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Abstract 

We simulate tropical cyclone (TC) formation using the idealized framework of rotating radiative-

convective equilibrium. Rather than initializing the model with a weak vortex, we allow 

convection to spontaneously organize into a TC. The cloud-resolving simulations are performed 

with fully interactive radiation and surface fluxes. In order to determine how a changing climate 

impacts the intrinsic properties of a TC, simulations are run under different fixed sea-surface 

temperatures (SST). The objective is to determine how different properties of spontaneous 

cyclogenesis depend on SST. Using the model data, properties of the simulated TCs such as 

maximum intensity, rate of intensification, and time to genesis are computed and compared 

between the different temperatures. Results show that at higher SSTs, the intensification rate and 

maximum intensity of the TC is greater than lower temperatures, as expected from potential 

intensity theory and observational studies. At higher temperatures, the time to TC genesis is longer 

than at colder SSTs. We additionally compute a budget for the spatial variance of column-

integrated frozen moist static energy. This allows for the feedback processes leading to 

cyclogenesis to be examined and compared across the SSTs. Results show that the normalized 

surface flux feedback decreases with increasing SST and that there is no correlation between the 

normalized longwave feedback and SST. 
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1. Introduction: 

 Tropical cyclones (TC) are one of the most widespread destructive meteorological 

phenomena that still are not fully understood (NHC Miami 2011). It is therefore important to 

study the processes that control TC formation and intensification to improve TC forecasts and 

projections. It is widely accepted among meteorologists that climate change is real and that the 

temperatures of Earth’s atmosphere and oceans are increasing (IPCC SR15, NOAA 2019). Many 

studies have investigated the impact of a changing climate on TCs (e.g., Bhatia et al. 2019, 

Emanuel 1987, Yu et al. 2010, Emanuel and Sobel 2013, Emanuel and Nolan 2004, Knutson et 

al. 2010, Knutson et al. 2019a, Knutson et al. 2010b). Idealized computer models are among the 

tools that are used to understand how TCs are affected by a changing climate, in which various 

processes can be isolated to break down how each aspect of a TC is impacted by changes.  

  One type of idealized simulation is a radiative-convective equilibrium (RCE) model, 

which generates a statistical equilibrium between radiative cooling and convective heating. The 

convective heating is not an external source of energy in the model, but rather a response to 

radiative cooling in order to obtain an equilibrium. If a non-rotating RCE model is run for an 

extended period of time and on a large enough domain, greater than 200 km by 200 km (Muller 

and Held 2012), the random convection that is generated will start to clump together. This 

process is known as “self-aggregation” due to the model spontaneously aggregating moisture 

together without any external forcing or heterogeneous boundary conditions. When the RCE 

model is subjected to a constant rotation, the convection aggregates into a TC instead of a clump 

of organized moisture (Wing et al. 2016, Bretherton et al. 2005, Khairoutdinov and Emanuel 

2013, Muller and Romps 2018, Reed and Chavas 2015, Nolan et al. 2007). By using this type of 

idealized model in which the TC forms spontaneously, it is possible to determine the intrinsic 
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properties of the TC and its fundamental response to different climate conditions without the 

complications of other factors.  

Since it is of great importance to determine the impact of a changing climate on TCs, sea 

surface temperature (SST) is a variable of particular relevance. Data has shown that since the 

nineteenth century, the average SST in the tropics have increased by half a degree Celsius and 

are expected to increase even more (Yu et al. 2010). These increases in SSTs are thought to lead 

to an increase in TC intensity and a higher frequency of intense TCs (e.g., Knutson et al. 2019a). 

It is known that TCs can form in rotating RCE simulations at a wide range of SSTs but a 

complete breakdown of the difference in mechanisms of TC formation has not been fully 

explored (Khairoutdinov and Emanuel 2013). Therefore, the objective of this study is to fill in 

this gap of knowledge and investigate the properties of spontaneous tropical cyclogenesis 

and its sensitivity to changes in sea surface temperature. 

