective tropical cyclone seasons for the principal ocean 

basins in which tropical cyclones occur. SST data is provided by HadISST (Rayner et al., 

2003), and historical tropical cyclone track data is obtained from the International Best 

Track Archive for Climate Stewardship (IBTrACS)(Knapp et al., 2010). 

Increasing SSTs are seen in each basin over the last 50 years, however the hurricane count 

does not increase on a uniform basis across the ocean basins. Only the North Atlantic and 

the East Pacific show a significant relationship between SST and number of hurricanes. 

These basins have lower SST in their main TC development region than most other basins 

perhaps suggesting that a relationship between hurricane formation and SST is only found 

in regions where the SST is only marginally above the level required for TC genesis. The 

South Pacific and the Western North Pacific show an increasing trend in SST since the 

1970s, but this is not reflected in an increase in number of tropical cyclones in either basin. 

In fact, a decrease in TCs has been observed since the 1990s. This suggests that other 
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oceanic or atmospheric variables are impacting on the TC numbers. Significant interannual 

variability is also seen in the number of hurricanes, particularly over the Pacific regions, 

suggesting the influence of El Nino, as discussed earlier.  In terms of % of TCs which are 

category 3 and above (Figure 5c) an increasing trend is observed on a global basis, albeit 

with significant interannual variability.  

 

 

Figure 5 Running 5-year mean of (a) SST and (b) TC count (c) % of TCs which are Cat3 and 

above, during the respective tropical cyclone seasons for the principal ocean basins in 

which tropical cyclones occur: the North Atlantic Ocean (NATL: 90- to 20-E, 5- to 25-N, June- 

October), the Western Pacific Ocean (WPAC: 120- to 180-E, 5- to 20-N, May-December), 

the East Pacific Ocean (EPAC: 90- to 120-W, 5- to 20-N, June-October), the Southwest 

Pacific Ocean (SPAC: 155- to 180-E, 5- to 20-S, December-April), the North Indian Ocean 

(NIO: 55- to 90-E, 5- to 20-N, April-May and September- November), and the South Indian 

Ocean (SIO: 50- to 115-E, 5- to 20-S, November-April). 

In the tropical cyclone climate change assessment (Knutson et al., 2020) the overall 

conclusion from the modelling studies is that there will be a global decrease of -14%  in 

tropical cyclone count with a 2°C rise in global temperatures,  with a range from -48% to 

+22%.  The results from the studies are more mixed on a regional basis, with some showing 
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increases in TC count (Emanuel, 2013, Murakami et al., 2014, Camargo, 2013). Although 

the physical mechanism for the decrease in count is uncertain, Sugi and Yoshimura (2012) 

suggest that a warmer environment results in a weakening of the tropical circulation which 

leads to a decreasing trend of upward mass flux (average strength of the updrafts) in 

tropical ascent areas due to an increase in dry static stability which reduces TC formation. 

In terms of TC intensity, the observed trend, which is consistent across all ocean basins, is 

the increase in the number of category 4 (56-67ms-1) and 5 (>67ms-1) hurricanes, as 

highlighted in Figure5c. This increasing trend in intensity, with rising SST, is in line Figure 5c 

and with the studies discussed earlier by Črnivec et al. (2016) and Fraza and Elsner (2015) 

and the model results of Bacmeister et al. (2016) under a projected warming scenario.  

Bacmeister et al. (2016) suggests that the area of greatest intensification, will be in the 

North West Pacific. The conclusion of the modelling studies as part of the climate change 

assessment (Knutson et al., 2020) show a global increase in mean TC intensity of around 

5% (range 1-10%) for a 2°C global warming scenario, and that use of a higher resolution 

model (minimum 60km grid) was important (Roberts et al., 2018) for climate change 

projections of intensity.  The increase in TC intensity is consistent with potential intensity 

(PI) theory (Emanuel, 1987). Huang et al. (2015) suggest however, that if upper ocean 

average temperature is used to calculate PI instead of SST then the increase in intensity 

projections is reduced by around 10-15%, as the projected rate of ocean warming at depth 

is lower than at the surface. Balaguru et al. (2016), however, propose that a near surface 

salinity reduction with a warming climate will strengthen TC intensification rates due to an 

increase in stratification and reduction in the vertical mixing.  

In terms of precipitation, Knutson et al. (2020) find a global mean increase in the rainfall 

rate (mmhr-1) of 14% (range from 6% to 22%) for a 2°C rise in global temperature.  The 

increase in rainfall rate is in line with the Clausius-Claperyon equation which relates 

saturation vapor pressure to air temperature and shows that for a 1°C rise in SST there is a 

7% increase in water vapor (Held and Soden, 2006, Knutson et al., 2020). When the 

projections are compared by ocean basin there is a clear increase in each basin although 

the percentage change varies (Figure 6). 
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Figure 6 (a) Summary global mean histogram and (b) distributions for individual basins and 

global of projected changes in near-storm TC rainfall rates from available studies expressed 

in percent for a 2°C rise in global warming. Large whiskers in (b) indicate the 10th and 90th 

percentiles. Source:  Knutson et al. (2020) 

A key question remains as to where TC tracks will occur in the future and whether there 

will be more or less TCs which make landfall, which has the greatest consequence for 

society. In a warming environment, Emanuel (2016) suggests that more rapidly 

intensifying hurricanes will make landfall in the Gulf of Mexico. The projections by Hall et 

al. (2021) for the Atlantic show significant increases for the Florida Gulf Coast compared 

to the long term mean, whereas projections for the north-western US Gulf Coast and the 

East Coast see little change. Haarsma et al. (2013) suggest more hurricane force storms 

will hit western Europe, which originate as tropical cyclones, due to an eastward 

extension of the hurricane development region in the Atlantic. Lau et al. (2016) also agree 

there will be more TCs, which make an extra tropical transition with landfall along the 

Maine and Nova Scotia coastline.  Any changes, however, may be masked by the natural 

interannual to decadal variability associated with La Nina and AMM/AMO. 

All studies into future TC activity concur that further research is required. As model 

resolution improves, ocean and atmospheric processes critical to TC formation can 

increasingly be simulated in the latest generation of coupled models as highlighted by 

Hewitt et al. (2016).  Such models provide us with a unique opportunity to better 

understand how TC formation is related to variability in the ocean circulation and how this 

relationship may change in the future. 
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1.6 Land-ocean contrast and the northern hemisphere jet stream. 

The jet stream is predominantly zonal from west to east and results from the equator to 

pole temperature gradient and the Coriolis force. Jet speeds reach 45 -70ms-1 and possibly 

higher in winter (Barry and Chorley, 2009).  Globally there are two main jets. The polar front 

jet forms along the polar front in the region where there is a sharp temperature contrast 

between polar and subtropical air (Holton, 1992). The subtropical jet forms on the 

poleward side of the Hadley cell due to the sharp temperature gradients between the 

Hadley and Ferrel cells, and also angular momentum (Pena-Ortiz et al., 2013).  

There is growing research which suggests that oceanic western boundary currents (WBC), 

through deep atmospheric convection, can influence the jet stream on interannual and 

decadal time-scales (Sheldon and Czaja, 2014, Czaja and Blunt, 2011).  The significant sea 

surface temperature (SST) gradients found along ocean fronts provide an environment for 

differential sensible and latent heating, which enhances baroclinicity, and leads to surface 

cyclonic wind convergence and effectively ‘anchors’ the storm track (Nakamura et al., 2004, 

Minobe et al., 2008). The sensible heating occurs mainly where cold air from the continents 

flows over the comparatively warm waters (Hoskins and Valdes, 1989). For example, 

O'Reilly and Czaja (2015) highlight that the changes in the jet stream and storm track over 

the western Pacific are linked to variations in the Kuroshio Extension Front. When the 

surface SST gradient was strong the storm track was zonally localised, but there was less 

influence on the storm track location when the SST gradient was weaker. In the North 

Atlantic, O'Reilly et al. (2016b) identified that the Gulf Stream SST front was important in 

the development of the storm track over the North Atlantic and also influenced European 

blocking development.  

 Woollings et al. (2015) and Fang and Yang (2016) also found that cold subpolar SST 

anomalies influence the atmosphere by strengthening the meridional temperature 

gradient and baroclinity leading to intensification of the westerly jet stream, in the Atlantic 

and North Pacific, respectively. 

1.7 Summary 

This chapter has provided an insight into the current research on the large-scale ocean and 

atmospheric process which influence the development and intensification of tropical 
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cyclones together with an overview of the ocean influence on the northern hemisphere jet 

stream. 

From an ocean perspective an SST of 26°C is important for TC formation, and the thermal 

structure of the upper ocean is then critical for TC development and intensification.  In the 

North Atlantic Ocean the key mechanisms modulating the upper ocean structure are ocean 

circulation changes through AMOC/AMO variability, and changes in ocean surface heat 

fluxes, for example the reduction in NE trade winds during a positive phase of the AMM. 

To enable TC development, however, the atmospheric conditions also need to be right; 

weak vertical wind shear, presence of an atmospheric trough, low pressure and sufficient 

Coriolis force.  The mechanisms which influence these factors include ENSO, African 

Easterly Waves and NAO. Three distinct studies (Chapters 2, 3 and 4) will now examine in 

detail the ocean impacts on TCs through; the precursors to extreme Atlantic hurricane 

seasons, how ocean heat content impacts on intensity and potential intensity in the 

subtropical Atlantic, and the influence of SST on TC rainfall.   

In terms of the northern hemisphere jet stream there is growing evidence that the ocean 

plays an important role in modulating the jet stream. What seems to be missing is an 

observational analysis over a long time period covering the whole of the northern 

hemisphere, but on a regional basis; Atlantic, Eurasia, Pacific and North America. In a fourth 

study (Chapter 5) this thesis will look at the seasonal to decadal jet stream, similarities and 

differences between these regions, and the role of the ocean. The long time period used 

(1870-2011) provides an opportunity for greater understanding of interannual variability 

and longer term trends. An analysis as outlined would provide insights for the climate 

modelling community and help inform potential changes in jet stream behaviour in a 

changing climate and is addressed in Chapter 5. 

The significant trends identified in the results chapters (2,3, 4 an 5) are specific to the 

time period of the study and could relate to either interannual variability or climate 

change.  It is beyond the scope here to attribute trends to climate change, instead the 

results are presented in the context of the timeframe for the study and relevant known 

climate variability indices.
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Chapter 2 Ocean precursors to the extreme Atlantic 

2017 hurricane season 

This chapter has been published: 

Hallam, S., Marsh, R., Josey, S.A., Hyder, P., Moat, B., Hirschi, J. J.-M. Ocean precursors to 

the extreme Atlantic 2017 hurricane season. Nat Commun 10, 896 (2019). 

https://doi.org/10.1038/s41467-019-08496-4 

 

Abstract 

Active Atlantic hurricane seasons are favoured by positive precursor sea surface 

temperature anomalies (SSTA) in the main development region (MDR, 10-20°N, 20-80°W). 

Here, we identify a different driving mechanism for these anomalies in 2017 (most costly 

season on record) compared to the recent active 2005 and 2010 seasons. In 2005 and 2010, 

a weakened Atlantic Meridional Overturning Circulation is the primary driver of positive 

SSTA. However, in 2017, reduced wind-driven cold water upwelling and weaker surface net 

heat loss in the north-eastern MDR were the main drivers. Our results are the first to show 

that air-sea heat flux and wind stress related processes are important in generating 

precursor positive SSTAs and that these processes were active pre-determinants of the 

2017 season severity. In contrast to other very active seasons, positive SSTA developed 

later in 2017 (between April and July rather than March) compounding the challenge of 

predicting Atlantic hurricane season severity. 

2.1 Background 

Tropical cyclones (TCs) are one of the most costly natural hazards impacting on coastal 

regions across the world (Emanuel et al., 2008, Murakami et al., 2016, Pielke Jr et al., 2008) 

and there is an increasing trend of TC related billion dollar disasters in the US (Smith and 

Katz, 2013). Over 70% of total tropical cyclone damage in the North Atlantic is caused by 

major TCs, category 3, 4 or 5 on the Saffir-Simpson scale, which make landfall (Landsea, 

1993).  
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In 2017, the  North Atlantic hurricane season involved 6 landfalls and is the most costly 

season to date, with early estimates of damage at over $360bn (Halverson, 2018, 

Rahmstorf, 2017). The season has broken several records.  September had the largest 

Atlantic Accumulated Cyclone Energy (ACE) on record at 175, whilst the season ACE of 226 

is the 7th highest. ACE (units, 104 Kn2) is defined as the sum of the maximum sustained 

surface wind speed squared at six-hourly intervals for all periods when the TC is at least of 

tropical storm strength (>= 34 knots)(Bell et al., 2000).  In 2017, the Atlantic generated 48% 

of the Northern Hemisphere ACE (228), trailing only 2010.  The long-term average in the 

Atlantic is 20%. The duration of hurricanes in 2017 was also record-breaking, setting a new 

September record of 41 hurricane days, principally due to Irma, Jose and Maria, each of 

which lasted for over 9 days.  

 

The active season which unfolded was not, however, well predicted in the early season 

forecasts(Camp et al., 2018). For example, Colorado State University forecast 11 named 

storms in April but revised this to 16 named storms in August. This suggests that factors 

developed later in the season, leading to a higher level of activity than initially predicted. 

In this study, we compare the 2017 Atlantic hurricane season to the active seasons of 2005 

and 2010 (as indicated in Figure 7a). We explore the similarities and differences in the 

precursors to those seasons, predominantly from an ocean perspective, using a range of 

observational datasets.  The seasons of 2005 and 2010 were chosen for their similarity in 

activity and intensity to 2017. The 2005 season has the 2nd highest Atlantic ACE on record 

at 250 with 15 hurricanes (>= 64 knots) and 7 major hurricanes (>=96 knots). The 2010 

season had an ACE of 165, 12 hurricanes (H) and 5 major hurricanes (MH) and was 

characterised by hurricanes with a significant duration, similar to 2017 (10 H, 6 MH), which 

formed further east.  In addition, these seasons had the highest SSTAs in the MDR, between 

July and September for the period 1980 – 2017 (Figure 7b).   

As hurricanes intensify by extracting energy from the warm ocean surface, the underlying 

SSTs and ocean thermal structure are critical for their development (Emanuel, 1999) with 

local SSTs greater than 26 °C usually considered to be a necessary condition for tropical 

cyclone development, although it can vary slightly by ocean basin. Over 95% of TC in the 

Atlantic form in waters warmer than 25.7°C (Gray, 1968, Defforge and Merlis, 2017, 

Črnivec et al., 2016). Favorable (warm) ocean thermal structure in the MDR, together 
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with a low vertical wind shear, and atmospheric low pressure disturbances such as African 

Easterly Waves (AEW), are together conducive to intense and sustained hurricane 

development (Landsea, 1993, Gray, 1968, Frank and Ritchie, 2001, Gray, 1979, Camp et 

al., 2018). The size of the Atlantic Warm Pool (AWP), where water is warmer than 28.5°C, 

has also been shown to influence the TC track, with more TC genesis further east for a 

large AWP. Its size also affects the  position and strength of the Azores high (Wang et al., 

2011). When a large AWP is present, the Azores high weakens and shifts north eastwards, 

enabling TCs to track poleward and recurve towards the east. 

 

Observed Atlantic hurricane frequency has been found to correlate with long-term 

variability of sea surface temperatures particularly as measured by the Atlantic Multi-

decadal Variability (AMV) index(Goldenberg et al., 2001, Zhang and Delworth, 2006, Enfield 

et al., 2001, Sutton and Hodson, 2005, Knight et al., 2006, Klotzbach et al., 2015, Klotzbach 

and Gray, 2008), which is the North Atlantic area-averaged (0-65°N, 0-80°W) SSTA. In 

addition, positive OHCAs have been found to increase the hurricane intensity and track 

length (Mainelli et al., 2008, Trenberth et al., 2018, Balaguru et al., 2018a). Variations in 

SST are influenced by the heat balance in the mixed layer of the ocean which is governed 

by air-sea fluxes, together with horizontal advection and vertical advection / mixing 

processes, and may be written as (Črnivec et al., 2016, Deser et al., 2010): 
!"
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where T is the mixed layer temperature (equal to the SST), Qnet is the net surface heat flux 

i.e. the sum of the turbulent (sensible and latent) and radiative (solar and longwave) heat 

fluxes , r is the density of seawater, Cp is the specific heat capacity of seawater, H is the 

mixed layer depth, 23	is the geostrophic current velocity, 245	is the Ekman current velocity, 

?@ is the vertical entrainment rate, ?@A  is the Ekman pumping velocity and BC is the 

temperature of the water just below the mixed layer that is entrained into the mixed layer.  

The first term on the right-hand side is determined by the net surface heat flux, the second 

by horizontal advection and the third relates to vertical heat exchanges. Our analysis 

focuses on the respective contributions of surface heat fluxes and ocean circulation to the 

SST anomalies that can develop prior to hurricane seasons.  
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As an index of ocean heat transport, and convergence thereof, the observed AMOC 

strength at 26°N is used, as measured by the RAPID Array (Rayner et al., 2011, McCarthy et 

al., 2017). Previous studies (Collins et al., 2016, Yan et al., 2017, Bryden et al., 2014, Foltz 

and McPhaden, 2006) have identified links between ocean advection / AMOC strength and 

hurricane frequency, and also that the AMOC leads a SSTA dipole in the North Atlantic (with 

poles at 10-15N and 45-60N) that has maximum correlation strength at a 5-month lag 

(Duchez et al., 2016).  Anomalies of the surface net heat flux (SFX) and wind stress curl 

(WSC) have also been analysed for their impact on SST although they have not previously 

been identified as precursors to hurricane season strength. A reduction in the WSC in the 

tropical Atlantic can lead to maximum positive SSTAs around 2 months later (Nobre and 

Shukla, 1996), while SFX anomalies directly warm or cool the surface layer (Duchez et al., 

2016, Josey et al., 2018, Roberts et al., 2017, Cayan, 1992).  

 

Here we analyse SSTA alongside OHCA (using NCEP Global Ocean Data Assimilation System 

(GODAS) ocean re-analysis data (Behringer et al., 1998), and compare these to related 

indices and data. Our results reveal that the positive SSTAs prior to the 2017 active 

hurricane season were generated by processes not previously recognised to be important 

indicators of hurricane season strength. Furthermore, in contrast to other recent strong 

seasons, in which the SSTAs were evident in March, the anomalously warm ocean surface 

in 2017 developed later between April and July, making prediction of the Atlantic hurricane 

season severity even more difficult. 

2.2 Methods 

2.2.1 Hurricanes and ocean properties  

The observed Atlantic tropical cyclone and hurricane track data for the years 1980-2016 

were obtained from HURDAT2, the revised Atlantic hurricane database (Landsea and 

Franklin, 2013). Hurricane track data for 2017 was obtained from Unisys Weather(Unisys). 

The GODAS dataset was used for the ocean temperatures at the surface and depth.  All 

anomalies were based on the reference period 1980 to 2017 unless stated otherwise.  The 

ocean heat content anomalies are based on the average temperature anomaly over the 

depth indicated. The observed AMOC strength and Ekman transport at 26°N, for the period 
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2004 – 2017, were obtained from the RAPID MOC monitoring project (Smeed et al., 2018, 

Smeed et al., 2017).  

2.2.2 Surface meteorology and air-sea exchanges 

The NCEP/NCAR reanalysis (Kalnay et al., 1996) was employed for sea level pressure (SLP), 

wind speeds and the air-sea heat flux. Wind speeds and associated anomalies were 

determined from the 1000mb zonal and meridional components. The absolute vertical 

wind shear was calculated as the absolute difference between the 250mb and 850mb zonal 

wind using the reference period 1948 to 2017. The net surface heat flux (SFX) was 

determined as the sum of the net shortwave (Qsw), net longwave (Qlw), latent (Qlat) and 

sensible (Qsen) heat fluxes: 

DEF =	GHI + GJI + GJK# + GH@L     (2) 

The estimated ocean temperature anomalies (∆B) used in Figure 15 are based on the 

surface flux anomalies (SFXA) and calculated as follows: 

∆B(N, P, Q) = ∆B(N, P, QR) +
S

+T,-
∫ DEFV(N, P, Q)WQ
#

#X
   (3) 

where Y	= mixed layer depth (100 m), Z	= density (1025 kgm-3), [\	= Specific heat capacity 

4182 JK-1kg-1, t0: April, t: July. A mixed layer depth of 100m was chosen for consistency with 

the findings of Cayan (1992), who showed the MLD in the North Atlantic to be between 

150m and 75m between April and July. The spatial temperature pattern does not vary with 

depth chosen.  A more detailed calculation would require a spatially and temporally varying 

MLD but the aim here is to show the magnitude of the heat flux related signal in line with 

the approach adopted by Duchez et al. (2016). The wind stress curl was calculated from 

NCEP/NCAR reanalysis (Kalnay et al., 1996) monthly surface wind stress.  

2.3 Results  

2.3.1 Atlantic hurricane season activity 

The time series of Atlantic tropical cyclones from 1980 shows an increase in activity over 

the period (Figure 7a), although not necessarily a long term trend.  The number of landfalls 

has fluctuated with 6 or more recorded in 1985, 1996, 2005, 2008, 2010 and 2017. To better 
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understand hurricane season activity, Figure 7b highlights the ACE index for the years 1980-

2017 and the associated SSTA and vertical wind shear anomaly in the MDR. Active seasons 

occur when there is a positive SSTA and a negative shear anomaly (i.e. weaker than average 

vertical wind shear) in the MDR (40% of years considered). Less active seasons occur when 

there is a negative SSTA and positive shear anomaly (43%) and when there is a positive 

SSTA and positive shear anomaly (14%). The seasonally averaged negative shear anomaly 

is greater in 2005 and 2010 compared to 2017. In both 2005 and 2010, negative anomalies 

persisted throughout the season, whereas in 2017 negative shear anomalies developed 

later in August and September. Previous work has linked  ENSO variability / La Niña 

conditions with negative shear anomalies (Goldenberg and Shapiro, 1996, Larson et al., 

2012, Gray, 1984, Patricola et al., 2015), SSTA (Enfield and Mayer, 1997, Czaja et al., 2002, 

Lee et al., 2008)  and a potential relationship between shear and SSTA (Wang and Lee, 

2007). We note that in 2005, 2010 and 2017 La Niña persisted during August and 

September. There is also a significant correlation between SSTA and shear anomaly of -0.58 

(p<0.01) indicating that positive (negative) SSTA are often associated with negative 

(positive) shear anomalies.  

To composite the disparate influences on individual TC tracks (as opposed to season 

activity), Figure 7c highlights conditions at 6-hour intervals along the TC tracks for August 

and September of 2005, 2010 and 2017, incorporating SSTA, vertical shear anomaly and 

wind speed along the track. Again, the most favourable conditions for TCs are positive 

SSTAs and a negative vertical shear anomaly as the majority of the 6 hourly values fall 

within the corresponding quadrant of Figure 7c. A substantial number of values coincide 

with positive SSTAs and low positive vertical shear anomalies. Far less favourable for TC 

tracks are negative SSTAs and even when the wind shear anomalies are clearly negative we 

only find few hurricane track points in the corresponding quadrant. The relationships 

between SSTA and vertical shear, and number of tropical cyclones are significant, with 

correlations of 0.75 (p<0.01) with SSTA and -0.67 (p<0.01) with vertical shear between July 

and September, for the period 1980-2017. Figure 7c also highlights that wind speeds over 

100 knots are only observed when there are positive SSTAs present and usually a negative 

vertical shear anomaly, indicating that both positive SSTA and weak vertical shear are 

critical to the full intensification of hurricanes. Previous studies have shown that 70% of 

major storms in the North Atlantic undergo rapid intensification(Lee et al., 2016)  and the  
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Figure 7 (a) Observed Atlantic tropical cyclone activity and ACE index from 1980 – 2017 (b) 

SSTA and vertical wind shear anomalies in the MDR between July and September for the 

period 1980-2017 and associated ACE Index (point size and colorbar) (c) 6 hourly data from 

August to September Atlantic tropical cyclone tracks for the years 2005, 2010 and 2017, 

detailing the SSTA (°C), vertical shear anomaly, and associated wind speed (point size and 

colorbar)      
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interplay between SSTA and vertical shear in such intensification remains a matter for 

further research. 

Of interest is the comparison between Figure 7b and Figure 7c, where the latter indicates 

TC many tracks can exist where there are low positive values of vertical wind shear 

anomaly. The average vertical shear in the MDR in August and September is 6.14 ms-1 (for 

the period 1948-2017). Wind shear magnitudes of less than 10 ms-1 are generally 

considered favorable for TC genesis (Paterson et al., 2005, Frank and Ritchie, 2001, Camp 

et al., 2018); accordingly, positive shear anomaly values up to 4 ms-1 are still likely to be 

conducive to TC development when coinciding with positive SSTA, consistent with a 

significant number of tracks observed in the top right quadrant (Figure 7c).   

 

 

Figure 8 Atlantic Tropical cyclone tracks during July, August, September and October for 

2005, 2010 and 2017. Tropical cyclone tracks (black)  and observed SSTA (colour, oC) 

overlaid with SLP (contours, mb)  
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Figure 8 shows SSTA overlaid with SLP and tropical cyclone tracks for 2005, 2010 and 2017. 

Positive SSTA in the MDR is evident in each year, although strongest in 2010. The 2005 

season featured hurricane activity in all months, whereas in 2010 and 2017, September 

was the most active month.  The 2010 and 2017 seasons were characterized by large SST 

anomalies, persisting across the MDR from 10-20N and 15-90W, from July to September. 

Accordingly, some TC genesis was located further east than is usual in both years, and as 

far east as 20°W, in contrast to 2005. In 2005, the largest SSTAs were further west at 40°W. 

In 2005 and 2010, positive temperature anomalies persisted to a depth of over 250m during 

the season, whereas in 2017 the anomalies were generally only to a depth of 100m 

between 10-60°W, although a positive anomaly to a depth of 250m did exist during 

September 2017 between 60-80°W (Figure 9). 

 

Figure 9 Sea temperature anomalies (°C) during July – September for 2005, 2010 and 2017 

between 0 - 250m in the North Atlantic at 15N from 280-350° (80°W - 10°W) 

TC tracks are influenced by both SLP and SSTA. The positive SSTA across the MDR enabled 

an eastward shift in the genesis location in 2010 and 2017.  In 2010, the Azores high was 

weaker and located further northeast in the Atlantic (especially in August), related to the 

large AWP (Wang et al., 2011), resulting in a lower pressure anomaly off the east coast of 

America (Figure 10) and enabling TC tracks to curve northwards. Accordingly, there were 
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no US landfalls despite a very active season, and the 6 tracks which did make landfall in 

central America predominantly originated in the Gulf of Mexico or Caribbean Sea.  In 2005 

and September 2017, the lower pressure anomaly off the east coast of 

America during July to September also existed, but not to the same extent as 2010.  TC 

tracks did curve northwards but there were 9 and 6 landfalls in the respective years. 

 

Figure 10 Sea level pressure anomalies (mb) from July- September for 2005, 2010 and 2017 

and the average climatology 

2.3.2 Ocean and heat flux time series 

Turning to the ocean variables and to highlight the connection between SSTAs, air-sea 

fluxes and the ocean circulation we focus on the period from 2000 to 2017 (Figure 11b-d).  

Ocean temperature variability is characterised by SSTAs and OHCA105 (temperature 

anomalies averaged over the top 105m). The impact of air-sea fluxes on SSTA and OHCA105 

is dominated by latent heat fluxes (LHFX). To understand the timing of the development of 

SSTAs in different parts of the MDR, LHFX anomalies (LHFXA) are either averaged over the 

entire MDR (Figure 11b), the southern part of the MDR (10-15°N, 40-60°W) or the north-

eastern MDR (15-21°N, 24-36°W) (Figure 11c).  The location of each region is shown in  

(a) 
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Figure 11 (a) SST September 2017: green box: MDR region 10-20N and 20-80W, black box: 

southern MDR region10-15N and 40-60W, blue box North East(NE) MDR 15-21N, 24-36W. 

(b - d) Observed Atlantic time series: (b) monthly SSTA, OHCA105m and LHFXA in the MDR 

(c)monthly latent heat flux anomalies (LHFXA) in the southern MDR and NE MDR smoothed 

over 3 months; (d) MOC and Ekman Transports 12-hourly data smoothed over 61 days by 

applying a low pass filter 
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Figure 11a.  The north-eastern and southern regions of the MDR were chosen because the 

air-sea fluxes reached a maximum in these areas in 2017 during April and May-August, 

respectively.  The Meridional Overturning Circulation (MOC) is the main contributor to  

ocean heat transport in the North Atlantic and here we use observations of the MOC and 

of its Ekman component at 26°N for the period from 2004 to 2017 (Figure 11d).  

 

SSTA and OHCA105m are closely aligned (Figure 11b), although the strength of the anomaly 

is greater at the surface. Clear peaks in SSTA and OHCA105m are seen in 2005 and 2010, 

and also positive anomalies have been seen since 2015. LHFXA in the MDR (green line) is 

significantly correlated with SSTA and OHCA105m; correlation coefficients are respectively 

0.52 and 0.38, both significant at the 0.01 level (P<0.01).  The LHFXA variability is analysed 

further in Figure 11c for the two areas (southern MDR and north eastern MDR) that 

experienced the strongest anomalies in 2017. The most extreme latent heat flux anomaly 

values occurred in 2017, with latent heat loss weaker by 33 Wm-2 sustained from May to 

August in the southern MDR region and weakening of over 60 Wm-2 in the NE MDR during  

 

Figure 12 Net surface heat flux anomaly timeseries (a) Net surface heat flux anomalies in 

the southern MDR (10-15°N, 40-60°W) from May to August for the period 1980-2017, (b) 

Net surface heat flux anomalies in the NE MDR (15-21°N, 24-36°W) during April for the 

period 1980-2017. Black dash line indicates standard deviations 
  

(a) 

(b) 
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April (unsmoothed data). In 2005 and 2010, the LHFXA values in the southern MDR region 

were noticeably smaller in magnitude (May-Aug mean: 7 Wm-2 in 2005; 13 Wm-2 in 2010).  

A more detailed analysis of the April and May-Aug net surface heat flux anomalies (SFXA) 

for the MDRs from 1980 to 2017 is shown in Figure 12. In the NE MDR, the 2017  

April SFXA of 93 Wm-2 was 3.4 standard deviations (SD) from the mean. In, the southern 

MDR, the 2017 May-August SFXA was 45 Wm-2, 2.5 SD from the mean. For each MDR, the 

2017 SFXA was the most extreme in the period considered. Furthermore, for the NE MDR 

the April 2017 SFXA was nearly twice that for the next largest anomaly (55 Wm-2 in 2014) 

further emphasising the particularly unusual conditions prior to the 2017 season. 

 

MOC values (Figure 11d) are significantly below the seasonal mean values in 

February/March 2005 and 2010 at 11/13 Sv and 9/10 Sv respectively. Average values for 

February and March are 15 Sv.  Above average values are observed in February 2017 at 17 

Sv (the latest available MOC data).  Ekman transports are also below average in Feb/Mar 

 

Figure 13 Correlation between MOC anomaly during February and March and 

OHCA105m/SSTA in July (a - b), August (c -d), September (e -f). Correlations over 

0.5 and below -0.5 are significant at the 0.05 level (p<0.05) 
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2005 and 2010 but are close to average in Feb/March 2017 and for the remainder of 2017. 

The February/ March values are important as Figure 11b and Figure 11d indicate that the 

observed MOC transport co-varies with the observed SSTA and OHCA105m in the MDR over 

the period from 2004 to 2017.  The correlation between them is -0.35 for MOC-SSTA and -

0.27 for MOC-OHCA105, when the MOC leads by 5 months, which is statistically significant 

at the 0.01 level (p<0.01). This is in line with the results of Duchez et al. (2016) who found 

the strongest correlation between the SSTA and MOC occurred when the MOC leads by 5 

months. In addition, Figure 13 shows how the MOC transport anomaly in February and 

March co-varies statistically with SSTA and OHCA105m in July, August and September. 

Correlations over 0.5 are statistically significant at the 0.05 level (p<0.05). Anti-correlations 

over 0.6 are seen over large areas of the MDR between 10-20°N and 30-70°W during July-

September. Importantly, the correlations are higher for OHCA105m than SSTA, highlighting 

that the variability of the MOC transport at 26°N influences the upper ocean layer in the 

MDR, which is of consequence for hurricane intensification as it potentially provides a 

significant heat source extending over the top 100m of the ocean to power hurricane 

development. 

2.3.3 Hurricane season precursors in 2005, 2010 and 2017 

Figure 14a shows the 2017 March-August monthly surface heat flux anomalies (SFXA) 

overlaid with the surface wind anomaly. In April, a strong positive SFXA of 100-150 Wm-2 

developed (i.e. 300-350 Wm-2 heat gain compared to the climatological mean of typically 

about 200 Wm-2) with a maximum at over 150 Wm-2 between 24-36°W and 16-18°N. This 

is associated with a reduction in the strength of the north east (NE) trade winds (30°W, 18-

27°N) revealed by the wind vector anomalies.  The weaker NE winds meant there was less 

cold, dry air over the region. As a consequence, the humidity gradient (between the sea 

surface and the overlying air) was lower than normal, and so the associated latent heat loss 

was reduced.  In addition, the more humid air over the region enabled an increase in the 

downwards Long Wave Radiative (LWR) flux.  Anomalies in these two flux components 

largely account for the positive SFXA seen. Additionally, April 2017 is also characterised by 

a negative wind stress curl anomaly (WSCA) in the region associated with the anomalous 

winds (Figure 14b). This results in a downward anomaly in Ekman pumping effectively 

reducing the upwelling of cold water at the eastern boundary and further assisting   
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(a)     

 
(b)     

 

Figure 14 Atlantic Surface Heat Flux Anomalies (the sum of the net shortwave, net longwave, 

latent and sensible heat fluxes) during the build-up and early stages of the 2017 hurricane 

season (a) Observed monthly surface heat flux anomaly from March to August 2017 (Wm-2) 

overlaid with the 1000mb wind anomaly, red colors indicate stronger heat gain than normal. 

Blue box indicates the north-eastern Atlantic region. Black box indicates the southern MDR 

region (b) Observed Atlantic surface heat flux anomaly in April 2017 overlaid with the wind 

stress curl anomaly (WSCA). White contours indicate a negative WSCA (anomalous 

downwelling), grey contours indicate a positive or zero WSCA (anomalous upwelling). 

Contour units are 10-8 Nm-3  
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development of the positive SSTAs. Similarly, weaker than average NE/E winds persisted in 

June, July and August between 40-60°W, 9-15°N, along the southern boundary of the MDR. 

Again, the latent heat loss was lower and the LWR flux into the ocean was higher, largely 

explaining the positive SFXA and associated positive SSTA and OHCA in the Southern MDR 

at this time. The extent to which the 2017 SFXA generated the observed SSTA, and how this 

compares to 2005 and 2010, is also explored (Figure 15). In 2005 and 2010, positive SSTAs 

already existed in the MDR in March (Figure 15a-b).  The patterns of these SSTAs are  

 

Figure 15 Surface Flux generated Temperature Anomaly April – July for 2005, 2010 and 

2017. Initial condition – SSTA March (a - c).  Estimated temperature anomaly April – July 

based on anomalous surface fluxes (d - f).  Estimated SSTA in August formed by summing 

the initial condition and April – July surface flux generated temperature anomaly (g - i).  

Observed SSTA in August (j - l). Estimated minus observed August SSTA (m - o).  Black box 

indicates MDR region 
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consistent with those related to the below-average MOC and Ekman transport in February 

and March generating the dipole SSTA pattern observed, with negative anomalies in the 

northern part of the Atlantic and positive anomalies in the south (Bryden et al., 2014, 

Duchez et al., 2016, Sonnewald et al., 2013). In 2017, in contrast, the MOC and Ekman 

transport was close to the 2004-16 mean, and SSTs were close to average (Figure 15c). The 

SFXA forcing over April-July generates the SSTAs shown in Figure 15d-f. In the MDR vicinity, 

SFXA-generated SSTAs are most substantial in 2017 (Figure 15f), concentrated in the 

southern area of the MDR between 9-15°N and 30-60°W with a maximum around 1.4°C. 

Adding SFXA-generated temperature anomalies to the initial March SSTA patterns, we 

obtain estimates of the August SSTAs (Figure 15g-i). When comparing the estimated to the 

observed SSTAs in August (Figure 15j-l), the spatial SSTA patterns and sign in the MDR look 

similar, however the amplitude in 2005 and 2010 is higher than observed.  Discrepancies 

(Figure 15m-o) between surface flux based estimates and observations, can be attributed 

to the ocean circulation (advection) and mixing. The MOC recovered from its below average 

strength in February and March during both 2005 and 2010 (Figure 11d). This stronger MOC 

means that in spring and early summer more heat was transported northwards by the 

ocean, partly compensating for the MDR temperature changes linked to SFXA and assisting 

the development of average SST conditions in the north, whilst reducing the amplitude of 

the positive SSTAs in the south, seen during August in these years.  Hence, the observed 

August SSTA in 2005 and 2010 are weaker than those estimated from surface heat flux 

alone. In 2017, the weaker NE/E trade winds observed from June to August in the MDR will 

have reduced the northward Ekman transport into the region.  As less heat was transported 

north during those months it is likely to have led to the lower observed SSTA in August than 

predicted from surface fluxes alone.  Additionally, along the eastern boundary between 9-

18°N the weaker trade winds will have led to a reduced upwelling and the warmer observed 

SSTA in the area. From these results, we conclude that in 2005 and 2010, the initial ocean 

condition in March (MOC-related) was the main influence on SSTAs in August (Figure 15j-

l), whereas in 2017, the SFXAs that developed from April to July were the dominant factor. 

These results are not specific to the GODAS ocean temperature reanalysis dataset used 

here and we found similar results with NCEP SST data (not shown).  
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2.4 Discussion 

Our analysis of a range of observations reveals the important role that surface heat fluxes 

played in positive SSTA development in the MDR in 2017, which was critical for subsequent 

hurricane activity in September. Figure 16 summarizes the mechanisms which were 

important during the season.  

 

The reduction in the NE trade winds between April and July enabled positive latent heat 

flux and LWR anomalies to develop.  The negative wind stress curl generated downward 

Ekman pumping anomalies, suppressing the upwelling at the eastern boundary.  These 

factors generated positive SSTAs.  The reduction in the NE trade winds also reduced the 

Ekman transport of warm water into the MDR region, explaining why SFXA-predicted 

temperature anomalies are higher than observed, by August.   

 

Figure 16 Schematic of the mechanisms which contributed to the positive SSTA in the MDR, 

and an active hurricane season, in 2017 

 

Reduced vertical wind shear was also evident in late August and September, which together 

with the positive SSTAs, played a key role in the active hurricane season of 2017. In 

contrast, in 2005 and 2010, it was the reduced AMOC in February-March of those years 

which was the predominant cause of the positive SSTA in the MDR, which again combined 

with a weak vertical shear to favour very active hurricane seasons. These findings reveal 

for the first time that different precursors can generate positive SSTA in the MDR region, 
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conducive to an active hurricane season.  In 2017, surface fluxes were the dominant factor, 

whereas in 2005 and 2010 the AMOC played a key role. 

 

In terms of hurricane prediction, the 2017 season was more difficult to forecast, as the 

surface flux anomalies developed between April and July shortly before the main season 

(August – September). For the other strong hurricane years considered, the reduction in 

the MOC / Ekman transport occurred earlier in February-March potentially enabling a 

longer lead time forecast given a sufficient observing system in place and noting also the 

importance of atmospheric conditions (vertical wind shear). In conclusion, our results have 

revealed that drivers of recent active hurricane seasons involving the ocean can take two 

forms: late winter changes in the ocean circulation and late spring/early summer changes 

in the air-sea heat flux. Developing forecast systems that adequately represent these 

processes will potentially aid preparedness and mitigation for the financial and societal 

consequences of hurricanes.  
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Chapter 3 Increasing tropical cyclone intensity and 

potential intensity in the subtropical Atlantic 

around Bermuda from an ocean heat content 

perspective 1955- 2019  

With the exception of section 3.3.4, this chapter has been published: 

Hallam, S., Guishard, M., Josey, S. A., Hyder, P. & Hirschi, J. J.-M. 2021. Increasing 
tropical cyclone intensity and potential intensity in the subtropical Atlantic around 
Bermuda from an ocean heat content perspective 1955- 2019. Environmental 
Research Letters. 16 034052 https://iopscience.iop.org/article/10.1088/1748-
9326/abe493 

 

Abstract 

Tropical cyclone (TC) activity and intensity within a 100km radius of Bermuda is 

investigated between 1955 and 2019. The results show a more easterly genesis over 

time and significant increasing trends in tropical cyclone intensity (maximum wind 

speed (Vmax)) with a decadal Vmax median value increase of 30kts from 33 to 63kts 

(r=0.94, p=0.02), together with significant increasing August, September, October 

(ASO) sea surface temperature (SST) of 1.1°C (0.17 °C per decade) r= 0.4 (p<0.01) 

and increasing average ocean temperature between 0.5–0.7°C (0.08-0.1°C per 

decade) r=0.3 (p<0.01) in the depth range 0-300m. The strongest correlation is 

found between TC intensity and ocean temperature averaged through the top 50m 

ocean layer (B]R^______) r=0.37 (p<0.01). 

Using the Hydrostation S timeseries, this study shows how tropical cyclone potential 

intensity estimates are closer to actual intensity by using B]R^______ as opposed to SST. 

The widely used sea surface temperature potential intensity index is modified by 

using B]R^______to provide a closer estimate of the observed minimum sea level pressure 

(MSLP), and associated Vmax than by using SST, creating a B]R^______	potential intensity 

(B]R^_______PI) index. The average MSLP difference is reduced by 12mb and proportional 

(r=0.74, p<0.01) to the SST-B]R^______ temperature difference. The results suggest that 
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the index could be used over a wider area of the subtropical/tropical Atlantic where 

there is a shallow mixed layer depth.  

3.1 Introduction 

In September 2019 Hurricane Humberto was the latest Category 3 hurricane to 

impact Bermuda, with 100 knot winds and causing power outage to over 80% of the 

island, and there have been several other intense hurricanes impacting the island 

in the recent past: Fabian (2003), Gonzalo (2014), Nicole (2016) and Paulette (2020).  

Observed Atlantic hurricane frequency has been found to correlate with the 

variability of sea surface temperatures on seasonal (Hallam et al., 2019) to 

multidecadal timescales, particularly as measured by the AMV index (Goldenberg 

et al., 2001), which is the North Atlantic area-averaged (0–60°N, 0–80°W)  SSTA. 

Greater hurricane frequency during warm years of the AMV is also likely due to 

reduced vertical wind shear and lower sea-level pressure patterns, which are 

correlated with positive SSTA (through greater ocean-air heat fluxes) (Klotzbach, 

2007). As hurricanes intensify by extracting energy from the warm ocean surface 

via air-sea sensible and latent heat fluxes, the underlying SSTs and upper ocean 

thermal structure are critical for their development and intensification (Emanuel, 

1999, Emanuel, 1987, Shay et al., 2000, Huang et al., 2015, Lloyd and Vecchi, 2011, 

Domingues et al., 2019, Mainelli et al., 2008). When a TC intensifies the SST reduces 

through surface cooling by evaporation and associated convection, vertical mixing 

and upwelling of cooler subsurface water. Price (2009) find that the depth-averaged 

ocean temperature preceding the passage of the TC, averaged from the surface to 

the expected cyclone induced mixing depth, is a good indication of SST during TC 

intensification and better reflects the layer which supplies the heat for evaporation. 

How the initial upper ocean thermal profile impacts on intensification is also a 

function of TC intensity, translation speed and size, sometimes referred to as ocean 

coupling effect (OCE) (Lloyd and Vecchi, 2011, Huang et al., 2015). Other studies 

have found that rising SSTs increase TC maximum potential intensity (Emanuel, 

1987, Webster et al., 2005, Villarini and Vecchi, 2013) and positive Ocean Heat 

Content (OHC) anomalies increase the hurricane intensity and track length (Mainelli 

et al., 2008, Balaguru et al., 2018a, Trenberth et al., 2018, Lin et al., 2014). 
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TC intensity, defined by the minimum sea level pressure (MSLP) at the TC centre 

and the maximum sustained wind speed (MSW) at 10m, can be affected by internal 

physical processes and the storm’s interaction with the environment. Although 

predicting individual tropical cyclone intensity remains difficult, it is accepted that 

thermodynamic limits to intensity exist, provided that there is no negative 

interaction between a storm and its environment (Emanuel, 1999).  Limit 

calculations (potential intensity) are fairly straightforward as they are based on SST 

and the vertical structure of the atmosphere (Emanuel, 1995).  The upper limit is 

based on the maximum heat input from the ocean to the atmosphere and the 

thermodynamic efficiency related to the difference between the SST and the 

temperature at the level of neutral buoyancy. While potential intensity (PI) is a good 

predictor of TC maximum intensity, it is a poor predictor of actual TC intensity as 

most TCs fail to obtain intensities near their PI ((Lin et al., 2013, Wang and Wu, 2004, 

Bender et al., 2007). Bender et al. (2007) found upper ocean coupling significantly 

improved TC intensity predictions measured by MSLP. Here the widely accepted PI 

estimate is used based on SST (SST_PI)(Emanuel, 1999) but also adapted to create 

an average ocean temperature PI index based on initial ocean temperature through 

the top 50m layer, to estimate TC  B]R^_______PI. 