 

2. Literature Review: 

a)! TC Genesis: 

As observations of meteorological phenomena have increased, scientists have made 

progress on understanding the processes that generate a TC. While many studies have 

investigated the conditions needed for TC genesis, a clear-cut answer has not yet been 

discovered (e.g., Bister and Emanuel 1997, Ritchie and Holland 1997, Halverson et al. 2007, 

Elsberry and Harr 2008, Zipser et al. 2009, Raymond et al. 2011, Montgomery et al. 2012, Braun 

et al. 2013, Rogers et al. 2013, Gjorgjievska and Raymond 2014, see also the recent review by 

Emanuel 2018). One of the first studies of TC genesis was Gray (1975, 1979), who correlated six 

environmental parameters to TC frequency. These six are: the Coriolis parameter, the low-level 
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relative vorticity, the shear of horizontal wind through the troposphere, the relative humidity of 

mid-troposphere, ocean thermal energy and the difference between equivalent potential 

temperatures at the surface and 500hPa. Other studies have also emphasized the importance of 

SST and vorticity to genesis as well (Emanuel and Nolan 2004; Emanuel 2010). The 

environmental conditions needed for TC genesis are now well-known, but favorable 

environmental conditions alone are not sufficient for TC genesis to occur.    

External disturbances such as tropical waves serve as precursors to tropical cyclogenesis, 

but only a small fraction of disturbances form TCs (Dunn 1940; Riehl 1948a,b; Dunn 1951; 

Riehl 1951; Ramage 1959; Riehl 1975). A low-level vortex with a warm core structure is needed 

in order to achieve genesis. The metamorphosis from a cold-core aloft to a warm core was 

observed during the development of Hurricane Guillermo (1997) in the North Pacific (Bister and 

Emanuel 1997). A nearly saturated mesoscale column leads to this transition. TCs get their 

energy from enthalpy fluxes from the sea surface, which act to increase the moist entropy of the 

boundary layer as air flows inward toward the convecting region in a developing TC. However, 

if the column below the convection is unsaturated, evaporation of rain leads to cooling of the air, 

and the resulting downdrafts transport low entropy air into the boundary layer. Only when the 

column is saturated can these downdrafts be prevented, allowing the surface enthalpy fluxes to 

increase the boundary layer entropy and facilitate TC genesis. If convection is able to occur 

continually in the same area, rain falling for an extended period of time in a favorable 

environment (i.e., low shear) can lead to a saturated environment. It is unknown how exactly the 

environment becomes saturated or how the low-level circulation is generated; several theories 

focus on the role of a pre-existing mid-level vortex in facilitating development of low-level 

vorticity, but differ on the specifics (Bister and Emanuel 1997, Ritchie and Holland 1997, 
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Raymond et al. 2011, Gjorgjievska and Raymond 2014). Other studies emphasize the importance 

of a layer in which the incipient vortex is protected from adverse external influences like dry air 

intrusion and vertical wind shear, thus favoring the formation and maintenance of saturated air 

and TC formation (the marsupial pouch paradigm of Dunkerton et al. 2009). An alternative route 

to achieve a saturated column of air is to add energy into the column via surface enthalpy fluxes 

or radiative fluxes at the top of the column, as this occurs to drive the spontaneous aggregation of 

convection in idealized numerical simulations, described in more detail below. This “self-

aggregation” of convection may be a useful alternative framework within which to view the 

problem of TC genesis.  

b)! Self-Aggregation: 

 An idealized simulation of RCE generates a mode of convective organization known as 

self-aggregation. RCE is a statistical balance between radiative cooling and convective heating. 

The convection is generated as a response to the net radiative cooling in order to reach an 

equilibrium state and is not an external source of heat for the model (Wing et al. 2018). RCE has 

been used extensively in cloud-resolving models in order to simulate the tropical atmosphere 

(e.g., Held et al. 1993; Bretherton et al. 2005). Initially, simulations were done using one or two-

dimensional models, but three-dimensional and cloud-resolving simulations are now run due to 

increased computing power (Wing et al. 2018). RCE is advantageous due to its simplified way of 

studying Earth's climate system. Over an extended period, the tropical atmosphere statistically 

resembles RCE. This idealized configuration allows the environmental thermodynamics to be 

broken down into parameters that can be tinkered with (Nolan et al. 2007). 

When an RCE model is run without rotation one would think that the convection would 

be randomly distributed as there are homogeneous boundary conditions and forcing. However, 
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studies have shown that the convection spontaneously aggregates together (Bretherton et al. 

2005; Muller and Held 2012; Wing and Emanuel 2014; Wing and Cornin 2016; see Wing et al. 

2017 for a review). This process is named self-aggregation due to its ability to aggregate 

convection without any external forcing. The response of aggregation could be thought of as an 

instability in the RCE simulation (Emanuel et al. 2013). A dry patch of air expands and forces 

the moisture and convection together into one or several concentrated areas. In addition to the 

spatial reorganization of convection, the dry areas get drier, the moist areas get moister, and the 

domain mean gets drier; metrics related to the broadening of the humidity distribution have been 

used as a measure of the aggregation taking place (Wing et al. 2017; Wing 2019). 