3.2 Data and methodology 

Oceanographic measurements from the Hydrostation S timeseries (Michaels and 

Knap, 1996, Phillips and Joyce, 2007), tropical cyclone data from HURDAT2 (Landsea 

and Franklin, 2013) and atmospheric radiosonde soundings from the Bermuda 

Weather Service are used to investigate the tropical cyclone activity and intensity 

around Bermuda for the period 1880 to 2019.  GODAS ocean re-analysis data 

(Behringer et al., 1998) provide SST and sub surface temperatures for the wider 

North Atlantic.   

Tropical cyclones were analysed within a radius of 100km from Bermuda with a 

search centre at 32.4N and 64.8W, on the basis the storms could impact Bermuda 

(Bell and Ray, 2004). The observed Atlantic tropical cyclone and hurricane track data 

for the years 1880 to 2019 were obtained from HURDAT2, the revised Atlantic 

hurricane database (Landsea and Franklin, 2013).  The data includes 6-hourly 
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information on location, MSLP and MSW, although data availability is more limited 

in the early part of the record. In the data interpretation this study is mindful that 

in the presatellite era (between 1878 and 1965) an upward adjustment of hurricane 

counts (and associated intensity adjustment) may be needed due to the sparse 

density of reporting ship traffic (Vecchi and Knutson, 2011).  

The Hydrostation S timeseries site is located in the oligotrophic northern Sargasso 

Sea gyre about 26 km southeast of the island of Bermuda (32 °10¢N, 64° 30¢W) and 

provides hydrographic parameters since 1954. The surface and sub surface 

temperature profiles (0-300m) are used, which are collected on a biweekly to 

monthly basis, to calculate surface temperature and BL___(average ocean temperature 

over the depth) for the period. For each tropical cyclone, the temperature and 

depth data were obtained from conductivity, temperature and depth (CTD) 

instruments preceding the passage of the storm over the Bermuda area, which 

ranged from 1 to 33 days. 

TC maximum potential intensity based on SST, which provides an estimate of the 

theoretical upper limit of TC intensity, was calculated based on the method and 

code (http://emanuel.mit.edu/products) developed by Emanuel (1999) which uses 

the energy cycle of the storm to estimate the maximum possible surface wind speed 

and also the minimum central pressure. It can be written in convective available 

potential energy (CAPE) terms (Emanuel, 1994, Bister and Emanuel, 2002) 

`a	 = 	
,<

,b
	
"c

"X
	([Vde∗ − 	[Vde)        (1) 

where V is the maximum surface wind speed, Ck and CD are the exchange 

coefficients for enthalpy and drag, Ts and T0 are the temperatures at the sea surface 

and mean outflow temperature, CAPE* is the convective available potential energy 

of air lifted from saturation at sea level in reference to the environmental sounding, 

and CAPE represents the sounding at the radius of the maximum winds. A positive 

difference ([Vde∗	 − [Vde) indicates a significant air-sea enthalpy flux into the 

atmosphere (mostly driven by latent heat flux) and is the environment required to 

assist tropical cyclone maintenance.  
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In the evaluation of (1) the surface pressure at the radius of the maximum winds is 

calculated to provide the saturation mixing ratio necessary for CAPE* using 

equation (6) of Emanuel (1995) 

hi		BH	 ln
iX

il
= 	

S

a
	`a + [Vde     (2) 

cp is the heat capacity at constant pressure, p0 is the ambient surface pressure and 

pm is the surface pressure at the radius of the maximum winds.  CAPE is calculated 

using the mixing ratio and vertical temperature profile. Radiosonde soundings from 

the Bermuda Weather Service Station at LF Wade International Airport (WMO 

station identifier code 78016), were used to provide the vertical temperature 

profile and mixing ratio data. The atmospheric profiles preceded the passage of the 

storm to represent the undisturbed environment (Emanuel et al., 2004). For 

comparison to the potential intensity estimates, actual V and minimum central 

pressure of the TC were taken from the HURDAT2 data. 

3.3 Results 

3.3.1 Hurricane season activity and intensity  

There were 93 tropical cyclone tracks which passed within 100km of Bermuda 

between 1880 and 2019 (Figure 17).  The majority of these tracks originate in the 

North Atlantic main development region (10-20°N, 20-80°W).  There is a difference 

in the TC genesis area between 1980 -1999 (Figure 17(ii)) where the majority of 

tracks originate west of 50°W, whereas between 2000 – 2019 the majority of tracks 

originated further east just off Africa around 20-30°W (Figure 17(iii)).  The different 

genesis pattern between the 2 periods is consistent with the all Atlantic track 

variability which shows a 62% increase in TC genesis (from 26 to 42 tracks) off Africa 

(10-20N, 0-30W) in the period 2000-2019 compared to 1980-1999 (Figure 17(iv) and 

Figure 17(v)).  In an attempt to understand the more easterly genesis in the later 

period, from an ocean perspective, the difference in the prevalent ASO SSTs 

between the 1980s and 2010s was assessed Figure 18 (upper).  An SST warming is 

shown in the later period of up to 0.9°C off the west coast of Africa at 20°N 20°W,  
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Figure 17 Tropical cyclone tracks within 100km of Bermuda. (i) 1880 – 2019, (ii) 

1980 – 1999, (iii) 2000 – 2019.  Atlantic tropical cyclone tracks (iv) 1880-2019 (v) 

1980-1999 (vi) 2000 – 2019 

 

 

Figure 18 ASO SST difference for the period 2010-2019 compared to 1980-1990 

(upper), contours show the ASO SSTs for the 1980s (black) and 2010s (red), ASO  

B]R^
______temperature difference for the period 2010-2019 compared to 1980-1990 

(lower) contours show the ASO B]R^______ for the 1980s (black) and 2010s (red)  X 

indicates  the location of Bermuda. 

(i) (ii) (iii)

(iv) (v) (vi)
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in addition, there is an B]R^______warming, Figure 18 (lower), off the coast of Africa (10-

20N, 10-15W) of up to 1.1°C, potentially related to a reduced upwelling.  The SST 

increase results in a northward shift in the 26-28°C SST isotherms, which is 

consistent with increasing the potential for TC genesis in the eastern part of the 

Atlantic which requires a minimum SST of 26°C (Gray, 1968, Črnivec et al., 2016, 

Defforge and Merlis, 2017). The more easterly genesis may also be associated with 

changes in atmospheric variables (not explored here), such as vertical wind shear, 

mid-level moisture or African easterly waves (AEW). In the Atlantic, weak vertical 

wind shear favourable for tropical cyclone development is associated with warmer 

SSTs (Klotzbach et al., 2018, Klotzbach, 2007, Hallam et al., 2019). Warmer SSTs 

weaken the subsidence associated with the subtropical high which consequently 

weakens the trade winds and associated vertical shear (Klotzbach, 2007). In terms 

of AEW, Patricola et al. (2018) suggest that  AEW may not influence basin wide TC 

variability and instead AEW and TC variability may both be driven by ocean 

variability. Kouadio et al. (2010) also find that a dipole in SST, between the NW 

African coast and the Gulf of Guinea, could contribute to enhanced continental 

convergence and AEW formation. In combination these factors may help explain 

the more easterly TC genesis observed. 

In terms of tropical cyclone intensity, Figure 19a shows the tropical cyclones within 

100km of Bermuda from 1880-2019. However, the work of Vecchi and Knutson 

(2011) highlights that in the pre-satellite era (between 1878 and 1965) a significant 

upward adjustment of hurricane counts may be needed before 1965 to account for 

the low density of reporting ship traffic. The research indicates that the under 

recording is most likely to relate to weaker tropical cyclones which are less likely to 

have been reported by ships (and would reduce the average intensity).  More 

reliable is the significant increasing trend (Figure 19 a) in tropical cyclone intensity 

between 1955 and 2019, r=0.4 (p=0.02) (when oceanographic data is also available 

from the Hydrostation S site), where an increase in MSW of 34 kts over the period 

is observed (5.2 kts per decade). The rate of increase in MSW between 1980-2019 

is higher with an increase from 42 to 72 kts observed (7.7kts per decade), r=0.4 

(p=0.01). The box plot for the period 1955-2019 also highlights the increasing trend 

in intensity (Figure 19b) where there is a significant increasing trend in the decadal  
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Figure 19 (a)Tropical Cyclone intensity for tracks within 100km of Bermuda for the 

periods 1880 – 2019 and 1955 – 2019.  Orange line indicates linear trend for the 

period. (b)  Tropical Cyclone intensity box plot for tracks within 100km of Bermuda 

from 1955 to 2019. 

(a) 

(b) 
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Vmax median value r=0.94, p=0.02) of 30kts (4.9kts per decade) from 33 to 63kts 

(1955-2019).The Vmax trend has also been analysed comparing the Atlantic 

Multidecadal Oscillation AMO cold period (1970-1994) to the AMO warm period 

(1995-2019) where there is an increase of 18kts from 45 to 63kts (Figure 20). 

 

Figure 20 Distribution of maximum tropical cyclone intensity within 100 km of 

Bermuda during the AMO cold period 1970-1994 (blue), and AMO warm period 

1995-2019 (red) 

3.3.2 Hydrostation S timeseries 

To understand the changes in the August, September, October (ASO) SST and depth-

averaged ocean temperature (BL___)	in the Bermuda area, a timeseries of the 

Hydrostation S data is used for the period 1955 to 2016 (Figure 21).  Interannual 

variability is evident for SST and across all the BL___ levels from 25m to 300m which 

are evaluated here. BL___ is calculated as the average temperature across the depth 

profile from the surface down to the corresponding depth (e.g. 50 m). Increasing 

trends are highlighted via the 5 year running means. The largest significant increase 

in temperature between 1955 and 2016 is seen in the ASO SST of 1.1°C (0.17 °C per 

decade) r= 0.4 (p<0.01) where there has been an increase from 26.6°C to 27.7°C. 
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Significant increases are also seen in all the ASO BL___	levels with an increase between 

0.5 – 0.7°C (0.08-0.1°C per decade), with increases for B]R^______ from 25.4°C to 26°C, 

r=0.3 (p<0.01), and for BaRR^________ 22.0°C to 22.6°C, r=0.31 (p<0.02). The trends are 

higher if the period 1980-2016 is considered where there is an increase from 0.32°C 

to 0.27°C per decade between the surface and BmRR^________	respectively, r=0.4 (p<0.01). 

Pearson correlation coefficient was used to assess statistical significance. 

 

Figure 21 ASO SST and BL___ (average between surface and the corresponding depth) 

timeseries from the Bermuda Atlantic Time series Hydrostation S for the period 

1955 – 2016 

 

GODAS reanalysis data for the North Atlantic (Figure 18), also shows increasing 

temperatures of over 0.9°C in the ASO SST and B]R^______ layers between the 1980s and 

2010s, in the western part of the subtropical gyre (30-35N,60-70W), an area 

characterised by clockwise circulation. The increasing temperatures led to a 

1500km ENE movement in the B]R^______ 26°C isotherm, from the south to the north of 

Bermuda, in the latter period (2010-2019). Stevens et al. (2020) also find an increase 

in the OHC in the upper ocean in the western subtropical gyre between 2010-2018 

which is anti-correlated with a reduction in subtropical mode water formation, a 

vertically homogeneous water mass. Around 35-40N, 50-70W (Figure 18) there is 

southward shift in the 22-25°C isotherms (2010-2019), most pronounced at the 
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B]R^
______ level, potentially associated with a shift in the inter gyre location and likely 

contributor to the convergence of heat observed further south.  

 

Figure 22 Correlation between TC intensity and BL___ at each depth (average 

temperature between the surface and that depth) during 1955-2019, using (a) 

average ASO temperature data, and (b) temperature data from the Hydrostation S 

site preceding the TC passage 

When the ASO SST and BL___ Hydrostation S timeseries is then correlated with TC 

intensity in the Bermuda area (Figure 22a) significant correlations are seen at all 

levels with the strongest correlation at B]R^______, BSRR^_______  and BS]R^_______ r=0.38 (p<0.01), 

based on the 41 TC observations.  SST has the weakest but still significant 

correlation at r=0.3 (p=0.02).  These results highlight the importance of upper ocean 

temperature profile (BL___) to TC intensity and suggest that the increasing trend in the 

ASO SST and BL___is driving the increase in tropical cyclone intensity seen (Figure 19) 

in the subtropical area around Bermuda. 
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3.3.3 Potential intensity estimates using SST and no 

As hurricane intensity is linked to SST and ocean thermal structure, the actual 

maximum wind speed (Vmax) of each tropical cyclone between 1955 and 2019 is 

compared with SST and BL___, as measured at the Hydrostation S site (Figure 23) from 

the data immediately preceding the TC event.  A significant correlation is seen 

between SST and Vmax (based on the Vmax for 46 TC observations), and between 

BL
___ and Vmax at depths(n) of 25m, 50m, 75m (Figure 23 and Figure 22b), with the 

strongest significant relationship at B]R^______, where r=0.37 (p=0.01).  

 

Figure 23 Tropical Cyclone maximum wind (Vmax) and SST or BL___, (a) SST, (b) Ba]^______, 

(c) B]R^______,  (d) Bp]^______,  (e) BSRR^_______,  for tropical cyclones within a 100km radius of 

Bermuda 1955 – 2019. Colorbar units MSLP (mb) 

 

The results from Figure 23 and Figure 22 show that B]R^______	is most closely correlated 

with Vmax. This suggests that 50m is the expected cyclone induced mixing depth 

resulting from vertical mixing and upwelling of cooler subsurface waters, which 

would be a good indication of SST during TC passage (Price, 2009), and represents the 

SST experienced by the TC core.  As an example, the ocean temperature profile 
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preceding and after TC Paulette in September 2020 (Figure 24) shows a deepening of 

the mixed layer depth to 50m after the passage of the TC.   

In line with this, and the approach adopted by Lin et al. (2013) who use an ocean 

coupling PI in their analysis in the western North Pacific, the sea surface temperature 

potential intensity index has been modified to create a potential intensity index 

based on B]R^______ (B]R^_______PI) (3)  

"̀]R^________
a	
= 	

,<

,b
	
"qXl_______

"X
	([Vde∗ − 	[Vde)       (3) 

where B]R^______ is the average temperature through the top 50m ocean layer and 

"̀]R^			__________is the maximum wind speed. The main difference between V and "̀]R^________ 

however, results from the change in computed CAPE due to the different amounts 

of moist entropy increase from air-sea fluxes. Replacing Ts with BL___ (e.g. B]R^______) will 

change the buoyancy of air parcels, resulting in a lower `. Again in the evaluation 

of (3) the surface pressure at the radius of the maximum winds is calculated to 

Figure 24 Temperature profile at Hydrostation S preceding TC Paulette on 

14/9/20 (red line) and after the TC passage over Bermuda on 18/9/20 (blue line) 
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provide the saturation mixing ratio necessary for CAPE* using an adapted version 

of equation (6) of Emanuel (1995) 

hi		B]R^	
_______ ln

iX

il
= 	

S

a
	 "̀]R^________

a
+ [Vde       (4) 

Equations 3 and 4 are used to estimate potential minimum pressure for the tropical 

cyclones within 100km of Bermuda between 1955 and 2019 and compare to 

estimates using SST (Figure 25).    

(a)                                                                           (b) 

 

Figure 25 Tropical cyclone minimum pressure – potential intensity vs actual 

intensity 1955 – 2019 for tracks passing within 100km radius of Bermuda. (a) SST 

(b) B]R^______. Colorbar units temperature (°C) 

The results show that when B]R^______ (Figure 25b) is used to calculate the theoretical 

minimum pressure, the results are closer to the actual minimum pressure recorded 

than when SST (Figure 25a) is used.  TCs Humberto, Fabian, Nicole and Florence are 

labelled on Figure 25 as examples. SST_PI has a correlation (R2 = 0.22, slope = 0.49) 

for minimum pressure, B]R^_______PI has a higher correlation (R2 = 0.49, slope = 0.6) for 

minimum pressure.  As well as explaining 49% of the variance, the  B]R^_______PI also 

reduces the TC minimum pressure difference compared to SST_PI from 27mb to 

15mb. In all instances the minimum pressure difference between actual and 

predicted is lower using B]R^______compared to SST (Figure 26a). There are some 

instances where B]R^_______PI or SST_PI is very close to the actual PI typically where SST 

or  B]R^______ is below 25.5C. TC reaching their PI is rare although Emanuel (2000) do find 
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that in the Atlantic the decline of potential intensity can be sudden, associated with 

sharp SST gradients, and the decline of actual storm intensity cannot keep pace 

resulting in instances where potential intensity can be close to or lower than actual 

intensity. The TCs here, where B]R^_______PI or SST_PI is close to the actual intensity, had 

passed their maximum intensity so this may explain what is observed in the results.  

Overall B]R^_______PI provides a closer prediction of actual minimum pressure which 

could be useful for forecasting purposes. 

 

For the TC events between 1955-2019 within 100km of Bermuda the average 

difference between SST and B]R^______ was 1.8°C with a range from 0.1 to 3.89°C and a 

difference over 0.8°C in 90% of TC instances. Figure 26b illustrates that the 

reduction in the potential minimum pressure difference using B]R^______ is significantly 

proportional to the difference between SST and B]R^______ (r=0.74, p<0.01) explaining 

54% of the variance.  The reduction in the minimum pressure difference observed 

highlights that where the mixed layer depth is shallow (<50m), B]R^______	can play an 

important role in providing a closer prediction of TC MSLP and associated MSW. 

 

Figure 26 For tropical cyclone minimum pressure: (a) Relationship between 

the MSLP difference (PI-observed) computed using SST and B]R^______, and (b) 

relationship between SST- B]R^______, and the reduction of the MSLP difference (PI-

observed) when PI is computed using B]R^______ rather than SST. The orange line in 

(b) indicates the linear best fit 
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Figure 27 Monthly averaged SST (contours (°C)) and temperature difference between 

SST and B]R^______(shading (°C)) from May to October for the period 1980-2019. Location 

of Bermuda (X) 

Figure 27 provides further analysis and shows the temperature difference between 

SST and B]R^______ between May and December across the North Atlantic (shading). In 

the subtropics, north of 25N, the temperature difference is between 1-3°C (pink 

and red shading) from June to September when the mixed layer depth is shallower 

due to surface warming. South of 25N the temperature difference between SST and 

B]R^
______ is less than 1°C from May to October, except off the west coast of Africa (10-

20N, 15-30W) due to coastal upwelling, and during July. Using B]R^______ to calculate TC 

PI where the difference between SST and B]R^______ is more than 1°C (Figure 27 pink and 

red shading) could reduce the MSLP over prediction by a minimum of 15 mb (Figure 

26b). 

3.3.4 TC wind-pressure relationship 

MSLP is typically the most accurate measure of TC intensity. MSW, however, best 

indicates the destructive potential of the storm so wind-pressure relationships 
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(WPR) have been developed to describe the mean relationship between MSW and 

MSLP which are essential for operational forecasts.  The gradient wind balance 

provides a good approximation of a TC core (Willoughby and Rahn, 2004) and is 

expressed by 

S

+
	
!i

!s
= 	

t)
u

s
+ v #̀   (5) 

Where #̀  is the tangential wind, w	is the radius, \ is the pressure, Z is the density 

and v is the Coriolis parameter, given by v = 2Ω sin |. The terms in equation 5 

represent the pressure gradient force, centrifugal force and Coriolis force 

respectively.  The integration of equation 5 leads to the following  

}D~d =	d@L�	 − 	∫ Z Ä
t)
u

s
+ v #̀Å 	Ww

s('Ç

sÉR
 (6) 

Where w@L�	is the radius of the environmental pressure d@L� 

Using the TC wind and MSLP data obtained during this study the wind-pressure 

relationship for the subtropical Bermuda area is reviewed.  The results are shown 

in Figure 28 where the best fit is a quadratic relationship 

}D~d	 = 	1027	 − 0.0034`a − 1.17`       (7) 

where V is maximum surface wind. The wind pressure relationship explains 77% of 

the variance (r=0.88, p<0.01) for the TCs between 1955-2019 and has a root mean 

square error (RMSE) of 8.8mb. The WPR identified in equation (7) has a slightly 

lower RMSE than the Dvorak approach which is used operationally in the tropical 

Atlantic, which has a RMSE of 9.3mb. The quadratic relationship observed is in line 

with the work of Choi Jae Won (2016) in the Western North Pacific who indicate 

that latitude is an important factor in determining the wind pressure relationship 

and that higher latitude TCs (30N) have lower pressures given the same Vmax due 

to the Coriolis increase with latitude requiring a larger pressure gradient force to 

provide a balance, when other variables are constant. 
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Figure 28 Tropical Cyclone actual minimum pressure vs actual maximum wind speed 

1955 – 2019, for tropical cyclones within 100km of Bermuda. Red line indicates best 

fit. Dashed red line indicates 95% confidence interval. 

The wind-pressure relationship shown in Figure 28 could prove  a useful predictor 

of TC Vmax within the Bermuda area, and an alternative to the Dvorak approach 

(Dvorak, 1975) which has been found to have some prediction error (Knaff and Zehr, 

2007, Kossin and Velden, 2004). 

3.4 Discussion and Summary 

This study has reviewed TCs in the Bermuda area from 1955 -2019 and highlighted 

the more easterly genesis of tracks in the period 2000-2019 compared to 1980-

1999, in line with the all Atlantic trend, and suggest, from an ocean perspective, 

that this is related to the increase (up to 0.9°C) in ASO SST and B]R^______ in the eastern 

Atlantic off the west coast of Africa (10-20N, 10-20W). In addition to the more 

easterly track genesis a statistically significant increase (r=0.94, p=0.02) in TC 

intensity in the Bermuda area is observed with an increase in the Vmax median 

value of 30kts (4.9kts per decade) from 33 to 63kts (1955-2019). An increased TC 

intensity trend is observed for the period 1980-2019 of 7.7kts which is in line with 

the increase of 8kts per decade (1982-2009) observed over the wider Atlantic region 

by (Kossin et al., 2013, Kossin et al., 2007). The increase in TC intensity is associated 

here with the increasing SSTs and BL___ in the Bermuda area as measured by the 
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Hydrostation S timeseries. The significantly increasing SST (1.1°C) and BL___ (0.5 – 

0.7°C) are aligned and correlated with, the increasing TC intensity observed over 

the time period 1955 – 2019 (r=0.37, p<0.01). This is consistent with other studies 

which suggest increasing hurricane intensity with rising ocean temperatures (Kossin 

et al., 2007, Emanuel, 1987, Kossin et al., 2013, Kossin et al., 2020). In the early part 

of the record (1960-1980), however, aerosols may have suppressed the SST/OHC 

and associated TC intensity (Villarini and Vecchi, 2013). 

For the time period 1955-2019 TC intensity is most closely correlated with B]R^______	in 

the Bermuda area and most likely represents the ocean temperature which the TC 

core experiences.  The findings of Huang et al. (2015), Lloyd and Vecchi (2011) and 

Price (2009) also find that the initial upper ocean thermal profile impacts on TC 

intensification. In the Pacific, Lin et al. (2013) found TC intensity most closely 

correlated with the ocean temperature profile through the upper 80m, as opposed 

to the upper 50m found here, possibly related to the fact that their study was 

conducted at lower latitude (10-30N) where there is a deeper pre-cyclone mixed 

layer depth and warmer ocean temperatures. 

Using B]R^______ has found a TC MSLP prediction which is closer to the actual value with 

the average prediction difference reduced by 12mb from 27mb to 15mb, and 

proportional (r=0.74, p<0.01) to the temperature difference between SST and B]R^______, 

a new finding here, and in accordance with Bender et al. (2007) who found ocean 

coupling improved MSLP predictions. Using B]R^______ to predict TC intensity improves 

TC MSLP prediction in the subtropical Bermuda area, where there is a shallow mixed 

layer depth from June to September, accordingly this study suggests that 

B]R^
______would also be useful for TC prediction in the subtropical Atlantic north of 25N 

and elsewhere in the tropical Atlantic when the SST-B]R^______ temperature difference is 

more than 1°C. 

 

Finally, a new wind-pressure relationship for TCs within 100km of Bermuda is 

proposed, where the quadratic relationship explains 77% of the variance, and 

RMSE of 8.8mb, based on the TCs from 1955-2019 which could prove useful in TC 

prediction. 
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Chapter 4 The influence of sea surface temperature 

anomalies, wind and translation speed on 

North Atlantic tropical cyclone rainfall 1998-

2017 

Abstract 

There have been increasing losses from freshwater flooding associated with United States 

(US) landfalling hurricanes in recent years.  This study analyses how SSTA, wind and 

translation speed impact on North Atlantic TC rainfall for the period 1998-2017 using 

IBTrACS and TRMM datasets. 

For a 1°C increase in SST, there is a 6% increase in the TC rainfall rate over the Atlantic, 

which rises to over 30% over land, and appears linked not only to the Clausius-Clapeyron 

relationship (Knutson et al. (2020), Held and Soden (2006)) but also to the increase in TC 

wind speed associated with increasing SSTA. Total annual TC rainfall was also found to be 

significantly correlated with the SSTA in the MDR with a correlation over the Atlantic of 

r=0.7 (p<0.01) and over land r=0.49 (p=0.03). Over land there is an increase of over 150% 

in total rainfall for a 1°C rise in SST. Again, this is linked to the increase in windspeed and 

the number of TC tracks which also rises with positive SSTAs in the MDR.   

The analysis of landfalling TC tracks for 9 US states provides a systematic review and 

highlights how TC rainfall varies by US state. The highest number of landfalls per year are 

found in Florida (2.75), North Carolina (1.85) and Texas (1.65).  The median tropical cyclone 

translation speed is 20.3kmhr-1, although this falls to 16.5kmhr-1 over land and there is a 

latitudinal dependence on translation speed. Declining trends in translation speed are 

evident in the US states of Texas and Georgia potentially increasing flood risk. 

Overall the links between SSTA in the MDR and both rainfall rate and annual total rainfall 

(both over the ocean and land) provide useful insights for seasonal to decadal flood 

prediction and indicate that SSTA in the MDR may be a useful predictive index for 

landfalling US TC rainfall.  
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4.1 Introduction 

Recent record losses from US landfalling hurricanes, including the catastrophic events of 

2017 and 2018, highlight the risk to the US of hurricanes. Whilst the risk from wind and 

storm surge are well-known, it has been the rainfall from Atlantic hurricanes that has 

become an important topic over the last 5 years following several freshwater flooding 

events caused by Atlantic hurricanes, notably Florence (2018), Harvey and Irma (2017), 

Sandy (2012), Irene (2011) and Ike (2008), each of which have caused several billion dollars 

of damage in some instances hundreds of kilometres inland (Czajkowski et al., 2013, 

Villarini et al., 2014). 

The US continues to be inadequately prepared for these flood events.  For example, initial 

estimates of Hurricane Harvey’s total residential flood losses ranged from $25 billion to $37 

billion, of which 70% are estimated to be uninsured (Lingle, 2017). Historically, the National 

Flood Insurance Plan (NFIP) provides cost effective flood insurance in the US, as flood 

insurance is not generally provided for in homeowner insurance. Following the recent 

flooding events in 2017, NFIP has accrued a debt of US$47bn (Gonzalez, 2017) and 

announced in March 2019 that from October 2020 premiums would be based on actual 

flood risk, whereas to date they have been based on whether a property was inside the 

100-year flood plain. This calls for further improvements to our understanding of flood risk 

from tropical cyclones. 

Several studies have examined the rainfall associated with North Atlantic tropical cyclones 

and large scale climatic indices. Villarini et al. (2014) found that during a negative phase of 

the NAO there are more flood peaks along the east coast of the US and in the areas west 

of the Appalachian Mountains. During this negative phase the Azores high is located further 

east in the Atlantic, enabling more tropical cyclones (TC) to track northwards and make 

landfall along the east coast of the US.  The study also highlights the role of ENSO with more 

flooding occurring in the central US states during ENSO neutral/ La Nina years, in line with 

findings by Larson et al. (2005). 

In terms of precipitation and TCs, Groisman et al. (2004) found that an increase in heavy 

precipitation has occurred in parts of the US over the last century and Knight and Davis 

(2009) found that 20-25% of all extreme rainfall events along the east coast of the US were 



Chapter 4 

65 

associated with TCs. Shepherd et al. (2007) found major hurricanes (Cat 3-5) produced the 

most extreme rainfall days, but that weaker tropical cyclone systems contribute 

significantly to the total seasonal rainfall. Similarly, Lonfat et al. (2004) found that higher 

rainfall rates were associated with more intense tropical cyclones. 

The amount of TC rainfall a local area receives is proportional to the rainfall rate (mm/hr) 

and inversely proportional to the translation speed of the TC. Kossin (2018) highlighted that 

there had been a 20% reduction in the translation speed of land falling Atlantic TC during 

the period 1949-2016, although the study did not include rainfall rates. This thesis reviews 

how SSTAs, 10m wind and translation speed impact on TC rainfall rates and total annual 

rainfall over the North Atlantic and land (9 US states) for the period 1998-2017 using 

IBTrACS and the latest available TRMM dataset.  

4.2 Data and Methods 

The precipitation data used in this study are taken from Tropical Rainfall Measuring Mission 

(TRMM) Multisatellite Precipitation Analysis precipitation product TRMM TMPA 3B42 

version 6 (hereafter TRMM). Launched in 1997, the TRMM satellite was devoted to the 

measurement of precipitation. TRMM is a combination of different remotely sensed 

microwave [TRMM Microwave Imager (TMI), Special Sensor Microwave Imager (SSM/I), 

Advanced Microwave Scanning Radiometer (AMSR), Advanced Microwave Sounding Unit 

(AMSU)] and calibrated IR estimates with rain gauge corrected monthly accumulation 

(Huffman et al., 2007, Knapp et al., 2010). TRMM provides 3-hourly/0.25° precipitation 

estimates for the domain (40°S–40°N), which allows analysis of sub-daily precipitation 

characteristics. 

Atlantic tropical cyclone data has been obtained from the International Best Track Archive 

for Climate Stewardship (IBTrACS). The database gathers historical records of tropical 

cyclone characteristics for all hurricane basins (Knapp et al., 2010). Data has been used for 

the period 1998 – 2017 to coincide with the availability of TRMM data.  IBTrACS 6-hourly 

track information includes latitude, longitude, sea level pressure (SLP) and 10m wind 

speed. In addition, storms continue to be tracked in IBTrACS after they become cold-core, 

and any precipitation from these extratropical systems is also included in the totals. The TC 
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10m wind speed indicates the TC strength in line with the Hurricane wind scale, however 

the Saffir-Simpson scale is calculated using the maximum sustained wind (MSW) over 1 

minute whereas the IBTrACS data uses a 10 minute average (Knapp et al., 2010). 

To assess the tropical cyclone contribution on the precipitation total, this analysis identifies 

all TRMM precipitation events occurring within a 5-degree radius from the TC centre as 

rainfall attributable to TCs.  This method is in line with the approach adopted by others; 

Larson et al. (2005), Lau et al. (2008), Jiang and Zipser (2010), Schreck et al. (2011), Prat 

and Nelson (2013). The 5 degree radius criterion is consistent with the extent of the TC 

primary wind circulation domain (i.e., 80–400-km radius from TC center) and with the 

extent of the curved TC cloud shield (i.e., 550–600-km radius) described elsewhere 

((Englehart and A. V. Douglas, 2001). An area averaged value is then calculated (mmhr-1). 

The 6-hourly area averaged precipitation data has been assigned to each 6-hourly IBTrACS 

point (mmhr-1) and all the results presented here are based on rainfall rates averaged over 

a 5-degree radius. The net 6-hourly translation speed (TS) along the TC track was calculated, 

as the difference between the latitude (|a − |S) and longitude (äa − äS) points of the 6-

hourly tracks, using the haversine formula, where R is the radius of the earth, 6371 km and 

where dt is 6hours 
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The dataset has also been compared to major climate indices; NAO (August, September, 

and October average (ASO)) and Nino 3.4 for ASO, as well as vertical wind shear (VWS) and 

SSTA (averaged for July, August and September (JAS)) in the MDR (10-20°N, 20-80°W). The 

NCEP Global Ocean Data Assimilation System (GODAS) (Behringer et al., 1998)  was used 

for the ocean temperatures and the SSTA anomalies were based on the reference period 

1980 to 2017. The NCEP/NCAR reanalysis (Kalnay et al., 1996) was employed to calculate 

the absolute VWS in the MDR as the absolute difference between the 250mb and 850mb 

zonal wind using the reference period 1948 to 2017. 
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4.3  Results 

4.3.1 Landfalling tropical cyclones 

In total 392 tracks (14260 6-hourly track points) were analysed, of which 997 6-hourly 

track points (7%) were over land for the period 1998 - 2017. From a flood risk 

perspective landfalling TCs are key.  Figure 29 (a) highlights the total number of North 

Atlantic tropical cyclones (red line) and total 6–hourly track points (blue line). 

Interannual variability is evident with a maximum of 31 tropical cyclones (and 

number of 6-hourly track points) in 2005 and a minimum of 12 in 2002. The mean is 

20 TCs per annum with a standard deviation (std) of 4.7. US Landfalling tropical 

cyclones Figure 29 (b) again show interannual variability with a range from 1 in 2007 

to 8 in 2005 and an annual mean of 4.8 tracks and standard deviation of 1.9. In terms  

 

Figure 29 North Atlantic tropical cyclones 1998 – 2017. (a) Total number of Atlantic 

Ocean tropical cyclones (b) US Land-falling tropical cyclones (c) land falling tracks as 

a percentage of total tracks. Red and blue dashed line indicates linear best fit trend 

line 
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of the total number of 6-hourly track points over land the maximum was in 2008 with 

101 (over 2stds from the mean). The number of landfalling track points was also 

higher in 1998, 2005, 2008 and 2016, which resulted in an increase in the total land 

falling rainfall in those years (Figure 40c).  The percentage of landfalling tracks, as a 

proportion of all tracks, also varies annually (Figure 29 (c)), with a mean of 24.5%, 

and std of 9.4.  The highest landfalling ratio was seen in 2002 at 50% and lowest in 

2007 at 7%. There is a correlation between the total number of tropical cyclones and 

those which make US landfall with a correlation of r=0.64 (p<0.01).  The linear best 

fit trend lines in Figure 29 show no significant trends.   

4.3.2 The impact of sea surface temperature anomalies on TC rainfall  

TC rainfall rate and total rainfall was compared to the JAS SSTA in the MDR (Figure 

30). The rainfall rate (wwi, mmhr-1) at a track point i is defined as the rainfall (wi, mm) 

over 6 hours within a 5 degree radius of the track point, averaged over the 5 degree 

radius and 6 hour period and can be written as; 

wwiï =
S

∆#
	∫ ùQ
#û;∆#

#û
∯ wiùV	

	

†
								 (2) 

where ∆Q is 6 hours,and A is the area within a 5 degree radius from the track point. 

The Total Rainfall (TR) in a year is defined as 

B° =	∑ wwiï
L
ïÉS                          (3) 

where n is the total number of 6 hourly track points in all tracks. 

The results show the rainfall rate (mm/hr) increases with increasing SSTA.  Over the 

Atlantic there is a 6% increase in the rainfall rate (Figure 30a), from 0.66 to 0.70 ±0.07 

mm/hr with a 1°C increase in SST. The physical mechanisms for an increase in TC 

rainfall with rising SST is well understood for example Allen and Ingram (2002), Wang 

et al. (2015), Knutson et al. (2020). First, it is predicted that atmospheric water vapor 

will increase at a rate of 7% per 1°C of SST warming (Knutson 2020) in line with the 

Clausius-Clapeyron relationship which would expect a 7% increase in water vapor for 

a 1°C rise in temperature (Held and Soden, 2006). 
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Figure 30 Tropical Cyclone rainfall compared to ASO SSTAs in the MDR (a, b ) rainfall 

rate (c,d) total precipitation. Red line indicates linear trend line.  Red dash indicates 

95% confidence level 

The Clausius-Clapeyron (CC) expression for the saturation vapor pressure £H, is given 

by: 
!JL	@c	

!"
=

§

å"u
	≡∝ (B), 

where where L is the latent heat of vaporization and R is the gas constant. At 

temperatures typical of the lower troposphere, α ≈ 0.07 C−1; the saturation vapor 

pressure increases by about 7% for each 1°C increase in temperature. Second, 

modelling studies show (Wang et al 2015) that moisture convergence is the main 

moisture source for TC rainfall and dominates over local evaporation, and moisture 

convergence scales directly with total moisture content (Wang et al., 2015, Knutson 
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et al., 2020). Therefore, with warming SSTs an increase in moisture convergence and 

TC rainfall rate is expected, providing other circulation characteristics remain 

unchanged. Over land (Figure 30b), the rainfall rate increases by more than 30% from 

about 0.6 to 0.8 ±0.19mm/hr with a 1°C rise in SSTA suggesting that factors other 

than the Clausius-Clapeyron relationship are dominant for the increasing rainfall rate 

of landfalling hurricanes with rising ocean temperatures, which are investigated 

below. The landfalling rainfall rate (mmhr-1) was correlated with SSTA in the MDR 

(r=0.38, p=0.09) and similar correlations were also found with VWS (r=-0.44, p=0.05) 

as well as ENSO 3.4 (r=-0.41, p=0.06). 

Total annual TC rainfall (equation 3) was found to be significantly correlated with JAS 

SSTA in the MDR, over the Atlantic (Figure 30c) the correlation was r=0.7 (p<0.01) 

and over land (Figure 30d) the correlation was r=0.55 (p=0.01). For a 1°C rise in ocean 

temperature there is an increase in total TC rainfall of 106% over the Atlantic from 

370mm to 762±127mm and 153% over land from 24mm to 61±17mm.  

In an attempt to explain the increase in total TC rainfall with rising SSTA in the MDR , 

SSTA was also compared to the total number of TC  6-hourly track points, wind speed 

and total TC distance travelled.  When SSTAs are higher in the MDR there is also an 

increase in the number of 6-hourly TC track points (Figure 31), with a correlation of 

r=0.75 (p<0.01) over the Atlantic and r=0.39 (p=0.09) over land. For a 1°C rise in ocean 

temperature there is an increase of 429 ±128 (80%) 6-hourly track points over the 

Atlantic and increase of 32 ±23 (86%) over land, highlighting that an increase in SSTA 

leads to more TC tracks over ocean and land which will result in an increase in total 

TC rainfall. A similar positive correlation is also found between SSTA and TC total 

distance travelled (Figure 32 c,d). When JAS SSTA in the MDR is compared to TC 10m 

wind speed (Figure 32 a, b) a positive correlation exists over land r=0.4 (p=0.07). The 

increases in the rainfall rate, number of TC tracks, wind speed and distance travelled 

which coincide with positive SST anomalies are all consistent with a higher total TC 

rainfall over land.  
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Figure 31 Comparison of JAS SSTAs in the MDR and number of TC 6 hourly tracks 

(a) Atlantic (b) landfalling. Red line indicates linear trend line.  Red dotted lines 

indicate 95% confidence level 

Over land the increase in TC rainfall rate far exceeds the increase one would expect 

from the Clausius-Clapeyron relation: A 30% increase would mean around a 4°C 

temperature anomaly over land which is not seen in observations. However, wind 

speed positively correlates with TC rainfall rate over land in Figure 32b, which is 

consistent with the observation of a rainfall rate increasing in excess of the Clausius-

Clapeyron relation. An increase in rainfall rate with TC wind speed is also found by 

Lonfat et al. (2004) and associated with enhanced water vapor convergence (Liu et 

al., 2019), where stronger inrushing winds near the surface increase the 

evaporation from the ocean surface.  The next section shows how TC wind speed is 

therefore likely to be a key factor contributing to the higher TC rainfall rates over 

land when the MDR is anomalously warm.    
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Figure 32 JAS SSTAs in the MDR and (a,b) tropical cyclone 10m wind speed (c,d) 

tropical cyclone total distance travelled. Red line indicates linear trend line.  Red 

dotted lines indicate linear trend confidence level 

4.3.3 Tropical Cyclone precipitation and 10m wind speed 

Positive correlations (Figure 33) were found between TC precipitation rates and TC 

10m wind speed, with a correlation over land of r=0.63 (p<0.01), and correlation of 

r=0.4 (p<0.01) over the Atlantic Ocean, which suggests that TC precipitation rates 

over land are more strongly influenced by the TC 10m wind speed than over the 

North Atlantic. As mentioned, this is in line with the findings of Lonfat et al. (2004), 

who found that rainfall rates increased with TC intensity. The results presented in 

this thesis suggest that an increasing windspeed also generates a higher rainfall rate 

over land, compared to the ocean.  For example, a wind speed of 30ms-1 is  
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Figure 33 Atlantic Tropical Cyclone track average precipitation rates and 10m wind speed 

1998 – 2017. (a) Combined tracks over the North Atlantic and US states (b) over 9 US States 

(c) over Atlantic Ocean.  Blue indicates TC track.  Red line indicates linear trend line.  

Red dashed line indicates 95% confidence level 

associated with a rainfall rate of 1.8mmhr-1 (averaged over a 5-degree radius) over 

land, compared to 1.28mmhr-1 over the ocean. The rainfall rate std is also larger 

over land at 0.5mmhr-1 compared to 0.28mmhr-1 over the North Atlantic. The 

timeseries plot comparing rainfall rate and 10m wind speed, Figure 34, again 

highlights the correlation between the two variables; over the ocean r=0.6, p=0.05 

(Figure 34 (a)), over land r=0.78, p<0.01 (Figure 34 (b)) and highlights the difference 

in the std. There are no significant trends in the rainfall rates or the 10m wind speed. 

(a) (b) (c) 
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Figure 34 Timeseries North Atlantic tropical cyclone precipitation rate and 10m 

windspeed (a) Atlantic tropical cyclones (b) landfalling tropical cyclones. Red and 

blue dashed line indicates linear best fit trend line 

When the TC tracks are analysed for 9 US states (Figure 35) it is evident that 

significant positive correlations between 10m wind speed and rainfall rate exists. 

The strength of the relationship varies by US state, with the strongest correlation 

found in Louisiana with r=0.78 (p<0.01). In terms of overall landfalling tracks, the 

highest number are found in Florida, with 55 over the 20 years (2.75 per annum), 

with the average track lasting 39 hours in the state. Texas had 33 tracks (1.65 per 

annum) lasting on average 44 hours whereas in the other 7 US states the track 

length was significantly lower at 14 hours on average (Table 3). The mean rainfall 

rate and std was highest in Florida at 0.83mmhr-1 and 0.61mmhr-1 respectively, 

where a 10m wind speed of 12ms-1 can generate between 0.1 and 2.3mm/h 

(averaged over 5 degrees).   
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Figure 35 US State tropical cyclone precipitation and 10m windspeed 1998-2017 by 

track. Blue indicates TC track.  Red line indicates linear trend line.  Red dotted lines 

indicate linear trend confidence level 

The PDFs of the 10m wind speed, and precipitation rate for all Atlantic track points, 

landfalling and by US state are illustrated in Figure 36 and Figure 37  and indicate 

the higher density of tracks, and of 6-hourly track points, in Florida and Texas, with 

an average of 2.75 tracks (360 track points) and 1.65 tracks (244 track points) per 

annum respectively as detailed in Table 3. The mean track wind speed for all TCs is 

12.5ms-1 with a std of 4.9ms-1. The highest mean 10m wind speed is seen in North 

Carolina at 15.8ms-1. The mean rainfall rate over land and ocean is 0.68mmhr-1 (over 

a 5-degree radius) with std of 0.52mmhr-1.   
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Figure 36 North Atlantic Tropical cyclone 10m wind speed 1998-2017 for 6-hourly track data.  