Another measure related to the broadening of the humidity distribution with aggregation 

is the spatial variance of column-integrated Frozen Moist Static Energy (FMSE). Wing and 

Emanuel 2014 introduced the use of a budget for the spatial variance of FMSE in order to 

quantify the feedbacks leading to self-aggregation (described in detail in the Methods section). 

When a non-rotating RCE simulation is run, the initial positive feedbacks driving self-

aggregation are due to longwave radiation and surface fluxes. In regions with increased cloud 

cover and moisture, radiative cooling is reduced, allowing for increased convection. In the dry 

regions, clear conditions allow for an increase in radiative cooling to space (Bretherton et al. 

2005; Wing and Emanuel 2014). Surface flux feedbacks are positive due to convective gustiness 

in the moist regions generating more surface fluxes and invigorating convection. Once the 

simulation is aggregated, the surface fluxes oppose the aggregation because they also depend on 

boundary layer humidity (Bretherton et al. 2005; Muller and Held 2012; Wing and Emanuel 

2014; Wing and Cornin 2016). While studies disagree on specific aspects of self-aggregation, it 

is agreed upon that cloud radiative feedbacks play a robust role (Wing et al. 2017). While it is 
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unknown exactly how the self-aggregation emerging in these idealized simulations manifests in 

the real atmosphere (Holloway et al. 2017),  self-aggregation and the radiative-convective 

feedbacks that drive it are thought to be related to the Madden-Julian Oscillation (Arnold and 

Randall 2015; Khairoutdinov and Emanuel 2018) and TCs (Wing et al. 2016; Muller and Romps 

2018). Self-aggregation may also have important feedbacks on climate (Wing 2019). 

c)! Rotating RCE: 

 When planetary rotation is applied to an RCE simulation, self-aggregation takes the form 

of a TC (Bretherton et al 2005; Nolan et al 2007; Held and Zhao 2008; Khairoutdinov and 

Emanuel 2013; Shi and Bretherton 2014; Zhou et al. 2014; Boos et al. 2016; Reed and Chavas 

2015; Davis 2015; Wing et al. 2016; Merlis et al. 2016; Zhou et al. 2017; Muller and Romps 

2018; Wang et al. 2019). Instead of a dry patch forcing moisture to congregate, the TCs in 

rotating RCE simulations are due to a spin-up of a moist region. The initial feedbacks that lead to 

TC genesis in rotating RCE are the same as in a non-rotating simulation (Wing et al. 2016; 

Muller and Romps 2018); surface fluxes and longwave radiation are the two main drivers. Once 

the TC forms, surface fluxes take over as the dominant positive feedback. The increase in surface 

winds in a rotating framework leads to an increase in surface fluxes; thus, it becomes a greater 

positive feedback on aggregation compared to its non-rotating counterpart (Bretherton et al. 

2005; Wing et al 2016). With the increase in wind speed, wind-induced surface heat exchange 

(WISHE) acts as a positive feedback on the TC (Nolan et al. 2007; Reed and Chavas 2015; 

Muller and Romps 2018). WISHE is caused by an increase in evaporation due to enhanced low-

level winds, which then allow for more evaporation to take place, and is an energy source for the 

TC. The radiative feedbacks that contribute to TC genesis are not strictly necessary for formation 
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but significantly accelerate genesis and can even generate a weak TC all on their own in the 

absence of surface flux feedbacks (Wing et al. 2016; Muller and Romps 2018).  

 Nolan et al. 2007 described the genesis process of the TC in rotating RCE in two stages. 

The first stage is characterized by a decrease in longwave radiative cooling in moisture-rich 

areas. This leads to warming of the air and causes increased ascent, moistening, and convection. 

The second stage is brought along by WISHE as the circulation begins to contract. The low-level 

circulation transports MSE from the dry regions into the moist region, enhancing the available 

energy released by convection. 

Experiments have been done in order to test the sensitivity of TCs in a rotating RCE 

simulation by changing large scale environmental variables such as SST (Khairoutdinov and 

Emanuel 2013; Wing et al. 2016; Zhou et al. 2017). In order to study multiple TCs at once and 

have domain size not be a factor, Khairoutdinov and Emanuel (2013) used a Coriolis parameter 

that was an order of magnitude larger than the tropics. In their study, they changed the SST for 

different runs of the simulation from 21˚C to 36˚C in 3˚C increments. Their results showed that 

while the number of TCs decreased with increased SST, the intensity and size of each TC 

increased. In addition, the minimum surface pressure was lower at higher SSTs, confirming the 

findings of Knaff and Zehr 2007. Zhou et al. 2017 used interactive SST rather than fixed values 

and found that TCs were still able to be maintained even with cooler water beneath the eyewall. 

The studies mentioned above have explored the overall TC structure at different SSTs but have 

not looked into the genesis variability of each TC at different SST. This study attempts to fill in 

that gap of knowledge not explored by these other studies. 
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d)! What we know and gaps: 

We can study TC genesis and structure using idealized simulations of RCE. This model 

of the atmosphere allows for changes of large-scale environmental parameters without disrupting 

the intrinsic properties of TCs. We know that changes in the simulation design also affect the 

simulated TC. Domain size, shape, choice of physics parameterization, Coriolis parameter and 

resolution have all been shown to impact the model's depiction of a TC (Chavas and Reed 2019; 

Nolan et al. 2007; Reed and Chavas 2015; Wing et al. 2016; Khairoutdinov and Emanuel 2013; 

Emanuel and Sobel 2013).  

The general conditions needed for TC genesis are well understood. but a complete theory 

for genesis and its dependence on climate is still unestablished (Emanuel 2018). Intensification 

rates have been shown to increase in a warming climate (Bhatia et al. 2019). Potential Intensity, 

the theoretical maximum intensity of a TC, is dependent on the heat exchange between the 

surface and the ocean, so an increase in SSTs would lead to an increase in PI (Emanuel 1986; 

Emanuel 1995; Yu et al. 2010; Sobel et al 2016). While previous studies have looked into 

spontaneous TC genesis at different SSTs, there is incomplete knowledge on the subject. Wing et 

al. 2016 noted that spontaneous TC genesis occurred at SSTs between 285 K and 310 K in a 

qualitatively similar manner, but did not perform a detailed analysis of the simulations at 

different SSTs. The objective of this study is to understand the properties of spontaneous 

cyclogenesis and its sensitivity to SST. 

 

3. Methods: 

 This study examines an existing set of cloud-resolving simulations presented in 

Wing et al. (2016). The numerical model used to simulate statistical RCE is version 6.8.2 of the 
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System for Atmospheric Modeling (SAM; Khairoutdinov and Randall 2003) which is a three-

dimensional cloud-resolving model. The SAM one-moment microphysics parameterization is 

used along with the Rapid Radiative Transfer Model for longwave and shortwave radiation. 

Surface enthalpy fluxes are computed interactively based on the simulated boundary layer 

temperature, humidity, and wind fields. These representations of radiation and surface fluxes 

allow for the possibility of feedbacks, since the radiation and surface fluxes depend on the 

simulated temperature, humidity, winds, and clouds, and in turn affect the simulated atmospheric 

properties. This is in contrast to many other idealized TC simulations (e.g., Chavas and Emanuel 

2014) that used fixed radiative cooling or a prescribed mean wind in the surface flux calculation. 

While the particular choice of parameterizations may impact the exact details of the simulation, 

the goal of this project is not to explore the impact of different schemes on tropical cyclogenesis. 

The simulations are run on an f-plane with a constant Coriolis parameter of 5x10
-5

 s
-1

, which 

corresponds to a latitude of 20˚N. This model was chosen based on its use in prior studies of self-

aggregation and spontaneous tropical cyclogenesis (e.g., Wing and Emanuel 2014, Wing and 

Cronin 2016, Wing et al. 2016, Muller and Romps 2018).  

 A large domain is needed in order for TC genesis to occur: previous studies have used 

domain lengths of 960 - 4000 km, though an even larger size might be necessary for the TC to 

fully equilibrate (see Chavas and Emanuel 2014). The grid used is 512 x 512 x 64 with a 3-km 

horizontal spacing, giving a domain length of 1536 km. There are doubly periodic lateral 

boundary conditions. The upper vertical bound is 28 km with a sponge layer between 19 km and 

28 km. The 64 vertical layers are not evenly spaced, with 8 levels below the lowest 1 km and 

500m spacing above 3 km. Incoming solar radiation is held constant at 413 W/m
2
 which is close 

to the annual mean of the tropics; there is also no diurnal cycle. This is done to remove the 
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variability in the TCs intensity due to changes in incoming solar radiation. Six SSTs were 

examined, each representing average values of past, present, and future oceans: 285 K, 290 K, 

295 K, 300 K, 303 K, and 305 K. These temperatures are fixed in space and time and are not 

affected by rain cooling or other processes. Two simulations were performed at each SST in 

which a second ensemble member, a separate set from Wing et al. 2016, run for this study, was 

initialized by different random noise. The two ensemble members are referred to as “seed 3” and 

“seed 4.” The first ensemble member simulated 100 days while the second simulated 50 days, 

which encompassed the genesis and maximum intensity of each storm. A variable time step is 

used with a maximum value of 12 seconds. 