 

Figure 37 North Atlantic tropical cyclone precipitation rate (averaged over 5-degree radius) 

1998-2017 for 6-hourly track data 
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Region/ US 
State 

Number  
of TCs  

Average 
TCs per 
annum 

TC  
6-hourly 
track  
points 

Average  
TC track 
length  
(hours) 

Mean 
rainfall 
rate 
(mmhr-1) 

Std 
rainfall  
rate  
(mm/hr-1) 

Max  
Rainfall 
rate  
(mmhr-1) 

Mean 10m  
Wind 
speed  
(ms-1) 

Std 10m  
wind  
speed 
(ms-1) 

Median  
translation  
speed  
(kmhr-1) 

North Atlantic 
(land and 
ocean) 

392 19.6 14260 219 0.68 0.52 4.53 12.5 4.9 20.3 

North Atlantic 
only 

392 19.6 13263 203 0.68 0.52 3.95 12.5 4.8 20.4 

US landfalling 97 4.85 997 61.7 0.70 0.59 4.53 12.3 5.4 16.5 
 

Florida 55 2.75 360 39 0.83 0.61 4.53 12.9 5.6 14.7 

Texas 33 1.65 244 44 0.54 0.59 4.53 10.4 4.2 16.7 

N Carolina 37 1.85 88 14.3 0.78 0.50 1.93 15.8 5.6 21.8 

Georgia 31 1.55 76 14.7 0.64 0.44 1.8 11.9 4.3 20.3 

S Carolina 27 1.35 59 13.1 0.75 0.53 2.26 13.5 5.6 26.8 

Alabama 26 1.3 67 15.5 0.64 0.61 2.98 11.4 3.8 19.0 

Mississippi 19 0.95 39 12.3 0.56 0.47 1.7 12.0 4.6 21.9 

Louisiana 14 0.7 29 12.4 0.66 0.54 1.55 14.2 6.9 15.9 

New York 14 0.7 35 15 0.31 0.31 1.27 11.5 3.8 23.0 

Table 3: North Atlantic tropical cyclone analysis 1998-2017 
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4.3.4 North Atlantic tropical cyclone translation speed 

The translation speed (equation 1) of a tropical cyclone is important as the flood 

potential is inversely proportional to the translation speed. Here the translation 

speed is compared between the Atlantic and land (for 9 US states). The median 

translation speed for all north Atlantic TCs is 20.3kmhr-1, and 16.5 kmhr-1 for 

landfalling TCs (Figure 38), indicating how the translation speed slows as part of the 

transition 

 

Figure 38 Tropical cyclone translation speed 1998-2017 pdf for 6-hourly tracks for North 

Atlantic tropical cyclones and for 9 US States  
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over land. In terms of variability by state the lowest median translation speeds are 

found in the more southerly states; Florida at 14.7kmhr-1, Louisiana 15.9kmhr-1, 

followed by Texas 16.9kmhr-1. Further north the median translation speed is higher; 

South Carolina 26.8kmhr-1, North Carolina 21.8kmhr-1 and New York 23kmhr-1, 

which suggests a latitudinal dependence of the TC translation speed. 

 

 

(c) 

 

Figure 39 Tropical cyclone translation speed anomaly (kmhr-1) 1998 -2017 (a) 

Atlantic Ocean tracks (b) US landfalling tracks (c) by US state.  Red dashed lines 

indicate ±1 std, black dashed lines indicate ±2std 

(b) (a) 
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The translation speed anomaly timeseries is shown in Figure 39 and although no 

trend is evident over the land or ocean there are more years with negative 

anomalies since 2005 over land. The Figure also highlights the difference in 

translation speed std where over the ocean the std is 1.85kmhr-1 compared to land 

6.51kmhr-1.  When the 9 US states are considered (Figure 39 (c)), only Georgia has 

a significant decreasing trend (r=-0.44, p=0.09) between 1998 and 2017. The other 

states show interannual variability with the lowest std over Florida, more aligned 

with the variability seen over the ocean. 

 

Figure 40 Tropical cyclone precipitation and translation speed/distance timeseries (a 

and c) Atlantic Ocean only tropical cyclones (b and d) US land falling tropical cyclones.  

Black line indicates precipitation, blue line indicates translation speed/distance 

travelled.  Red and blue dashed lines indicate linear best fit trend line  
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Looking at precipitation rates and translation speed timeseries (Figure 40) there is 

no significant correlation between the two variables over the ocean (Figure 40 (a)) 

or land (Figure 40(b)) and no significant trends.  As might be expected the total 

annual TC precipitation (calculated as the integrated precipitation along the tracks) 

is closely correlated with total annual distance travelled by tropical cyclones r=0.94 

(p<0.01) over the ocean (Figure 40 (c)), r=0.81(p<0.01) over land (Figure 40 (d)). The 

highest total rainfall and translation distances were seen over the ocean and land 

in 1998, 2005, 2008, and 2016.   

4.4 Discussion and Conclusion 

This study looks at how Atlantic TC rainfall is influenced by Atlantic Ocean variability 

(SSTA), wind and translation speed and made comparisons between TC tracks over 

the ocean and land. 

TC rainfall rate (mm/hr) is found to increase with rising  SSTA over the MDR.  Over 

the Atlantic there is a 6% increase in the rainfall rate for a 1°C increase in SST which 

is broadly in line with the Clausius-Clapeyron relationship, from which we would 

expect a 7% increase in rainfall for a 1°C rise in SST (Knutson et al. (2020), Held and 

Soden (2006)). Over land, however, the rainfall rate increases by over 30% for a 1°C 

rise in SST over the MDR and appears linked not only to the Clausius-Clapeyron 

relationship but predominantly to the increase in TC wind speed. More work would 

be required to establish how TC wind speed and rainfall rates over land are related. 

Interaction of TCs with orography as well as enhanced evaporation due to higher 

wind speeds could conceivably contribute. The rainfall rate (mmhr-1) is significantly 

correlated with the 10m wind speed with a correlation r=0.63 (p<0.01) over land and 

correlation 0.4 (p<0.01) over the Atlantic. Global modelling studies for example by 

Liu et al. (2019) also find that the increase in TC rainfall rates is significantly larger 

than the Clausius-Clapeyron rate, however, when they exclude the impact of wind 

speed, the rainfall rate increase shows a much better match with the Clausius-

Clapeyron rate. What is new in the results shown in this chapter is that similar results 

are seen, with observational data for the period 1998 – 2017, to modelling studies.  

However, the IPCC study by  Knutson et al. (2020) finds the median increase in rainfall 
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rate of 14% for a 2°C rise in SST, but most of the studies analysed do not separate 

rainfall rates over land from the ocean and may explain the difference observed. 

Total annual TC rainfall was also found to be significantly correlated with the SSTA in 

the MDR with a correlation over the Atlantic of r=0.7 (p<0.01) and over land r=0.49 

(p=0.03). Over land there is an increase of over 150% in total rainfall for a 1°C rise in 

MDR SST from 24mm to 61mm ± 17mm.  

The increase in TC tracks, wind speed and TC distance travelled with rising MDR SSTA 

helps explain why the total TC rainfall increase far exceeds the increase expected 

from the Clausius-Clapeyron relation. SSTA in the MDR may therefore be a useful 

predictive index for landfalling TC rainfall, on an interannual and decadal basis.  The 

development of positive SSTA in the MDR indicates increased landfalling TC rainfall 

and rainfall rate are likely and potential increased flood risk.   

Overall it is known that favourable (warm) ocean thermal structure in the MDR, 

together with a low vertical wind shear, are together conducive to intensive and 

sustained hurricane development (Landsea, 1993, Camp et al., 2018, Gray, 1968, 

Frank and Ritchie, 2001, Gray, 1979, Hallam et al., 2019).  What is highlighted here 

is that positive SSTA and associated low VWS also lead to an increase in the TC 

rainfall rate and total TC rainfall over both the ocean and land. 

Turning to translation speed, the only significant correlation observed was with the 

NAO where a negative correlation r=-0.37, (p=0.1) was identified highlighting that a 

negative (positive) phase of the NAO in ASO resulted in faster (slower) translation 

speeds. Negative NAO phases are generally associated with more active seasons (Lim 

et al., 2016). The 10m wind speed is also significantly correlated with translation 

speed (r=0.26, p=0.02) on an annual all Atlantic TC track basis, which indicates that 

more intense TCs are associated with higher translation speeds. In the study by  Mei 

et al. (2012), they show how higher translation speeds are linked to more intense 

storms, whereby a faster translation speed reduces the cooling effect from the upper 

ocean which can weaken the storm intensity.    
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The translation speed correlations do not hold over land indicating other factors 

impact on landfalling TC translation speed. The median tropical cyclone translation 

speed is 20.3kmhr-1, although this falls to 16.5kmhr-1 over land with the lowest 

translation speeds found in in the southerly states of Florida and  Louisiana. In the 

more northern states the translation speed is higher which suggests a latitudinal 

dependence of TC translation speed. The increase in translation speed with latitude 

aligns with the study by Kim et al. (2020) who find translation speed increases with 

latitude associated with an increase in steering flow from the midlatitude jet above 

20°N. Only significant declining trends in translation speed are evident in the US state 

of Georgia r=-0.44 (p=0.09) over the time period.  In this study, however, no 

consistent decline in translation speed has been found over land which is different to 

the findings by Kossin (2018), but it is perhaps related to the shorter data set used 

here of only 20 years and the significant interannual variability seen in those years. 

Other studies are also less conclusive about a declining translation speed in recent 

decades (Knutson et al., 2020). There seems to be opposing factors impacting on 

translation speed in a changing climate which may be why studies show different 

results. A slowdown in the summertime tropical circulation with a changing climate 

would reduce translation speed (Kossin, 2018) as TCs are carried in the 

environmental wind. At the same time more TC storms at higher latitudes (Kossin et 

al., 2014) would increase translation speed due to the increase in steering flow from 

the mid latitude jet. 

The analysis of the 9 US states provides a systematic review and highlights how TC 

rainfall vary by US states. The US states with the highest number of landfalls per year 

are Florida (2.75), North Carolina (1.85) and Texas (1.65). The highest rainfall rates 

are found in Florida at 0.83mmhr-1, whilst the states with the longest TC durations 

were Florida and Texas close to 40 hours compared to 14 hours in the other states. 

Overall the links between SSTA in the MDR and both rainfall rate and annual total 

rainfall (both over the ocean and land) provide useful insights for seasonal to decadal 

flood prediction. Importantly, increases in SSTA result in a marked increase in both 

rainfall rate and total TC rainfall over land. The increase in TC rainfall rate over land 

is far in excess of the expectation from Clausius-Clapeyron and is associated with the 



Chapter 4 

84 

increasing wind speed. The increase in total TC rainfall overland reflects the higher 

number of TC tracks making landfall, when SSTAs are positive in the MDR.  
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Chapter 5 The impact of land – ocean contrast on the 

seasonal to decadal variability of the northern 

hemisphere jet stream 

Parts of this chapter have previously been submitted for a Master’s degree at the 

University of Southampton 

 

5.1 Abstract  

Seasonal to decadal variations in Northern Hemisphere jet stream latitude and speed over 

land (Eurasia, North America) and oceanic (North Atlantic, North Pacific) regions are 

presented for the period 1871 – 2011 from the Twentieth Century Reanalysis dataset.   

Significant regional differences are seen on seasonal to decadal timescales. Seasonally, the 

ocean acts to reduce the seasonal jet latitude range from 20° over Eurasia to 10° over the 

North Atlantic where the ocean meridional heat transport is greatest. The mean jet latitude 

range is at a minimum in winter (DJF), particularly along the western boundary of the North 

Pacific and North Atlantic, where the land-sea contrast and SST gradients are strongest. 

The 141-year trends in jet latitude and speed show differences on a regional basis. The 

North Atlantic has significant increasing jet latitude trends in all seasons, up to 3° in winter. 

Eurasia has significant increasing trends in winter and summer, however, no increase is 

seen across the North Pacific or North America. Jet speed shows significant increases 

evident in winter (up to 4.7ms-1), spring and autumn over the North Atlantic, Eurasia and 

North America however, over the North Pacific no increase is observed.  

Long term trends are generally overlaid by multidecadal variability, particularly evident in 

the North Pacific, where 20-year variability in jet latitude and jet speed are seen, associated 

with the Pacific Decadal Oscillation which explains 50% of the winter variance in jet latitude 

since 1940. 

The results highlight that northern hemisphere jet variability and trends differ on a regional 

basis (North Atlantic, North Pacific, Eurasia and North America) on seasonal to decadal 
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timescales, indicating that different mechanisms are influencing the jet latitude and speed. 

This is important from a climate modelling perspective and for climate predictions in the 

near and longer term. 

5.2 Introduction 

Jet streams are fast, narrow air bands, which flow around the globe in both hemispheres 

near the tropopause at around 10,000m (Archer and Caldeira, 2008). The flow is 

predominantly zonal from west to east and results from the equator to pole temperature 

gradient, and the Coriolis force. Jet speeds reach 45 -70ms-1 and possibly higher in winter 

(Barry and Chorley, 2009).  Globally there are two main jets; the polar front jet, which forms 

along the polar front in the region where there is a sharp temperature contrast between 

polar and subtropical air (Holton, 1992), and the subtropical jet, which forms on the 

poleward side of the Hadley cell due to the sharp temperature gradients between the 

Hadley and Ferrel cells, and also angular momentum (Pena-Ortiz et al., 2013).  

Jet stream variations have a significant impact on storm activity and temperature patterns 

across the northern hemisphere, and accordingly impact the environment and society. Jet 

streams and their seasonal to decadal variability form an important part of natural climate 

variability due to their influence on the mid latitude storm tracks (Hurrell, 1995), which 

form in the region ahead of an upper level trough where reduced cyclonic vorticity causes 

divergence, favouring surface convergence, cyclonic circulation and storm track formation 

(Barry and Chorley, 2009). In winter storm tracks bring heat and moisture to regions that 

would otherwise be cooler and drier. They can also cause extreme weather events, both of 

which have a significant impact on society (Trenberth and Hurrell, 1994). Jet stream 

variability is therefore an important component of climate 'noise' and understanding the 

seasonal to decadal variability can help inform the study of what climate change will look 

like on a regional basis e.g. Ronalds et al. (2018) and Barnes and Simpson (2017). 

Long term jet stream changes are potential indicators of a changing climate (Pena-Ortiz et 

al., 2013). Hartmann et al. (2013) found evidence for a poleward shift in the jet stream and 

storm tracks since the 1970s, but there are significant differences between studies on the 

magnitude of the migration and changes in jet velocities. Archer and Caldeira (2008) found 

a poleward migration in the Northern Hemisphere Jet (NHJ) of 0.17- 0.19° per decade using 
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NCEP-NCAR reanalysis data from 1958-2007, whilst Fu and Lin (2011) suggest the NHJ has 

shifted poleward by 1° ± 0.3° between 1979 to 2009. Pena-Ortiz et al. (2013), however, 

found the winter NHJ had moved poleward by 0.02° to 0.13°/decade using NCEP/NCAR 

(1979-2008) and the 20th Century Reanalysis (1958-2008) datasets. Woollings et al. (2014) 

found a poleward shift of the North Atlantic Jet (0-60°W) of 0.2°/ decade using the 20th 

Century Reanalysis dataset covering the period from 1871-2008.  In terms of jet speed, 

Strong and Davis (2007) found increases up to 15% in the NHJ mean speed between 1958-

2007, whilst Archer and Caldeira (2008) found a decrease of -0.2 ms-1/decade.   

The variety of results obtained are likely to be caused by differing methodologies used to 

define the jet streams, dataset used, geographical area studied, and the differing time 

periods. Furthermore, most of the above studies are of the recent past (1958 onwards) and 

only Woollings et al. (2014) looked at data from 1871 but only for the North Atlantic. A  key 

motivation for the work here is to study the whole northern hemisphere, for the longest 

available time period from 1871, using one methodology and dataset. 

The global studies outlined do not specifically identify any jet stream trends over oceanic 

areas compared to land masses despite research which suggests western boundary 

currents (WBC), through deep atmospheric convection, can influence the entire 

troposphere on interannual and decadal time-scales (Sheldon and Czaja, 2014, Czaja and 

Blunt, 2011).  The significant sea surface temperature (SST) gradients found along ocean 

fronts provide an environment for differential sensible and latent heating, which enhances 

baroclinicity, and leads to surface cyclonic wind convergence and effectively ‘anchors’ the 

storm track (Nakamura et al., 2004, Minobe et al., 2008). The sensible heating occurs 

mainly where cold air from the continents flows over the warm waters (Hoskins and Valdes, 

1989). Small et al. (2014) also found that the storm track response to ocean fronts extended 

into the deep troposphere. 

For example, O'Reilly and Czaja (2015) highlight that the changes in the jet stream and 

storm track over the western Pacific are linked to variations in the Kuroshio Extension 

Front. When the surface SST gradient was strong the storm track was zonally localised, but 

there was less influence on the storm track location when the SST gradient was weaker in 

the 19-year period analysed. In addition, Gan and Wu (2013) found in the North Pacific that 

cold SST anomalies, typically -0.6°C, north of 30° in autumn led to an increase in 

baroclinicity and poleward intensification of the storm track in early winter.  
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In the North Atlantic, Feliks et al. (2016), (2011) have shown that strong SST gradients along 

mid latitude ocean fronts have a significant influence on the jet stream diffluence angle and 

low frequency variability. O'Reilly et al. (2016b) identified that the Gulf Stream SST front 

was important in the development of the storm track over the North Atlantic and also 

influenced European blocking development. Gan and Wu (2014) found that SST anomalies 

in November and December can influence storm tracks in the following March. 

In addition, Woollings et al. (2015) and Fang and Yang (2016) found that cold subpolar SST 

anomalies influence the atmosphere by strengthening the meridional temperature 

gradient and baroclinity leading to intensification of the westerly jet stream, in the Atlantic 

and North Pacific, respectively. 

As oceanic influences on the jet stream are now increasingly considered to be important 

(Simpson et al., 2019) an additional motivation for this study was to look at seasonal to 

decadal northern hemisphere jet stream variability, and the differences over ocean basins 

compared to land masses in terms of patterns of variability and long term trends. 

Accordingly, the northern hemisphere jet stream is analysed over 4 regions; North Atlantic 

(60°W-0°W), Eurasia (0-120°E), North Pacific (120°E-120°W) and North America (120°W-

60°W). Only the northern hemisphere is included in view of the more significant land mass 

to provide a comparison to the ocean basins and to manage the scope of the study. Pena-

Ortiz et al. (2013), Manney and Hegglin (2018) and Spensberger and Spengler (2020) also 

highlighted that understanding jet stream trends on a regional basis was important.   

A regional (land/ocean) jet stream analysis, using one methodology and a long dataset does 

not appear to have been accomplished yet and will provide a broader understanding of the 

natural variability, decadal trends and be comparable regionally. Ensuring the full regional 

range of natural jet variability is captured in climate models (Iqbal et al., 2018, Barnes and 

Simpson, 2017), is important for regional climate predictions. Alongside this, the regional 

longer-term trends in jet latitude and speed will either confirm or challenge studies, which 

are based on shorter timescales.  
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5.3 Data  

To understand the jet stream variability the Twentieth Century Reanalysis (V2) (20CR) is 

used, covering the period from 1871 to 2011. 20CR is based on an ensemble method, with 

56 ensemble members, which provides uncertainty estimates on the results obtained. The 

20CR fields used here are: air temperature, wind velocities and geopotential height. 

20CR is a global atmospheric circulation reanalysis dataset, which assimilates only surface 

pressure observations and uses an ensemble Kalman Filter data assimilation method and 

one global numerical weather prediction model (Compo et al., 2006, Compo et al., 2011). 

Compo et al. (2006), Whitaker et al. (2004), and Anderson et al. (2005) have all shown that 

reliable reanalyses can be obtained of earlier periods, where only sparse data are available, 

using only surface pressure observations where standard corrections are known, when 

combined with more advanced data assimilation methods. Compo et al. (2006), highlighted 

that compared to other assimilation methods, using an ensemble Kalman filter provides 

results which not only cover large scale features, but also many synoptic features and had 

a smaller analysis error when observations are sparse.  For the northern hemisphere 

extratropics (20°N-90°N) in the upper troposphere, the zonal and meridional wind 

components have an error and anomaly correlation skill at a level of 0.8 or above from 

1895 onwards, for both summer and winter. The summer analysis errors are, however, 

larger than in winter, which was also identified by Ferguson and Villarini (2014). 

Utilising only surface pressure reports to compile the dataset can help overcome issues 

from differing conventional observations (Pawson and Fiorino, 1999).  For example Archer 

and Caldeira (2008) used the ERA-40 and NCEP/NCAR datasets but only for the period from 

1979 when satellite observations were available due to the differences seen in the dataset 

once satellite observations were introduced. To manage the scope of this study we only 

analyse the 20CR dataset and accept this may limit some of the uncertainty estimates on 

trends identified. 20CR has been compared to NCEP/NCAR, however, in other similar 

studies. Woollings et al. (2014) compared North Atlantic Jet latitude and speed from the 

NCEP-NCAR reanalysis and found “extremely good agreement” with jet latitude, for the 

period from 1948, with the 20CR data as outlined in their Figure 7. For jet speed, outlined 

in their Figure 8, they found good agreement although jet speeds were consistently slightly 

weaker in 20CR in all seasons. Pena-Ortiz et al. (2013) also analyse jet stream trends for the 
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for the whole northern hemisphere for the period from 1958-2008 using both 20CR and 

NCEP/NCAR data and find similar results using both datasets. Both these studies provide 

confidence in the findings here. 

5.4 Methodology 

Using appropriate indices to define the jet stream and validating the robustness of the 20CR 

data is an important part of the study and is discussed in this section. 

Jet streams are diverse in nature and can vary spatially and temporally, which has led to 

different definitions being used and may possibly lead to the inconsistencies in the results 

outlined in the introduction. The main approaches adopted to define the jet stream are 

either, the maximum wind speed over one or more isobaric levels, or the average wind 

speed over 30ms-1 across one or more isobaric surfaces. Woollings et al. (2014) used the 

maximum zonal wind at the 850mb level after establishing that the results were almost 

identical to averaging over 925 -700mb level. Pena-Ortiz et al. (2013) used the maximum 

zonal wind above 30ms-1 and frequency at each longitude across the 400-100mb level.  

Frequency of the jet over 30ms-1 was also used by Kuang et al. (2014). Koch et al. (2006), 

and Strong and Davis (2007) used maximum wind speed above 30ms-1 and 27ms-1 

respectively. Archer and Caldeira (2008) used the mass weighted monthly wind speed 

averages of the zonal and meridional components between 400 and 100mb, whilst (Gan 

and Wu, 2013) used the 300mb meridional wind velocity to define the jet stream. However, 

in all of these studies whether a single isobaric level or a more complex approach was  

adopted (for example by Archer and Caldeira (2008)), only a single jet structure was 

identified for the northern hemisphere; starting over the Canary Islands and ending, after 

circumnavigating the globe, over England.  This indicates that either a single isobaric level 

or average over more isobaric levels is appropriate for defining the jet stream. 