 Each of the twelve simulations was initialized with an average sounding based on the last 

20 days of a 100-day RCE simulation performed in a smaller domain at each corresponding SST. 

This allows each simulation to have an equilibrated atmosphere for its specific SST. The large 

domain TC simulations at different SSTs therefore represent different climate states, not just 

locally different SST. The same initial sounding is applied to each grid cell; there is no gradient 

between grid cells and the conditions are homogeneous across the domain. Initial random noise 

(random perturbations in the boundary layer temperature) is used to initialize convection. It 

might be expected that the random convection would stay random but, as the simulation runs 

longer, convection instead self-aggregates and forms a TC. 

Figure (1) is taken from Wing et al. 2016, which shows the precipitable water on four 

different days in the simulation run with an SST of 305 K. As the TC starts to form, the moist 

region becomes more concentrated as it is surrounded by the dry region.  Figure (2) shows the 

analysis of outgoing longwave radiation (OLR) at day 80 in a simulation similar to Wing et al. 

2016 except run at an SST of 300 K. Both figures show a well-defined TC late into each 
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simulation’s life. Each model run generates meteorological variables that are used to diagnose 

the processes taking place at each time step as well as over the lifetime of the simulation. Some 

of the variables included are:  

●! reference pressure and pressure 

perturbation 

●! surface sensible and latent heat flux 

●! u and v wind components 

●! precipitation rate 

●! precipitable water 

●! longwave and shortwave heating rate 

●! zonal and meridional velocity 

●! air temperature  

●! cloud top temperature 

●! vertically integrated frozen moist static 

energy 

These variables were used to examine the structure of the TC at each SST and compare 

each simulation to one another. In addition we looked at a couple azimuthally averaged 

variables: 

●! tangential wind 

●! radial wind 

●! vertical wind 

●! virtual temperature 

To calculate the azimuthally averaged values, the center of each storm was calculated by finding 

the minimum surface pressure over the domain and converting to polar coordinates. Six hourly 

averages of each variable were calculated. Graphical images were produced for each storm to 

visualize the structure. A combination of Python and Matlab was used in order to do these 

calculations as well as plotting the data. Metrics related to TC intensity that were calculated 

included: 

●! maximum near-surface wind speed 

●! minimum surface pressure 

●! potential intensity 

●! maximum and total precipitation rates 

●! rate of intensification 

Metrics related to TC size that were calculated included: 
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●! radius of maximum winds ●! radius of tropical storm and hurricane-

force winds 

Metris related to tropical cyclone genesis that were calculated included:  

●! time to genesis ●! time to max wind speed 

Near-surface wind speed V was calculated using the u and v wind components at every grid 

space at the lowest model level (37 m), with the formula V= �∀ + �2. For every output time 

step, the highest wind speed at any point in the domain was identified as the maximum wind 

speed. Genesis of a TC in this project is defined as the time when the maximum wind speed at a 

given time reaches 18 m/s winds (tropical storm strength). This definition for genesis is arbitrary 

but is chosen because the metric is easy to compare between each of the simulations and 

calculate. In order to better compare each simulation to another, aligning each simulation in time 

about a common reference, such as the time of max intensity, was one way to easily visualize the 

difference in intensification rates. The intensification rate for each TC was calculated as 
%&

%∋
; both 

the maximum intensification rate and the average intensification rate over a period of time were 

considered. 