In this study a combination of the above approaches has been used.  In line with Archer 

and Caldeira (2008), the absolute wind speed has been based on the zonal and meridional 

(u and v) wind velocity components, to ensure that meridional excursions in the jet stream 

paths are well captured.	 
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As absolute wind speeds are being computed from the zonal and meridional components, 

it is important to ensure that the absolute wind speeds ("#) are calculated based on each of 

the ensemble members: 

"# = 	 %& ∑ ()*+ +	-*+)/.1&
*2%     (1) 

Where, )*		-*  are the zonal and meridional wind components 

and n=56 is the number of ensemble members. 

Using only one isobaric level is considered acceptable in line with the methodology adopted 

by Woollings et al. (2014). Accordingly, the wind components used to define the jet stream 

are the 6-hourly 250mb meridional and zonal wind velocity, for each of the 56 20CR 

ensemble members, spanning the 141 year period from 1871 to 2011, at 2° longitude-

latitude horizontal resolution (Compo et al., 2011). 250mb is close to where the maximum 

velocity is observed (Fang and Yang, 2016). 

The maximum windspeed was used to define jet latitude and jet speed, in line with the 

methodology adopted by (Woollings et al., 2014, Woollings et al., 2010). The algorithm 

used to calculate the jet stream proceeds as follows. First the 250mb 6-hourly zonal and 

meridional wind velocity for each of the 56 ensemble members for each year were 

obtained and the average absolute velocity "	#  is calculated according to equation 1. The 

jet speed was defined as the maximum value of "	# at each longitude.  

The jet latitude was defined as the latitude of the maximum average absolute wind velocity 

("	#  maximum), for each longitude. On occasions when the jet is split into two branches, 

only the strongest is considered. 

The regional areas considered in this study are shown in Figure 41, Eurasia (0-120°E), North 

Pacific (120°E -120°W), North America (120°W-60°W), and North Atlantic (60°W-0°W). 

60°W-0°W was used to define the North Atlantic to provide consistency with previous 

studies of the North Atlantic jet stream which also use this longitude range (Woollings et 

al., 2014, Woollings et al., 2010).  
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Figure 41 Regional view of the land and ocean areas considered overlaying the annual 

average 2 m air temperature. Eurasia (0 - 120°E), North Pacific (120°E-120°W), North 

America (120°W-60°W), and North Atlantic (60°W-0°W) 

The ensemble information was used in this study to provide uncertainty estimates. To first 

establish the robustness of the dataset, and understand the variance of the ensemble 

members over the 141 year timeframe, 3 separate jet latitude standard deviations were 

calculated; based on the 6-hourly data, based on the 6-hourly data smoothed over 31 and 

91 days using a Parzen filter. The results are illustrated in Figure 42. A seasonal cycle is 

evident.  The standard deviations reach maximum values in summer and minimum values 

in winter. The range reduces significantly over the period from 1871-2011.  The largest 

variability is where no smoothing has been applied. There is a marked reduction in the jet 

latitude range during the 1930s to 2° and 1° when the standard deviations are smoothed 

by applying a low pass filter across the 56 ensemble members over 31 days and 91 days, 

respectively. Before the 1940s, the standard deviation range is higher across the ensemble 

members, in all regions, indicating a higher level of uncertainty.  This is likely to be caused 

by insufficient data coverage to constrain the model in the early part of the record as 

highlighted by Wang et al. (2013) who show that standard deviation ensemble spread is 

directly related to the data points per 5 x 5 degree grid box. Statistical inhomogeneity may 

also play a role (Ferguson and Villarini, 2014).  Data inhomegeneity does need to be 

incorporated into the interpretation of results, as also highlighted by (Woollings et al., 

2014). Accordingly, throughout this study analysis is shown for periods 1871-2011 and 

1940-2011, where appropriate.  Comment is also made where trends vary between the 2 

periods. For summer (JJA) only the period after 1940 is considered as the standard 

deviation of the ensemble members is greatest in that season and the data shows a 

pronounced step pre and post 1940s ( Figure 46). 
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Figure 42 Regional jet latitude standard deviations across the 56 ensemble members 

from 1871-2011. Blue line - Standard deviation based on the 6-hourly data across the 56 

ensemble members.  Green line - Standard deviation based on the 6-hourly data smoothed 

over 31 days by applying a low pass filter across the 56 ensemble members.  Black line - 

Standard deviation based on the 6-hourly data smoothed over 91 days  
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Separate jet speed standard deviations were also calculated on the same basis with similar 

results (not shown). Importantly, the ensemble spread, is broadly the same across all 

regions, for the corresponding time period, indicating that all regions can be used for this 

study. 

To assist the analysis and understanding of the jet stream variability, this study also uses 

air temperature, and geopotential height data. For consistency, data from the 20CR dataset 

for the period 1871-2011 are used. Air temperature data is obtained from the 2 m air 

temperature monthly ensemble mean, and tropopause monthly ensemble mean.  

Geopotential height data is obtained from the 300mb geopotential height monthly 

ensemble mean.  

5.5 Results 

This section outlines the key findings from this study, first covering the seasonal variation 

in the jet latitude and speed, highlighting the variations over land masses compared to the 

ocean basins, before looking at the interannual variability and decadal trends. Where 

appropriate the results are shown for two periods 1871-2011 and 1940-2011.  The latter 

period is used for comparison, as the spread across the ensemble members is significantly 

lower after 1940 (Figure 42) as discussed. 

5.5.1 Seasonal jet latitude and speed climatology 

The jet latitude seasonal cycle (Figure 43) shows a poleward shift in summer, but there are 

regional variations in the amplitude and lag with respect to insolation. For the full analysis 

period from 1871-2011 (Figure 43a, c, e, and g), the jet latitude amplitude is greatest over 

land; for Eurasia and North America the range is 20° from 34 - 54°N and 39 - 59°N, 

respectively. Over the North Atlantic the seasonal range is lower at 10° from 46 - 56°N and 

over the North Pacific the range is about 15° with a narrow peak in July and August.  Only 

considering the 1940-2011 period (Figure 43b, d, f, and h) we find a reduction in the peak 

latitude in the summer months by around 3° over land and 2° over the ocean basins. Again, 

the jet latitude amplitude remains greatest over land; with a maximum for Eurasia of 18° 

whilst the North Atlantic range is only 7°. There is little difference for the interannual 

variability between the two periods whereas the uncertainty related to the ensemble 

spread is much reduced for the 1940-2011 period.   
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Figure 43 Seasonal Cycle of the Jet Stream Latitude in the Northern Hemisphere by region 

for periods 1871-2011 (a), (c), (e), (g) and 1940-2011 (b), (d), (f), (h). Black line is mean jet 

latitude. Grey area is ± 2 standard deviations smoothed over 31 days using a Parzen filter 

based on the 56 ensemble members. Green line is ±2 standard deviations based on the 

interannual variability for the period 
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The seasonal cycle curves also have different shapes. In all regions there is a response of 

the jet stream to insolation. Over North America the response of the jet stream broadly 

follows a sinusoidal curve which lags insolation by about 1-2 months. The peak is broader 

over Eurasia, particularly for the period 1940-2011. Between February and June, the jet 

stream moves to its northernmost latitude at around 50°N, it then plateaus at this latitude 

until October, after which there is a steep decline.  The North Atlantic shape is different 

again and a lag to insolation is evident.  There is a broad flat line from January to May with 

only a 1° increase in latitude. From May onwards there is a 6° increase to September, before 

a steady fall from September to December.  For the 1940-2011 period the seasonal cycle is 

barely significant and the interannual variability found for any given month largely overlaps 

with the interannual variability for any of the other months. Over the North Pacific the jet 

latitude slowly increases from February to June and a narrow peak is reached in July/August 

which is followed by a steady southward movement from October onwards. 

The seasonal cycle of jet speed (Figure 44) shows a similar pattern across land and the 

North Atlantic and displays a near-sinusoidal curve with maximum wind speeds seen in 

January around 59ms-1 and minimum in July around 40ms-1. The cycle over the North Pacific 

resembles the inverse cycle seen for jet latitude, with a steep decrease in speed from May 

to July and steep increase from August to October.  Speeds are also highest over the North 

Pacific, reaching a maximum in January at 66ms-1 and minimum in July at 38ms-1. The 

average jet speed for each region and season is also over 35ms-1 for each longitude (not 

shown). The main change observed between the 1871 - 2011 and 1940 -2011 is that in the 

latter period the summer speeds have decreased by around 3ms-1 to 39ms-1, whilst winter 

speeds have increased across North America and the North Atlantic. 
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Figure 44 Seasonal Jet Speed Climatology in the Northern Hemisphere by region for periods 

1871-2011 (a), (c), (e), (g) and 1940-2011 (b), (d), (f), (h). Black line is mean jet speed. Grey 

area is ± 2 standard deviations smoothed over 31 days using a Parzen filter based on the 

56 ensemble members. Green line is ±2 standard deviations based on the interannual 

variability for the period 
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Figure 45 Mean Seasonal Jet Stream Position overlaying the 2 m air temperature for the 

period 1871 -2011. The dark blue line indicates the mean jet stream position and the green 

line ± 2 standard deviations of the 6 hourly jet latitude smoothed over 91 days using a 

Parzen filter, for the period shown, based on the 56 ensemble members. The cyan blue line 

is ±2 standard deviations of the 6 hourly jet latitude smoothed over 91 days using a Parzen 

filter, for the period shown, based on the interannual variability for the period. The jet 

stream overlays the seasonal average 2 m air temperature  
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Looking at the seasonal variations across the northern hemisphere (Figure 45) indicates 

that the zonal variability in jet stream latitude is greatest in the winter months (DJF), 

resulting in a wave like pattern, with two latitude maxima located over the eastern Pacific 

and Atlantic. The jet stream follows a well-defined path in winter which is tightly confined, 

particularly on the western boundary of the North Pacific (33°N) near the Kuroshio current 

and North Atlantic (41°N) aligning with the Gulf Stream/North Atlantic Current. The jet 

stream troughs are also located in these areas in winter; the main areas for cyclogenesis. 

In spring (MAM) and autumn (SON) the jet stream troughs are further north, but remain 

over the western boundaries of the North Pacific (37°N, 41°N) and North Atlantic (43°N, 

47°N) respectively. In summer (JJA) the jet stream follows a more zonal path around 55°N 

with the main ridge west of Hudson Bay (60°N, 100°W). 

Of particular note is the narrow range in the mean jet latitude position in winter along the 

western boundary of the North Atlantic and North Pacific. The jet is located 1° to the north 

of the maximum gradient of the 2 m air temperature and is aligned with the temperature 

contours. The relationship between the mean jet position along the western boundary, and 

the maximum gradient of 2 m air temperature is retained in Spring and Autumn although 

not as tightly defined with the mean jet position located 3° and 4° north of the maximum 

gradient, respectively. The 2 m air gradient and land-sea temperature contrast are not as 

strong in these seasons. No relationship is evident in summer. It would perhaps be 

expected that the relationship of the maximum gradient of 2 m air temperature and mean 

jet latitude would also been seen over land. Although there is some relation, it is not as 

clear. 

 

5.5.2 Multi-decadal trends in jet latitude and speed  

This section details decadal trends for the Northern Hemisphere and then on a regional 

basis. Significant trends are at the 95% confidence level or higher. Jet latitude shows 

differing trends in each season (Figure 46). For the northern hemisphere in winter (DJF) 

there is a significant 1.2°  (0.1°/decade) long-term increase from a mean of 37.5 to 38.7°N 

(Figure 46). In spring (MAM) there is no significant change in the mean of 44.3°N. In summer 
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(JJA) only the trend after 1940 is considered, due to the range in the standard deviation in 

the earlier period. There has been a modest 0.3°N increasing trend in jet latitude.  In 

Autumn (SON) there is a significant 1° (0.1°/decade) decrease in the jet latitude from 49.4°N 

to 48.4°N over 141 years. 

 

When trends are analysed on a regional basis, a different picture unfolds (Figure 47). For 

winter (DJF) significant increasing trends in jet latitude are seen over the North Atlantic of 

3.0°(0.2°/decade) from 44°N to 47°N and over Eurasia with an increase of 1.7°(0.1°/decade) 

from 33.1°N to 34.8°N. Across the North Pacific and North America there is no change in 

the mean position over the 141 year period. In Spring (MAM) only the North Atlantic shows 

a significant increasing trend in mean jet latitude of 1.8° (0.1°/decade) from 45.6 to 47.4°N 

(Figure 48). Over Eurasia there is no change in the mean of 43.6°N.  The Pacific and North 

America show a decreasing trend until the 1940s and increasing thereafter, but the 

increase is not statistically significant. For the summer (JJA) after 1940, only Eurasia has a 

significant increase of 1.6° (0.1°/decade) from 51 to 52.6°N (Figure 48).  The North Atlantic 

has a modest 0.4° increase. The North Pacific and North America show a 0.3° and 1.2° 

decrease, respectively, but neither is statistically significant. In Autumn (SON) the North 

Atlantic is not in line with the hemisphere trend with an increase of 0.8°N, although not 

statistically significant (Figure 48). Eurasia has no change, whilst North America and the 

North Pacific display a significant decreasing trend of 0.15°/decade, however the trend 

becomes modest after 1940 and is not significant thereafter. 

Overall, only the North Atlantic shows an increasing trend in jet latitude across all seasons. 

Eurasia shows significant increases but only in winter and summer, whilst the North Pacific 

and North America have either no change or decreases in the seasons. 
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Figure 46 Northern Hemisphere Jet Latitude by season from 1871 -2011. (a)Winter jet 

latitude (DJF). (b) Spring jet latitude (MAM). (c) Summer jet latitude (JJA). (d) Autumn jet 

latitude (SON).  The thick black line indicates the seasonal mean. The red line indicates the 

seasonal mean with a Parzen filter smoothing over 11 years.  The blue line indicates the 5-

year running mean.  The thin black lines indicate ±2 standard deviations based on the 6 

hourly data for the 56 ensemble members smoothed over 91 days 
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Figure 47 Winter Jet Latitude by region from 1871 -2011. The thick black line indicates the 

seasonal mean. The red line indicates the seasonal mean with a Parzen filter smoothing 

over 11 years.  The blue line indicates the 5-year running mean.  The thin black lines indicate 

±2 standard deviations based on the 6 hourly data for the 56 ensemble members smoothed 

over 91 days 
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Figure 48 Jet Latitude by region and season. Spring (a, d, g, j), Summer (b, e, h, k), Autumn (c, f, I, k) Jet Latitude Decadal Trend by region. The thick black line 
indicates the seasonal mean. The red line indicates the seasonal mean with a Parzen filter smoothing over 11 years.  The blue line indicates the 5-year running 
mean.  The thin black lines indicate ±2 standard deviations based on the 6 hourly data for the 56 ensemble members smoothed over 91 days
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Jet speed shows a significant increase of 2.0ms-1 for winter in the Northern Hemisphere 

(0.1ms-1/decade) (Figure 49). In the other seasons, there is a decrease in jet speed from 

1871-1940 followed by modest (not statistically significant) increase thereafter of between 

0.1-0.3ms-1. Again, there are regional differences (Figure 50  and Figure 51).  In winter, we 

observe significant jet speed increases: North America 4.73 ms-1 (0.3 ms-1/decade), the 

North Atlantic 4.52 ms-1(0.3 ms-1/decade) and over Eurasia 1.8 ms-1(0.1 ms-1/decade). No 

trend is seen for the North Pacific. In spring, regional trends are in line with winter, with 

the largest significant increase seen over the North Atlantic (2.4ms-1, 0.2 ms-1/decade), and 

weak speed increases of 1ms-1 (0.1 ms-1/decade) over North America and Eurasia. In 

summer, only the period after 1940 is considered. A significant increasing trend is seen over 

North America of 1.6ms-1(0.2 ms-1/decade).  For autumn; the North Atlantic has a 

significant 3 ms-1  (0.2 ms-1/ decade) increase, North America a 1.2 ms-1 (0.2 ms-1 /decade) 

increase for the period since 1940, but no change over the full period. Across Eurasia the 

increasing trend seen is not significant after 1940. Over the Pacific, the decadal jet speed 

trends are different. In winter, as with jet latitude, there is no change in the mean jet speed 

of 67.7ms-1 but there is significant interannual variability from 62 to 72 ms-1. In the other 

seasons, there are no significant trends since the 1940s. 

The extent of the relationship between jet latitude and speed was also evaluated for each 

region and season (Table 4). Over the North Pacific there is a significant negative correlation 

in all seasons, which is strongest in winter, explaining 42% of the variance.  The highest 

negative correlation is located in the eastern part of the North Pacific at 170°W, explaining 

64% of the variance since 1940 (not shown). Over North America, a significant negative 

correlation exists in spring and autumn. Over the North Atlantic there is a positive 

correlation in winter and spring, but negative in summer and autumn.   
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Figure 49 Jet Speed for the Northern Hemisphere from 1871-2011. (a) Winter jet speed 

(DJF). (b) Spring jet speed (MAM). (c) Summer jet speed (JJA). (d) Autumn jet speed (SON).  

The thick black line indicates the seasonal mean. The red line indicates the seasonal mean 

with a Parzen filter smoothing over 11 years.  The blue line indicates the 5-year running 

mean.  The thin black lines indicate ±2 standard deviations based on the 6-hourly data for 

the 56 ensemble members smoothed over 91 days 
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(a) Winter (DJF) Jet Speed – Northern Hemisphere 

(b) Spring (MAM) Jet Speed – Northern Hemisphere 
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(d) Autumn (SON) Jet Speed – Northern Hemisphere 
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Figure 50 Winter Jet Speed by region from 1871 - 2011. The thick black line indicates the 

seasonal mean. The red line indicates the seasonal mean with a Parzen filter smoothing 

over 11 years.  The blue line indicates the 5-year running mean. The thin black lines indicate 

±2 standard deviations based on the 6-hourly data for the 56 ensemble members smoothed 

over 91 days 
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(b) Winter (DJF) Jet Speed – North Pacific (120°E-120°W) 
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(d) Winter (DJF) Jet Speed – North Atlantic(60°W-0°W) 
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Figure 51 Spring (a, d, g, j), Summer (b, e, h, k), Autumn (c, f, I, k) Jet Speed Decadal Trend by region. The thick black line indicates the seasonal mean. The 
red line indicates the seasonal mean with a Parzen filter smoothing over 11 years.  The blue line indicates the 5-year running mean.  The thin black lines 
indicate ±2 standard deviations based on the 6 hourly data for the 56 ensemble members smoothed over 91 days 
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The strongest significant correlation was in winter, for the period 1871-2011, but only 

explains 9% of the variance. Woollings et al. (2014) also show a low correlation between 

jet latitude and speed over the North Atlantic.  On closer analysis of the North Atlantic in 

winter, however, there is a negative correlation west of 40°W (maximum value at 60°W r= 

-0.3) and positive correlation 40°W to 0°W (maximum value at 10°W, r= 0.5), which is 

masking the true picture for the region.  We note that the eastern Atlantic is the only region 

where significant positive correlations are found between jet stream latitude and speed. 

Table 4: Jet Latitude and Jet Speed Correlation (r) for the periods 1940-2011 (1871-2011) 

Statistically significant correlations at the 95% confidence level or higher are shown in bold 

 DJF MAM JJA SON 

Eurasia -0.24 (-0.08) 0.08 (-0.01) -0.18 (n/a) 0.06 (-0.18) 

North Pacific -0.65 (-0.65) -0.56 (0.10) -0.39 (n/a) -0.40 (0.14) 

North America -0.15 (0.15) -0.46 (-0.50) -0.18 (n/a) -0.15 (-0.23) 

North Atlantic 0.02 (0.30) 0.16 (0.24) -0.46 (n/a) -0.05 (-0.21) 

5.5.3 Interannual to decadal variability of jet latitude and speed 

The interannual to decadal variability seen in Figures 43, 44, 46 and 47 is analysed in more 

detail using wavelet analysis and compared to known indices; Atlantic Multidecadal 

Oscillation (AMO), North Atlantic Oscillation (NAO), Pacific Decadal Oscillation (PDO).  The 

Atlantic Multidecadal Oscillation (AMO) Index, highlights the pattern of SST changes in the 

North Atlantic and has a period of about 65-70 years (Schlesinger and Ramankutty, 1994). 

The AMO index (unsmoothed and not detrended) was correlated with the North Atlantic 

jet latitude. The correlation across all seasons was low at 0.19, in line with the findings by 

Woollings et al. (2014). The NAO index (Hurrell, 1995) is based on fluctuations in the 

difference of atmospheric pressure at sea level between the Icelandic Low and the Azores 

High. The PDO index (Mantua and Hare, 2002) highlights the pattern of SST anomalies in 

the North Pacific. We use wavelet cross-coherence to identify the links between jet 

latitude/ speed and the PDO/NAO (Torrence and Compo, 1998). Correlations between 

NAO/PDO and jet stream latitude/speed over the Atlantic and Pacific regions are shown in 

Table 5. 
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When looking at the PDO/NAO we find that the links with the jet stream latitude and speed 

vary greatly between regions and seasons. Over the North Pacific, jet latitude and PDO are 

in antiphase (Table 5 and Figure 52) and in winter show continuous significant coherence 

for periods between 12 and 30 years. Jet Speed and the PDO are in phase (Table 5 and 

Figure 53) and in winter show continuous significant coherence between 12 and 26 years. 

Table 5: Jet Latitude and Jet Speed Correlation (r) with the NAO/PDO 1940-2011 (1871-

2011) Statistically significant correlations at the 95% confidence level or higher are shown 

in bold 

 DJF MAM JJA SON 

North Atlantic and NAO 

Latitude 0.57 (0.45) 0.28 (0.30) -0.24 (n/a) -0.18 (-0.18) 

Speed 0.23 (0.18) 0.46 (0.44) 0.15 (n/a) 0.40 (0.38) 

North Pacific and PDO 

Latitude -0.71 (-0.62) -0.51 (-0.44) -0.38 (n/a) -0.46 (-0.32) 

Speed 0.53 (0.45) 0.46 (0.42) 0.16 (n/a) -0.02 (0.11) 

 

Over the North Atlantic in winter, jet latitude and NAO are in phase and show significant 

coherence at 20-year timescales for the period 1930-1960 (Figure 52), and significant 

coherence at 8-10 year timescales for the period since 1980. Jet speed and the NAO are in 

phase and in spring show significant coherence at 16-24 year timescales for the period since 

1940 (Figure 53). Over Eurasia, in the transition seasons of spring and autumn, jet latitude 

and the NAO show significant coherence since the 1930s on timescales of 16-28 years 

(Figure 52), whilst jet latitude and the PDO are out of phase over Eurasia and show 

significant coherence at timescales of 20-28 years (Figure 52). Winter jet speed and the 

PDO are in phase and show significant coherence at timescales of 28-40 years (Figure 53).  

The clearest relations occur over the North Pacific during the winter season. There is a high 

correlation between jet latitude and jet speed as well as between the jet stream 

latitude/speed and the Pacific decadal oscillation (PDO) on timescales of about 20 years 

(Figure 52 and Figure 53). This link is expected as during a positive PDO phase the North 



Chapter 5 

110 

Pacific is anomalously warm at low latitudes and colder than normal north of the Kuroshio 

extension (and vice-versa during a negative phase). This indicates that during a positive 

(negative) PDO phase there is an increased (decreased) meridional temperature gradient 

which is conducive to stronger winds over the North Pacific region. At the same time the 

colder than average temperature over the Pacific subpolar gyre region is conducive to a 

southward shift of the jet stream. This is consistent with the phase relationship between 

jet stream latitude and speed (Figure 52 and Figure 53) which suggests an out of phase and 

 

Figure 52 Wavelet coherence for Jet Latitude by region.  Colour bar indicates correlation. 

Black contours indicate statistically significant features (95% confidence level) 
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in-phase relationship respectively.  The coherence between the jet latitude/speed and the 

PDO occurs for periods of about 20 years which are consistent with one of the dominant 

timescales of the PDO (Mantua and Hare, 2002).  The correlation between the PDO and the  

 

Figure 53 Wavelet coherence for Jet Speed by region.  Colour bar indicates correlation. 

Black contours indicate statistically significant features (95% confidence level) 

jet latitude over the Pacific domain is substantially weaker during spring and autumn but 

over Eurasia we find a significant cross coherence between the PDO and jet latitude (Figure 

52), this contrasts with the winter season when the cross-coherence between PDO and the 

jet latitude and speed is strongest over the Pacific but we find no relationship over Eurasia 

(Figure 52). This will be further discussed in section 5.6.3. 

5.6 Discussion 

This study highlights that the jet variability, on seasonal to decadal timescales, is different 

in each region; North Atlantic, North Pacific, Eurasia and North America. Although some 
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similarities exist, the significant differences suggest separate mechanisms are modulating 

the jet latitude and speed behaviour, which are now discussed in more detail. 

5.6.1 Seasonal Jet Climatology 

Over the oceans, particularly the North Atlantic, the annual range in jet latitude is 

significantly lower.  This is linked to the lower variability in the seasonal 2 m air temperature 

over the oceans, which is due to the greater heat capacity of the oceans of 6 x 1024 J K-1 

compared to the atmosphere of 5 x1021 J K-1  (Levitus, 1983).  The larger oceanic heat 

capacity results in an accumulation of heat in the mid-latitude oceans during the summer, 

which is released during the winter months and reduces the overlying temperature range. 

Compared to North America and Eurasia, the seasonal cycle of the jet latitude is lagged 

over the North Atlantic and Pacific and the maximum/minimum is reached in September 

and March, respectively. These findings are similar to Woollings et al. (2014) with a peak 

maximum latitude in September over the North Atlantic, although Woollings et al. (2014) 

show a seasonal range in latitude of 5° compared to the 10° (7° for the period 1940-2011) 

found in this study, perhaps related to the different pressure heights analysed, 850 mb 

versus 250 mb here. Czaja (2009) found the mean jet stream latitude to be 48°N for the 

North Atlantic, with a standard deviation of 7° for the period 1980 -2005. It is important 

that models replicate jet seasonality correctly in order to simulate seasons realistically. 

Harvey et al. (2020) found that jet stream biases have improved in the CMIP 6 models 

(compared to CMIP 5) over the Atlantic but still place the jet stream too far south in winter 

therefore overestimating the seasonal cycle.  Little improvement in the biases has been 

seen over the Pacific where there is an equatorward bias in winter. 

The seasonal jet stream range is much smaller over the North Atlantic than over the North 

Pacific. A key difference between these basins is the poleward meridional heat transport 

(MHT) by the oceans. In the Atlantic sector the oceanic MHT is positive at all latitudes and 

there is a net MHT across the equator (Trenberth and Caron, 2001).  The Atlantic MHT  

reaches a maximum of 1.3 PW at 25°N, associated with the Atlantic Meridional Overturning 

Circulation (AMOC) (Johns et al., 2011). The oceanic MHT poleward in the Pacific is lower 

at 0.76PW at 25°N (Bryden et al., 1991) and is predominantly poleward in the Northern and 

Southern Hemispheres (Trenberth and Caron, 2001). The stronger oceanic MHT in the 

Atlantic leads to SSTs up to 4°C warmer at similar latitudes in the Atlantic than in the Pacific 
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(Levitus, 1983), and decreases the poleward temperature gradient resulting in a reduced 

atmospheric MHT, in line with the Bjerknes compensation (van der Swaluw et al., 2007).  

These results suggest that oceanic MHT changes could impact the seasonal variations in 

the jet latitude, but further research on this hypothesis would be required to confirm this. 

The tightly defined winter mean jet stream position across the western boundary of the 

North Atlantic and North Pacific (Figure 45) in the region where  2 m air temperature and 

SST gradients are strongest is in line with the studies by O'Reilly and Czaja (2015) for the 

western Pacific and in the North Atlantic by Feliks et al. (2016), O'Reilly et al. (2016b) and 

Fang and Yang (2016). What is important here is that the findings over shorter periods of 

time and 850 mb are confirmed in this study over 141 years and at 250mb, and also show 

the interannual variability over that period. 

5.6.2  Multi-decadal trends in jet latitude and speed 

For the Northern hemisphere as a whole, there is a significant 0.1°/decade increase in jet 

latitude in winter, no significant trend in spring or summer and a significant 0.1°/decade 

decrease in autumn which is in line with the seasonal findings by Pena-Ortiz et al. (2013) 

using the same data but their winter and autumn trends were not significant, due to the 

shorter period analysed. 

On a regional basis, however, the long-term trend from 1871-2011 in jet latitude is not 

uniform.  Only the North Atlantic shows an increasing trend across all seasons, with a 

maximum increase seen in winter of 3.0° (0.2°/decade), which is in agreement with 

Woollings et al. (2014). Eurasia shows significant increases but only in winter (1.5°, 

0.1°/decade), in line with Strong and Davis (2007), and summer (1.6°, 0.1°/decade), where 

the increase is greater than for the North Atlantic. Over the North Pacific and North 

America there is either no change or decreases over the seasons, which does not agree 

with the work of Strong and Davis (2007), who found an increasing trend over the East 

Pacific between 1958-2007. 

It is possible that the differences in regional trends are due to the variation in the 

uncertainty in the dataset on a regional basis. However, this is unlikely, as it has been 

accounted for in the interpretation of the results by using data post 1940 for the summer 

period, and also where the jet latitude trend changes materially after 1940. 
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Overall, two broad jet latitude patterns have emerged; increasing trends over the North 

Atlantic and Eurasia and flat/decreasing trends over the North Pacific and North America. 

The increasing jet latitude trends seen over the North Atlantic and Eurasia are in line with 

other northern hemisphere research by Woollings et al. (2014) and Pena-Ortiz et al. (2013), 

and consistent with a decreasing temperature gradient between the poles and the equator 

at the tropopause, as highlighted in Figure 54.    

 

 

Figure 54 Northern Hemisphere temperature difference at the Tropopause (upper panel) 

and 300mb Geopotential Height Difference (lower panel) between the equator (0-20°N) 

and North Pole (70-90°N) for the period 1871-2011. Pink line indicates winter (DJF), Green 

line spring (MAM), Blue Line summer (JJA), Black line autumn (SON) 

On a decadal basis, in line with the seasonal results, it appears that different mechanisms 

are impacting jet latitude in the North Pacific compared to the North Atlantic.  This is 

consistent with results by Harvey et al. (2014) who found, in the CMIP5 models, that the 

North Atlantic winter time storm track was sensitive to equator to pole temperature 

differences, but suggest other mechanisms such as changes to the zonal structure of the 
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Tropical Pacific SSTs may influence the North Pacific storm track. Kuang et al. (2014) also 

found that the jet variability was sensitive to temperature gradients and baroclinicity over 

the Atlantic, whereas eddy heat and momentum transport were important over the Pacific. 

For the whole northern hemisphere there has been a significant 0.1ms-1 /decade increase 

in jet speed in winter, which is lower than the significant findings by Pena-Ortiz et al. (2013) 

using the NCEP/NCAR data for the shorter period (1958-2008 and 1979-2008).  For the 

other seasons, a decrease was seen from 1871-1940 and very modest increases thereafter, 

which are not significant. The findings are in agreement with Pena-Ortiz et al. (2013) using 

the 20CR data, but lower than the increasing trends in speeds seen using NCEP/NCAR data 

for the shorter period. Archer and Caldeira (2008) found increasing trends in winter and 

summer for the northern hemisphere. 

The regional trends, however, show that increases are seen in winter, spring and autumn 

in the North Atlantic, Eurasia and North America, many of which are significant and up to 

0.3ms-1/decade in winter. These findings are consistent with the Pena-Ortiz et al. (2013) 

results using the NCEP/NCAR data. 

The North Pacific region shows no change in winter jet speed and decreasing trends in the 

other seasons. This is not in agreement with Strong and Davis (2007) who find an increasing 

trend of up to 1.75ms-1/decade at 35°N between 1958-2007. Archer and Caldeira (2008), 

however, find negative trends over the Pacific south of the jet core.  

The increasing northern hemisphere and regional trends in jet speed are consistent with 

changes in the 300mb geopotential height gradient between the equator and the North 

Pole, where there is an increasing trend of up to 50m in each season (Figure 54), which 

would be expected to lead to an increase in jet speed.  The regional exception is over the 

North Pacific (not shown), where there is a decreasing trend in geopotential height gradient 

in winter and increasing trend in the other seasons, which is not consistent with the wind 

speed trends observed. 

5.6.3 Interannual to Decadal Variability 

Interannual variability is most evident in the North Pacific, where 50% of the variance in 

North Pacific winter jet latitude variability and 28% of the winter jet speed variance is 

explained through the correlation with the PDO index since 1940 (Figure 52, Figure 53 and 
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Table 5). However, overall, there is no consistent link between jet stream latitude and 

speed or between the jet stream and the NAO and PDO for different regions and seasons. 

Significant correlations can sometimes be found for some seasons/regions but not for 

others.  An in-depth study of the reasons for the presence (absence) of clear relations is 

beyond the scope of this thesis. However, in the following we will illustrate and provide 

some tentative explanations for the presence or absence of coherence between the jet 

stream and the PDO/NAO. An interesting aspect emerging from Figure 52 and Figure 53 is 

that an apparent link between the PDO and the jet stream is not confined to the Pacific but 

is also seen over Eurasia. In contrast to the Pacific, the strongest coherence with jet latitude 

is not found in winter but during spring and autumn. As for the PDO we find significant 

cross wavelet correlations between the NAO and the jet latitude over Eurasia during spring 

and autumn for periods of around 20 years but not for winter. Given the large spatial scales 

of both the PDO and the NAO one could expect these modes of variability to affect the jet 

stream over Eurasia. So why is this cross correlation not seen during winter when the cross-

coherence between jet and PDO (NAO) is strongest over the Pacific (Atlantic)?   

For an explanation it is useful to look at the seasonal evolution of the Siberian High (SH) 

and of the related cold air pool. The SH is the strongest centre of action on the Northern 

Hemisphere during winter. Most pronounced in winter it is also present – albeit weaker – 

during spring and autumn and only vanishes in summer (Figure 55). In autumn and spring 

the SH expands and wanes. The pool of cold air linked to the SH develops from September 

onwards in Yakutia and the Baikal region from where it gradually spreads westward 

reaching its full extent in January.  The SH is an extremely persistent winter feature around 

which the jet stream has to swerve. Even though the strength of the SH varies on 

interannual timescales, this variability is small compared to the average winter SH strength. 

This is illustrated with the ratio !"	in Figure 55. !"  is a measure of the average strength of 

surface level pressure features with respect to their interannual variability:  
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where  SLPij is the sea level pressure for month i  in the year j, <> denote the time average 

for the month i over the 1871-2011 period and the overbar denotes the zonal average (ϑ is 

the azimuth). 

 

Figure 55 Sea level pressure (SLP) for each season minus the zonally averaged SLP for that 

season(contours). Shading shows the ratio !"  for DJF, MAM, JJA, SON (from top to bottom). 

Units are hPa. 

During the winter season the highest ratio !"   occurs over eastern Siberia over the south-

eastern SH. What the high values of !"  over eastern Siberia in winter suggest is that that 

even in years when the SH is very weak the pressure over eastern Siberia remains higher 

than at the adjacent regions further south. With  !"  around 5 (Figure 55, top) the SH is more 

stable than any of the other centres of action of the Northern Hemisphere in winter 

(Icelandic Low, Aleutian Low, North American High). As the jet stream follows the southern 

flank of the SH it has to make a southward excursion taking it to the southernmost latitudes 

of its path around the globe. The stability of the SH is reflected in the jet stream path and 

Figure 45 shows that nowhere else the jet stream is as tightly confined with by far the 

lowest temporal (and cross ensemble) variability.  The stability of the SH and of the jet 

stream over East Asia can explain why the cross wavelet correlation seen between the PDO 
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and the jet stream during winter over Eurasia (Figure 52) is so low: no matter what the 

state of the PDO, NAO or indeed any other atmospheric mode of variability, the SH always 

dominates the winter pressure pattern over East Asia leading to similar average jet stream 

paths in most winters. During the transitional seasons of spring and autumn, however, the 

SH is weaker (albeit still present, see Figure 52  and Figure 55, 2nd and bottom panels) and 

modes of variability such as the PDO and the NAO start to compete with the SH in terms of 

influence on the jet stream path. Note that the maximum values of the ratio !"  on the 

Northern Hemisphere in spring and summer can exceed the winter maxima seen over 

Siberia. However, these values occur along the south-eastern flanks of the Azores and 

Pacific Highs as well as over the low pressure area over Southern Asia linked to the Asian 

Monsoon. All these features are located well south of the jet stream position for these 

seasons (Figure 45) and hence do not constrain the jet stream path like the SH in winter.  

5.7 Conclusions. 

The 20CR dataset is robust. For jet latitude and speed, this study has shown the 20CR 

dataset to be robust, and for winter (DJF), spring (MAM) and autumn (SON) there are no 

apparent spurious discontinuities or drifts in all regions for the 1871-2011 period. The 

summer (JJA) only appears robust from 1940 onwards. It is also evident that jet latitude 

and speed studies need to be carried out on a regional basis, rather than for the whole 

northern hemisphere, as regional trends and magnitudes may cancel out and therefore not 

be visible when averaged across the whole hemisphere.  

Substantial regional differences exist.The key new findings of this study are that 

substantial regional differences are seen for jet latitude and speed variability on seasonal 

to decadal timescales - particularly when comparing land and ocean regions.   

The ocean acts to reduce of seasonal jet latitude range .  This is particularly the case over 

the North Atlantic, where the oceanic MHT is greatest, and a 10° seasonal latitude range is 

seen, compared to a 20° range over land. Also, on a seasonal basis, the winter jet variability 

is more tightly confined over the western boundary of the North Pacific and North Atlantic 

over the 141-year period.  This is the location where the land-sea contrast and SST gradients 

are strongest.   
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The North Pacific has significant interannual to decadal variability in jet latitude and 

speed associated with the PDO. In winter there is continuous significant cross-coherence 

on timescales of 12-30 years with the PDO, explaining 50% of the variance in winter jet 

latitude since 1940. A significant cross-coherence for periodicities around 20 years is also 

found between the PDO and the jet latitude over Eurasia during spring and autumn but not 

during winter.  The absence of any clear link during winter is likely due to the winter 

strength of the Siberian high which prevents the PDO (or the NAO) from modulating the jet 

stream position. 

Multidecadal increases in jet latitude are found in the North Atlantic in all seasons 

(0.2°/decade in winter). The trends vary significantly on a regional basis. Over Eurasia 

increases are seen in winter and summer (0.1°/decade), but no increasing trends are seen 

over the North Pacific and North America.  

Multidecadal increases in jet speed are found in winter, spring and autumn over the 

North Atlantic, Eurasia and North America. The increasing trends are consistent with the 

changes in the geopotential height gradients over the period and region. Over the North 

Pacific no significant change in jet speed has been found in any season after 1940.  The 

differing trends in jet latitude and speed between the North Atlantic and North Pacific, on 

seasonal to decadal timescales, suggest different mechanisms are operating in these areas. 

The jet stream is key to mid-latitude weather and climate and the results suggest different 

jet stream behaviours and variability on seasonal to decadal timescales for different regions 

which has implications for models used for climate and weather predictions. To simulate a 

realistic climate, models would need to be able to reproduce the regional characteristics of 

the jet stream and interannual variability.  An inability to do so (in a statistical sense) would 

cast doubt on the ability of such a model to generate reliable prediction of regional weather 

and climate patterns.  

The aim of this chapter was mainly to provide a detailed description of the jet stream 

variability over the longest period possible with emphasis on differences between ocean 

and land areas. However, there are clearly open questions and  future jet stream research 

areas include: 

1. A better understanding of how meridional heat transport in the ocean impacts on 

jet variability and seasonal latitudinal range.  This could help improve climate 
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models where currently the seasonal range is too large with the jet latitude too far 

south in winter. 

2. A more detailed lead/lag analysis between jet stream position and sea surface 

temperature and/or surface ocean heat content to establish to what extent the 

jet stream is likely to be driven by the ocean.   Particular emphasis should be 

placed on PDO impacts on the jet stream over the  North Pacific and Eurasia. The 

work in this chapter suggests that there is a strong relationship but understanding 

the underlying mechanisms was beyond the scope of this thesis. 
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Chapter 6 Summary and Conclusions 

Atlantic Ocean variability and its impact on North Atlantic storminess is receiving increasing 

attention in a changing climate. This study set out to improve understanding of how 

Atlantic Ocean variability impacts on tropical and subtropical Atlantic storminess and 

Northern Hemisphere jet stream.  This has been achieved through 4 distinct observational 

studies, over different timescales and with different datasets, looking at: 

• Ocean precursors to the extreme Atlantic hurricane seasons 

• How ocean heat content impacts on TC intensity in the subtropical Atlantic 

• The impact of SSTAs, wind and translation speed on TC rainfall  

• The influence of land – ocean contrast on the seasonal to decadal variability of the 

northern hemisphere jet stream. 

 

New insights have been gained in each of these areas which are valuable for seasonal to 

decadal predictions for the science community but also for the forecasting and reinsurance 

sectors.  The remainder of this chapter summarises the findings, and discusses the 

implications and future steps for each study in turn. 

6.1 Ocean precursors to extreme Atlantic hurricane seasons 

In Chapter 2 the analysis of a range of observations and reanalysis datasets (tropical cyclone 

data, AMOC timeseries, surface fluxes and temperature anomalies) reveals for the first 

time that ocean drivers of recent active hurricane seasons can take two forms: late winter 

changes in the ocean circulation related to a reduced AMOC and late spring/early summer 

changes in the air-sea heat flux. 

 

In 2017 surface heat fluxes played an important role in the positive SSTA development in 

the MDR, which was critical for subsequent hurricane activity in September. The reduction 

in the NE trade winds between April and July enabled positive latent heat flux and LWR 

anomalies to develop.  The negative wind stress curl generated downward Ekman pumping 

anomalies, suppressing the upwelling at the eastern boundary.  Together these factors 

generated positive SSTAs.  In contrast, in 2005 and 2010, it was the reduced AMOC in 
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February-March of those years which was the predominant cause of the positive SSTA in 

the MDR. 

 

In all 3 years the positive SSTAs were combined with a weak vertical shear, also a 

requirement for tropical cyclone development, to favour very active hurricane seasons. In 

the Atlantic, weak vertical wind shear, is associated with warmer SSTs (Hallam et al., 2019, 

Klotzbach, 2007). Warmer SSTs weaken the subsidence associated with the subtropical high 

which consequently weakens the trade winds and associated vertical shear (Klotzbach, 

2007), therefore when warmer SSTs exist, weak vertical shear is also likely to be present. 

The findings from this study have implications for Atlantic hurricane prediction on seasonal 

to decadal timescales. Developing forecast systems which adequately represent surface 

flux and AMOC processes, will potentially aid preparedness and mitigation for the financial 

and societal consequences of hurricanes. 

With a changing climate, atmospheric circulation changes are predicted (Stocker, 2014). 

Reduction in the NE trade winds off Africa leads to positive surface heat fluxes into the 

ocean (warming the ocean). The results suggest the net surface heat flux patterns in the 

southern and NE MDR may help predict active Atlantic hurricane seasons. In 2017 the 

surface flux anomalies developed between April and July, shortly before the main season 

(August – September).  Monitoring surface flux anomalies, particularly latent heat flux 

anomalies, in the southern MDR and NE MDR could be helpful to understanding potential 

changes in the atmospheric circulation and associated NE trade winds and assist with 

seasonal predictions.  In the southern MDR, Figure 12 suggests a positive trend in net 

surface heat flux may be developing between April and July, validating the trend observed 

in other surface flux data sets and establishing whether decadal changes are being seen 

would be an important future step. In addition, NCEP data going back to 1948 could be 

analysed to establish if other active seasons are associated with positive latent heat flux 

anomalies in the MDR region. 

Seasonally, a reduction in the MOC / Ekman transport at 26°N in February-March could 

indicate a potentially active hurricane season in August and September by providing a 5-6 

month lead time forecast if a sufficient observing system is in place. Ekman transport data 

can be timely and readily calculated from wind data at present, but MOC transport data at 

26°N, which has a closer correlation with SSTA/OHC in the MDR (Duchez et al., 2016), is 
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only currently available with an 18 month lag due to cruise timings to collect the data. Work 

is underway to develop a near real time system to collect RAPID array data, using gliders 

from the buoys in the western boundary area of the RAPID array at 26°N. If the project is 

funded, near real time data would be provided to assist prediction forecasts. In addition, 

Ekman transport data could be extended back to 1948 to also establish if other active 

hurricane seasons appear to be associated with a slowdown in the ocean circulation in 

February/March.  This information, if further seasons were identified, could help the 

financial case for the funding of near real time RAPID array data to calculate AMOC 

transports. 

On decadal and multidecadal/centennial timescales, research literature can appear 

contradictory as to the impact of an AMOC slowdown on SSTA in the tropical Atlantic; 

Caesar et al. (2018) suggest an AMOC slowdown will likely lead to a warming in the gulf 

stream region (off the US east coast) which if continued to be accompanied by weak vertical 

shear in the atmosphere could be conducive to active hurricane seasons. Yan et al. (2017), 

however, suggest that on decadal timescales an AMOC slowdown leads to less active 

hurricane seasons, based on their study from 1940-2015 using an AMOC fingerprint. This is 

consistent with (Knight et al., 2006) who suggest a stronger AMOC  is associated with a 

North Atlantic mean SST  which is warmer relative to that of the South Atlantic, due to the 

increased northward oceanic heat transport. 