 Potential intensity (Emanuel 1986, Emanuel 1995) is an important theoretical constraint 

on the intensity of a TC and is given by: 

�) =
+,

+−

./0.1

.1
(�4

∗ − �) (1)  

where Vs is the maximum surface wind speed, Ck  is the exchange coefficient of heat and water, 

CD is the drag coefficient, Ts is the sea surface temperature, TO is the outflow temperature, k0
*
 is 

the enthalpy at the surface and k is the enthalpy of the air. Potential intensity is based on the 

theory that a TC works like a Carnot heat engine, with the storm gaining energy via latent heat 
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fluxes as air flows toward the center. The air then ascends adiabatically to the top of the storm 

and flows outward, where heat is lost to space (at a rate equal to that from moist adiabatic 

descent back to the surface). The energy input from latent heat fluxes is thus converted, with a 

thermodynamic efficiency, to mechanical work in the form of the winds that are dissipated at the 

sea surface. Based on the SST, profiles of atmospheric temperature and humidity, and a ratio of 

enthalpy exchange to drag coefficients, the maximum potential wind speed of the TC can be 

calculated. The algorithm from Bister and Emanuel (2002), Matlab code for which is available 

on Prof. Emanuel’s website
1
, was used to calculate the potential intensity. The initial sounding 

for each corresponding TC was used to calculate the potential intensity, which was then 

compared against the observed max intensity. 

An additional analysis that was performed is the budget for the spatial variance of 

column-integrated FMSE. Introduced by Wing and Emanuel (2014), this framework quantifies 

feedbacks that contribute to the amplification of FMSE anomalies (FMSE spatial variance) and 

the aggregation of convection (Wing and Cronin 2016) and formation and intensification of the 

TC (Wing et al. 2016; Wing et al. 2019). FMSE is given by: 

ℎ = �:� + �� + �?� − �Α�Β,DΕ (2) 

where h is the frozen moist static energy, cp is the specific heat of dry air at constant pressure, Lv 

is the latent heat of vaporization, q is the water vapor mixing ratio, Lf is the latent heat of fusion, 

and qc,i' is the condensed ice water mixing ratio. The benefit of using FMSE is that it is 

conserved adiabatically and its column integral is undisturbed by convection. The budget 

equation for the evolution of column-integrated frozen moist static energy variance given by: 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!
1
 ftp://texmex.mit.edu/pub/emanuel/TCMAX/ 
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%?ΦΓ(Η)

%∋
= 2 ℎ′�′Λ + 2 ℎ′�′Ν + 2 ℎ′�′Ο − 2 ℎ′∇Η ∙ �ℎ  (3) 

where FK is the surface enthalpy flux, NS is the column shortwave flux convergence, NL is the 

column longwave flux convergence, and ∇Η ∙ �ℎ	is the horizontal convergence of the density-

weighted column integral of the flux of frozen moist static energy. This equation incorporates 

feedbacks of longwave and shortwave radiation, surface fluxes, and advection, in which a 

positive value means a positive feedback (tending to increase FMSE variance, favoring 

aggregation and TC development).  The brackets denote the 2D domain mean value, the hat 

denotes a mass-weighted column integral and the prime denotes the anomaly from the domain 

mean. 

 

4. Results 

a)! Structure 

We examined different variables of each storm, such as outgoing longwave radiation 

(OLR), precipitable water (PW), and winds, at five different times through its life cycle as seen 

in Figures (3)-(8). The times that were chosen are the time of the storm’s maximum intensity, 

time of the maximum intensification rate, and time of genesis (defined in the methods section). 

An additional two times were examined in order to fully capture how the storms evolve; a time 

in between the TC’s genesis and maximum intensity, as well as day fifteen of the simulation. The 

spin up of each storm is similar for all of the simulations. At day fifteen, convection is 

unorganized and there is no clear patch of moisture. Once the storm reaches its genesis it 

becomes more aggregated and better defined, continuing to aggregate and take the shape of a TC 

when the storm reaches its time of lifetime maximum intensity. Comparing the OLR plots 

between the SSTs convection appears to be more aggregated at the warmer SSTs, but this is 
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deceptive. The appearance of clearer/drier air surrounding the TC in the warmer SST simulations 

is due to larger values of OLR at higher SSTs emitted by the surface, compared to lower OLR 

values emitted at lower SSTs. 

Comparing the amount of PW per simulation, the range in values for PW in each SST’s 

simulation change following the Clausius-Clapeyron equation which states that a warmer 

atmosphere can hold more water. The PW plots also show how the moist patch is moister and the 

dry patch is drier in the warmer simulations, as expected following Clausius-Clapeyron. When 

looking at the wind field for all of the simulations, the winds are not well defined at the time of 

genesis, but at the time of lifetime maximum intensity there is a clear center to the storm with 

wind speeds decreasing farther from the center. Visually it is hard to tell the size of each storm's 

wind field.  

In order to get a better look at the wind field at the time of maximum intensity, we look at 

the radial structure of the azimuthally averaged near-surface tangential wind seen in Figure (9).  

The 300 K through 305 K simulation structures are relatively the same for both seeds, the 

difference being the max intensity and the radius of maximum winds. For the 285 K through the 

295 K simulations, the storm's maximum intensity increases and its location moves closer to the 

center as the simulation’s SST warms. However this is not true for the 285 K and 290 K 

simulations of seed 4. The 285 K seed 4 simulation has a similar radius of maximum winds to 

the 300 K simulation but at a much lower intensity. The storm barely gets to hurricane force (≥ 

33 m/s), and its radius of tropical storm force winds (≥ 18 m/s) are the smallest of any 

simulation at about 50 km. The 290 K seed 4 simulation does not even get to hurricane force 

winds and it does not have a well-defined peak of the maximum winds, unlike the other 

simulations. For the storms that have intensities above hurricane force, the radius of hurricane 
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force winds extends out to a similar distance of about 40 km. With respect to the tropical storm 

force winds, there is a divide between the warmer simulations and the cooler simulations. In the 

300 K through 305 K simulations, tropical storm force winds extend out to about 100 km, but in 

the 285 K through 295 K simulations they extend out to about 130 km or greater.  

While the radial structure of near-surface tangential wind in each of the simulations is 

helpful for comparing the structure of each TC, we also examine the azimuthally averaged radial 

and vertical winds as well as the virtual temperature as a function of radius and height at the time 

of maximum intensity, which can be seen in Figures (10) through (15). All six simulations depict 

the typical structure of a TC. Each storm has an area of tangential winds that increase in intensity 

and height moving away from the center of the storm that then gradually decrease the farther 

away it is from the area of maximum tangential winds. The radial winds depict inflow near the 

surface and outflow at the top of the storm, and the vertical winds show rising motion near the 

center. Also each storm has a warm core as shown by the temperature anomalies. While all these 

storms have the same general structure, the intensity of each one of these properties increases 

with SST. As seen in Figure (9), increasing SSTs leads to an increase in maximum intensity of 

the tangential winds as well as the radius of maximum winds moving closer to the center of the 

storm. The area of the strongest tangential winds also extends farther up in the atmosphere at the 

warmer SSTs compared to the cooler ones. The vertical winds are much weaker at the lower 

SSTs but increase at the warmer SSTs. The radial winds show that inflow toward the center of 

the storm and outflow away from the center are stronger at the warmer SSTs. The temperature 

anomalies show that all 6 simulations have a warm-core with the core becoming more compact 

at the warmer SSTs. All four of these variables show that the storm is stronger at its maximum 

intensity as the SST increases. More air is advected in and out of the storm as seen through the 
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radial winds, increasing surface enthalpy fluxes and thus allowing the storm to intensify. We also 

see the storm extend higher up in the atmosphere at the warmer SSTs, especially seen through 

the height of the radial outflow at the top of the storm.  

b)! Intensity 

We examine the time series of the hourly averaged maximum near-surface wind speed to 

determine how the storms’ intensity evolves through its lifetime. Figure (16a) shows that at the 

cooler SSTs, the storm reaches a lower lifetime maximum intensity (LMI) than at the warmer 

SSTs. The 285 K simulation barely gets above hurricane force winds while the 305 K simulation 

reaches nearly 100 m/s. The set of additional ensemble members indicates the same general trend 

of higher LMI in the simulations at higher SSTs (Figure (16b)). However, the timing that each 

simulation reaches its LMI is different across ensemble members at a given SST; this will be 

discussed further in the next section. 

We plot each simulation's lifetime maximum intensity in relation to potential intensity 

(PI) in Figure (17).  We clearly see what was shown in Figure (16), that as SST increases so does 

the storm’s LMI. There is a drop-off in the rate at which LMI increases with SST between the 

303 K and 305 K simulations, with the change in LMI being less than 5 m/s between the two 

SSTs for both ensemble members. For the warmer SSTs, the variability in the LMI between each 

ensemble member is less than that of the cooler SSTs. The only simulation whose LMI is greater 

than the next warmest SST is the 285 K seed 4 ensemble member.  