In the absence of a long AMOC observational record, reconstructions of western boundary 

currents and Atlantic Meridional Overturning Circulation, using tide gauge data along the 

east coast of the United States to estimate ocean circulation (McCarthy et al., 2015), could 

be undertaken and compared to Atlantic hurricane variability.  This is proposed as part of 

the JPI Oceans and Climate funded project, ROADMAP (http://www.jpi-climate.eu/joint-

activities/joint-calls/CPILoud/ROADMAP), and will compare AMOC reconstructions based 

on tide gauge data going back to the 1960s to Atlantic hurricane seasons to help inform 

analysis on decadal timescales.   
 

To support AMOC reconstruction analysis, high resolution coupled model simulations could 

be analysed to understand how an AMOC slowdown impacts on hurricane activity. Such 

research could be based on the 100-year coupled simulations developed as part of the 

PRIMAVERA project, which uses the Met Office Global Coupled Model version 2 (GC3). 
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The high resolution version of GC3 (ORCA12-N512) which was developed jointly 

between the UK Met Office and the National Oceanography Centre.   The model uses 

the NEMO (Nucleus for European Modelling of the Ocean) ORCA12 configuration and 

has an ocean resolution of 1/12° (9km at the equator and 2km at the Canadian 

archipelago), which is coupled to the Met Office Unified Model (MetUM) atmosphere 

with a resolution of 25km (Hewitt et al., 2016, Roberts et al., 2018, Roberts et al., 

2020b, Roberts et al., 2020a, Hirschi et al., 2020, Grist et al., 2021).  Due to timings, 

only limited work has been undertaken on these simulations as part of this PhD, but 

could be future work.  

 

6.2 Increasing tropical cyclone intensity and potential intensity in 

the subtropical Atlantic from an ocean heat content 

perspective 

The analysis of TCs in the subtropical Atlantic within 100km of Bermuda between 

1955 -2019 highlighted the more easterly genesis of tracks in the period 2000-2019 

compared to 1980-1999, in line with the all Atlantic trend. From an ocean 

perspective, this appears related to the increase (up to 0.9°C) in ASO SST and $%&'(((((( in 

the eastern Atlantic off the west coast of Africa (10-20N, 10-20W). If the increase in 

eastern Atlantic Ocean temperatures continues, the trend of a more easterly genesis 

of TC tracks could persist, potentially increasing the annual ACE index. 

In addition, TC intensity in the Bermuda area shows an increase in the Vmax median 

value of 30kts (4.9kts per decade) from 33 to 63kts (1955-2019) and an increased 

trend observed for the period 1980-2019 of 7.7kts per decade. The increasing trend 

is in line with the increase of 8kts per decade (1982-2009) observed over the wider 

Atlantic region (Kossin et al., 2013, Kossin et al., 2007). We have associated the 

increase in TC intensity with the increasing SSTs and $)((( in the Bermuda area as 

measured by the Hydrostation S timeseries. The significantly increasing SST (1.1°C) 

and $)((( (0.5 – 0.7°C) is aligned and correlated with (r=0.37, p<0.01), the increasing TC 

intensity observed over the time period 1955 – 2019 and consistent with other 
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studies which suggest increasing hurricane intensity with rising ocean temperatures 

(Kossin et al., 2007, Emanuel, 1987, Kossin et al., 2013, Kossin et al., 2020).    

For the time period 1955-2019, we find TC intensity is most closely correlated with 

$%&'((((((in the Bermuda area and most likely represents the ocean temperature which 

the TC core experiences and is the best depth to use to calculate the TC potential 

intensity (PI).  The findings of Huang et al. (2015), Lloyd and Vecchi (2011) and (Price, 

2009) also find that the initial upper ocean thermal profile ( $)((( ) impacts on TC 

intensification. Lin et al. (2013) find the depth $*&'(((((( is the most appropriate in the 

North Pacific but this is likely to relate to the fact the study was undertaken at lower 

latitude (10-30N), where ocean temperatures were higher and the pre-cyclone 

mixing depth deeper.   

This study also highlights that the rising ocean temperatures observed are not 

uniform with depth with a higher rate of increase at the surface, which will increase 

stratification over time. In the study by Huang et al. (2015) of future TC intensity 

forecasts, using projected ocean temperature profiles, they suggest that in the 

Atlantic region 21-29N an increasing trend in PI is predicted using either SST or  $)(((. 

In an alternative approach to calculating PI, many forecasting centres use the vertical 

integral of the ocean temperatures in excess of 26°C (depth of 26°C isotherm), as 

opposed to vertical average ocean temperature, as a predictor of hurricane intensity, 

and where OHC (in excess of 26°C) is over 60KJ/cm2 a correction is applied to the 

Statistical Hurricane Intensity Prediction Scheme (SHIPS) intensity forecast (Mainelli 

et al., 2008).  However Mainelli et al. (2008) and Price (2009) find that although the 

intensity forecasts are well correlated where OHC is over 60KJ/cm2 the intensity 

forecasts do not correlate well where OHC is less than 60KJ/cm2. OHC less than 

60KJ/cm2, is typically found on cooler ocean temperatures and shallow continental 

shelves and more likely at higher latitudes. In the subtropical Atlantic there is a 

shallow mixed layer depth and the depth of the 26C isotherm is close to or at the 

surface.  In these instances, Price (2009) find that the vertically averaged ocean 

temperature provides a better indication of hurricane intensity, in line with this 

study. 
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Using $%&'(((((( the TC MSLP prediction is closer to the actual value with the average PI 

prediction difference reduced by 12mb from 27mb to 15mb, and proportional 

(r=0.74, p<0.01) to the temperature difference between SST and $%&'((((((, a new finding 

here. Bender et al. (2007) also find ocean coupling improves MSLP predictions. As 

using $%&'(((((( to predict TC intensity improves TC MSLP prediction in the subtropical 

Bermuda area, where there is a shallow mixed layer depth from June to September, 

we also suggest $%&'(((((( (as opposed to SST) would also be useful for TC prediction in 

the subtropical Atlantic north of 25N and elsewhere in the tropical Atlantic when the 

SST - $%&'(((((( temperature difference is more than 1°C. 

 

Finally, in Chapter 3 a new wind-pressure relationship (WPR) for TCs within 100km of 

Bermuda is proposed, where the quadratic relationship based on the best fit using 

the TCs from 1955-2019, explains 77% of the variance and has a RMSE of 8.8mb. The 

WPR proposed seems to provide a slightly better estimate than using the Dvorak 

approach which is currently widely used in the Atlantic for prediction.   

 

The implications of this research are that it provides an opportunity to help improve 

TC predictions in the subtropical Atlantic, where there is a shallow mixed layer depth. 

The Bermuda Weather Service is keen to adopt the approach of using $%&'(((((( and the 

new WPR to assist TC predictions.  In 2020 the	$%&'(((((((_PI method and new WPR were 

used in an operational forecasting mode, to predict the along track PI of hurricanes 

Paulette and Teddy and compared to results using SST_PI.  Ocean temperature profile 

data from Hydrostation S on the 31st August 2020, Argo data (latest available and 

closest to the hurricane track location), Radiosonde soundings from the Bermuda 

Weather Service Station, environmental pressure data, together with the new WPR 

developed in chapter 3 were used. The results in Figure 56 show how the predicted 

PI (MSLP and Vmax) was closer to actual using $%&'((((((, particularly for hurricane 

Paulette where the SST-$%&'(((((( difference was greater in most track locations.  For 

hurricane Teddy the results show a more marginal improvement in the estimation as 

the mixed layer depth along the track seems deeper, resulting in a smaller difference 

between SST and $%&'(((((( as indicated by the colorbar. Teddy very closely followed 

Paulette so the ocean conditions that Teddy experienced most likely still had 
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“memory” of the passage of Paulette with a deeper mixed layer.  Hurricane Paulette 

passed directly over Bermuda on 14th September 2020 (Figure 57). For the Bermuda 

location (32°N 65°W) the actual MSLP for hurricane Paulette was 973mb and MSW  

 

 

Figure 56 Along track MPI for Hurricane Paulette (9 -14th September 2020) and 

Hurricane Teddy (14th – 21st September 2020) using SST(*) and $%&'((((((	 (filled) calculated 

every 24 hours. Colorbar indicates temperature difference (°C) between SST and $%&'(((((( 

 

 Figure 57 Bermuda visible inside the eye of hurricane Paulette.  Image courtesy of: 

https://www.reddit.com/r/pics/comments/it8wph/all_of_bermuda_visible_inside_the_eye_of/ 
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of 40ms-1. Using 	$%&'(((((((_PI (SST_PI) the predictions were 972mb (962mb) and MSW 

of 42ms-1 (49ms-1), based on $%&'(((((( of 28.2°C and SST of 29.1°C, highlighting the 

value of using $%&'(((((( to provide a closer estimate of actual hurricane intensity. 

Following the testing in 2020, the Bermuda Weather Service plan to use the 

	$%&'(((((((_PI and WPR method and model to assist future operational forecasting.  To 

further improve the approach, the WPR model may be enhanced if the relationship 

between wind and pressure is calculated for defined pressure bands (e.g. >1000mb, 

980-1000mb, <980mb) to see if the RMSE error is reduced. 	$%&'(((((((_PI may also be 

developed by incorporating salinity to better represent the ocean stratification 

effects, providing a dynamical ocean temperature in line with the approach by 

Balaguru et al. (2018b). 

The TC trends identified; with a more easterly TC genesis over time and significant 

increases in hurricane intensity in the subtropical Atlantic over a 65 year time period 

may also be of interest to the reinsurance sector for seasonal to decadal forecasts. 

The decadal increase in TC maximum wind speed of 5kts per decade is associated 

here with the rising ocean temperatures in the region of up to 0.17°C per decade. 

The study is longer than several other studies that commence in the 1980s and 

therefore may provide a more robust decadal trend, than shorter studies, and 

better incorporate interannual variability. The rising ocean temperatures and 

associated increasing hurricane intensity could be incorporated into catastrophe 

risk models and also re-insurance hazard risk predictions to help improve 

forecasting estimates.  

Using $%&'(((((( to predict TC intensity in the subtropical Atlantic and also where the SST 

- $%&'(((((( temperature difference is more than 1°C may also assist the insurance sector 

with tropical cyclone intensity predictions on all timescales.  Using $%&'(((((( PI will 

become increasingly important if rising ocean temperatures are not uniform with 

depth. As observed in this study, rises in ocean temperature are larger at the surface 

(1.1°C), compared to the increase seen for $%&'(((((( (0.6°C). 
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6.3 The impact of SSTAs, wind and translation speed on Atlantic 

tropical cyclone rainfall  

Chapter 4 looks at how Atlantic Ocean TC rainfall is influenced by Atlantic Ocean 

variability (SSTA), wind and translation speed using the TRMM dataset to provide the 

rainfall data and IBTRACS for the track analysis from 1998-2017. The study compared 

TC tracks over the Atlantic to landfalling tracks to see the similarities and differences 

which emerge. 

TC rainfall rate (mm/hr) increases with increasing SSTA.  Over the Atlantic there is a 

6% increase in the rainfall rate for a 1°C increase in SST which is broadly in line with 

the Clausius-Clapeyron relationship, which would expect a 7% increase in rainfall for 

a 1°C rise in SST. Over land, however, the rainfall rate increases by over 30% for a 1°C 

rise in SST and appears linked not only to the Clausius-Clapeyron relationship but 

mainly to the increase in TC wind speed. The rainfall rate (mmhr-1) is significantly 

correlated with the 10m wind speed with a correlation r=0.63 (p<0.01) over land and 

correlation 0.4 (p<0.01) over the Atlantic. Other global  modelling studies for example 

by Liu et al. (2019) find the increase in TC rainfall rates is significantly larger than the 

Clausius-Clapeyron rate, however, when they exclude the impact of wind speed, the 

rainfall rate increase shows a much better match with the Clausius-Clapeyron rate. 

What is new is that we see similar results with observational data for the period 1998 

– 2017 to modelling studies. 

Total annual TC rainfall was also found to be significantly correlated with the SSTA in 

the MDR with a correlation over the Atlantic of r=0.7 (p<0.01) and over land r=0.49 

(p=0.03). Over land there is an increase of over 150% in total rainfall for a 1°C rise in 

MDR SST from 24mm to 61mm ± 17mm. The increases in the number of landfalling 

TC tracks when the MDR is anomalously warm and of the TC distance travelled can 

largely account for the increase in total rainfall seen over land.  The marked increase 

in wind speed over land when SSTAs are positive in the MDR is likely the main cause 

for the rainfall rate exceeding the expectation from the Clausius-Clapeyron relation. 

SSTA in the MDR may therefore be a useful predictive index, on a seasonal to decadal 

basis, where the development of positive SSTA in the MDR indicates increased 

landfalling TC rainfall is likely and potential increased flood risk.  Future work could 



Chapter 6 

130 

look at the predictive skill of TC rainfall rate using SSTA in the MDR based on earlier 

months in the season say April, May and June. 

Overall it is known that favourable (warm) ocean thermal structure in the MDR, 

together with a low vertical wind shear, are together conducive to intense an 

sustained hurricane development (Landsea, 1993, Camp et al., 2018, Gray, 1968, 

Frank and Ritchie, 2001, Gray, 1979, Hallam et al., 2019).  This thesis highlights that 

positive SSTA and associated low VWS also lead to an increase in the rainfall rate 

from TCs and total rainfall over both the ocean and land.  The work in chapter 4 

and the relationship between rainfall rate, SSTA and wind speed, could be 

developed further using machine learning techniques to identify a rainfall model. 

Initial work suggests a gaussian model may provide a 25% predictive skill. 

The only significant correlation with translation speed was with the NAO, where a 

negative correlation r=-0.37, (p=0.1) was identified, highlighting that a negative 

(positive) phase of the NAO in ASO resulted in faster (slower) translation speeds. 

Negative NAO phases are generally associated with more active seasons (Lim et al., 

2016). However, the translation speed correlations do not hold over land, indicating 

other factors impact on landfalling TC translation speed. The median tropical cyclone 

translation speed is 20.3kmhr-1, although this falls to 16.5kmhr-1 over land with the 

lowest translation speeds found in in the southerly states of Florida and Louisiana. In 

the more northern states the translation speed is higher which suggests a latitudinal 

dependence of TC translation speed. The increase in translation speed with latitude 

aligns with the study by Kim et al. (2020) who find that translation speed increases 

with latitude associated with an increase in steering flow from the midlatitude jet 

above 20°N.  

Declining trends in translation speed are evident in the US state of  Georgia over the 

time period.  In this study, however, no consistent decline in translation speed has 

been found over land. There seems to be opposing factors impacting on translation 

speed in a changing climate which may be why studies show different results. A 

slowdown in the summertime tropical circulation with a changing climate would 

reduce translation speed (Kossin, 2018) as TCs are carried in the environmental wind. 

At the same time an increase in more TC storms at higher latitudes (Kossin et al., 

2014) would increase translation speed due to the increase in steering flow from the 
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mid latitude jet. Future studies in on TC translation speed may benefit from 

undertaking a latitudinal analysis within the ocean basin.   

Overall the links between SSTA in the MDR and both rainfall rate and annual total 

rainfall (both over the ocean and land) provide useful insights for seasonal to decadal 

flood prediction. 

6.4 The impact of land-ocean contrast of the seasonal to decadal 

variability of the Northern Hemisphere jet stream 

For jet latitude and speed, chapter 5 has shown the 20CR dataset to be robust (based 

on the jet latitude standard deviations), in all regions for the 1871-2011 period. The 

exception is summer, which only appears robust from 1940 onwards. It is also evident 

that jet latitude and speed studies need to be carried out on a regional basis, rather 

than for the whole northern hemisphere, as regional trends and magnitudes may 

cancel out and therefore not be visible when averaged across the whole hemisphere.  

The key new findings of this study are that substantial regional differences are seen 

for jet latitude and speed variability on seasonal to decadal timescales - particularly 

when comparing land and ocean regions.  Seasonally, the ocean acts to reduce the 

range of jet latitude variability.  This is particularly the case over the North Atlantic, 

where the oceanic MHT is greatest, and a 10° seasonal latitude range is seen, 

compared to a 20° range over land. Also on a seasonal basis, the winter jet variability 

is more tightly confined over the western boundary of the North Pacific and North 

Atlantic over the 141-year period.  This is the location where the land-ocean contrast 

and SST gradients are strongest. 

Interannual to decadal variability in jet latitude and speed is most evident in the 

North Pacific in winter with continuous significant cross-coherence on timescales of 

12-30 years with the PDO, explaining 50% of the variance in winter jet latitude since 

1940. A significant cross-coherence for periodicities around 20 years is also found 

between the PDO and the jet latitude over Eurasia during spring and autumn but not 

during winter.  The absence of any clear link during winter is likely due to the winter 

strength of the Siberian High, which prevents the PDO (or the NAO) from modulating 

the jet stream position. 
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Multidecadal trends vary significantly on a regional basis and looking at the Northern 

Hemisphere as a whole mask the regional difference, which has implications for 

understanding how the climate will change on a regional basis.  Importantly the 

trends in the North Atlantic are different from those found for the North Pacific. In 

the North Atlantic increases in jet latitude are seen in all seasons (0.2°/decade in 

winter). Over Eurasia increases are seen in winter and summer (0.1°/decade), but no 

increasing trends are seen over the North Pacific and North America. Increases in jet 

speed are also found in winter, spring and autumn over the North Atlantic, Eurasia 

and North America. The increasing trends are consistent with the changes in the 

geopotential height gradients over the period and region. Over the North Pacific no 

significant change in jet speed has been found in any season after 1940.  The differing 

trends in jet latitude and speed between the North Atlantic and North Pacific, on 

seasonal to decadal timescales, suggest different mechanisms are operating in these 

areas. 

The jet stream is key to mid-latitude weather and climate and our results suggest 

different jet stream behaviours and variability on seasonal to decadal timescales for 

different regions.  This has implications for models used for climate and weather 

predictions. To simulate a realistic climate, models would need to be able to 

reproduce the regional characteristics of the jet stream and interannual variability.  

An inability to do so (in a statistical sense) would cast doubt on the ability of such a 

model to generate reliable prediction of regional weather and climate patterns.  

The latest CMIP6 models show some improvements over the Atlantic in simulating 

the position and variability of the 250mb jet stream over the Atlantic but fewer 

improvements are seen over the Pacific (Harvey et al., 2020).  This suggests the 

mechanisms are not fully incorporated into the models, perhaps related to the 

influence of the PDO on the jet stream over the Pacific. Over the Atlantic and Pacific 

the seasonal range is still overestimated and it would be worth investigating in a 

model the extent to which the jet stream is modulated by the meridional heat 

transport in the ocean. The JPI Oceans and Climate funded project ROADMAP, will be 

looking at the extratropical ocean-atmosphere interactions controlling jet streams 

using model simulations and by conducting model experiments, in what continues to 

be an active area of research. 
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Overall, the aim of this thesis was to improve understanding of when and how the 

ocean modulates storm activity and this has been achieved. The emphasis was on 

how air-sea interactions and variability of the Atlantic Ocean circulation impact the 

frequency and intensity of tropical cyclones, together with the ocean influence on 

the northern hemisphere jet stream.   The key results are: 

• Ocean drivers of recent active Atlantic hurricane seasons can take two forms: 

late winter changes in the ocean circulation related to a reduced AMOC and 

late spring/early summer changes in the air-sea heat flux. 

 

• TC intensity in the subtropical Atlantic around Bermuda is increasing at 5kts 

per decade linked to rising ocean temperatures in the region. In addition, TC 

potential intensity prediction is closer to actual intensity using $%&'(((((( as 

opposed to SST, with an average improvement of 12mb proportional to the 

SST - $%&'(((((( temperature difference.  Using $%&'((((((  could improve potential 

intensity prediction in the Atlantic where the SST - $%&'(((((( temperature is more 

than 1°C, typically where there is a shallow mixed layer depth. 

 

• TC rainfall rate (mm/hr) and total TC rainfall increases with increasing SSTA.  

Over the Atlantic there is a 6% increase in the rainfall rate for a 1°C increase 

in SST which is broadly in line with the Clausius-Clapeyron relationship. Over 

land, however, the rainfall rate increases by over 30% for a 1°C rise in SST and 

appears linked mainly to the increase in TC wind speed. Over land there is an 

increase of over 150% in total rainfall for a 1°C rise in MDR SST linked to the 

increases in the number of landfalling TC tracks and the increase in total TC 

distance travelled when the MDR is anomalously warm. 

 

• Seasonally, the ocean acts to reduce the range of jet latitude variability.  This 

is particularly the case over the North Atlantic, where the oceanic MHT is 

greatest. Interannual to decadal variability in jet latitude and speed is most 

evident in the North Pacific in winter where the PDO, explains 50% of the 

variance in jet latitude since 1940. Multidecadal trends vary significantly on a 
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regional basis. In the North Atlantic the largest increases in jet latitude and jet 

speed have been observed with increases in winter of 3° and 4.5ms-1 

respectively. There are no trends in jet latitude or speed over the North 

Pacific. 

 

Atlantic Ocean variability has a significant impact on tropical cyclones in the basin 

and several new observational insights have been gained as part of this thesis 

which could improve, in particular, seasonal prediction. For example using AMOC 

variability at 26°N in seasonal forecasts,  using $%&'((((((  to predict TC intensity in the 

subtropical Atlantic where there is a shallow mixed layer depth, and using SSTA in 

the MDR to predict seasonal landfalling TC rainfall.  In line with this, the areas for 

future TC research coming from this thesis include: 

• Better understanding of the role of the AMOC on Atlantic hurricanes 

seasonal timescales through both high resolution coupled model analysis 

and AMOC reconstructions over longer time periods. 

• Development of $%&'((((((PI to incorporate salinity and provide a PI based on 

density to better represent ocean stratification. 

• Use of machine learning techniques to predict seasonal TC rainfall over 

land based on a rainfall model using SSTA in the MDR, rainfall rate and 

windspeed. 

 

More widely, the major outstanding questions in TC research which still need to 

be addressed are: 

• Where and with what frequency and intensity will landfalling TC tracks 

occur in the future? 

• Will there be more damage from TCs in the future from wind, storm surge 

or freshwater flooding? 

• What will happen to TC translation speeds in a warming climate and how 

does that impact on damage estimates? 
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