Comparing the storm’s LMI to its theoretical PI, we expect that at higher SSTs the PI 

would be greater as the increase in SST leads to an increase in energy gained through surface 

enthalpy fluxes. In Figure (17) it is clear that PI is increasing with increasing SST (as expected 

from theory, Emanuel 1987), with an average rate of 2.712 m s
-1 

K
-1

, which is skewed due to the 
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change in PI between 303 K and 305 K. The figure shows that an increasing SST leads to an 

increase in the TC’s LMI and that LMI scales with PI, which increases with increasing SSTs. Of 

all six SSTs, the only one in which LMI exceeds PI is both ensemble members of the 303 K 

simulation. The relationship between LMI and PI is linear with high correlation coefficients, all 

above r
2 
= 0.95, calculated over all the simulations and each set of ensemble members. 

c)! Genesis and Intensification 

As shown in the time series in Figure (16), there is substantial variability in the time it 

takes for the storm to form and to reach its maximum intensity. Figures (18a) and (18b) show the 

variability of when each storm forms and reaches its maximum intensity. The two plots are 

nearly identical (just offset by a few days) since once the storm reaches genesis, the winds 

rapidly intensify until it reaches its maximum intensity as seen in Figure (16). We also examined 

the time between genesis and LMI and found no clear relationship between it and SST (not 

shown). The general trend between SST and TC formation and intensification is at the higher 

SSTs, the storm takes longer to form and reach its maximum intensity than at the cooler SSTs 

(Figure (18)). No storm forms earlier than 15 days into the simulation and the only storm that 

takes longer than 35 days to form is the 305 K seed 3 ensemble member, which forms around 

day 47. In Wing et al. 2016, the time to genesis for the five ensemble members of the 305 K 

simulations varied greatly, between 26 to 63 days. In the 305 K seed 3 ensemble member, the 

maximum winds oscillate near tropical storm force starting around day 30, but is not until around 

day 50 that the storm is able to continuously maintain winds stronger than tropical storm force 

and rapidly intensify like the other simulations. While there is a relatively high correlation 

between SST and the time to genesis (r
2
 = 0.73) as well as the time to LMI (r

2
 = 0.72), both the 

time to genesis and time to LMI do not monotonically increase with SST; there is variability, and 
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likely more variability than is captured by only a 2-member ensemble at each SST. The 305 K 

seed 3 simulation may also lead to a decrease in the correlation as it causes the line to look more 

like an exponential growth rather than a linear increase. This is reflected in the comparison of the 

correlation coefficients for the seed 3 set of simulations and the seed 4 set of simulations, in 

which seed 4 has a higher r
2
 value. 

Considering again the temporal evolution of wind speed in each simulation, in most 

simulations the TC continues to intensify after formation, but in others, the TC intensifies for 

some time before pausing its intensification or weakening, before again resuming intensification 

(for example, the seed 3 290 K simulation and seed 4 305 K simulation; see Figure (16)). There 

is also substantial high frequency variability in the maximum wind speed; even within a period 

of overall intensification, the wind speed may intermittently decrease from one hour to the next. 

Therefore, to quantify a meaningful intensification rate, we smooth the wind speed time series 

with a 24-hour running mean. We also smoothed the winds using a 6- and 12-hour running mean 

and found that the 24-hour smoothing removed the variability in intensity the most. We consider 

each simulation's maximum intensification rate (before the time of LMI) based on this 24-hour 

running mean and compare it to PI in Figure (18). Overall, there is a high correlation between 

intensification rate and PI (r
2
 = 0.92) despite some outliers. The 300 K seed 3 ensemble member 

stands out as an anomaly, as it has a lower maximum intensification rate than both of the 295 K 

simulations. Considering the evolution of the 300K simulation (Figure (16)), the storm’s 

maximum intensity at each time step intensifies at a slow rate and also has a small period of 

weakening prior to more intensification. The other simulations intensify more smoothly, at what 

appears to be an exponential rate, as the storm approaches its maximum intensity. The 

correlation between PI and maximum intensification rate indicates that the intensification rates of 
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TCs increase with warming following the thermodynamic potential for TCs (consistent with 

Emanuel 2017 and Bhatia et al. 2019).  

The average intensification rate between the time of genesis and the time of LMI behaves 

similarly to the maximum intensification rate (Figure (20)). The average intensification rate 

increases with SST between 290 K and 303 K. Seed 4 produces a similar pattern of average 

intensification rate to seed 3, except seed 4 has a higher average intensification rate, indicating 

random variability in the magnitude of intensification rate. It is interesting to note that the 290 K 

simulations have a lower average intensification rate compared to 285 K and that the average 

intensification rate is less in 305 K simulations than in the 303 K simulations. This again reflects 

random variability in TC intensification statistics that is likely under sampled by the 2-member 

ensemble here. We also see there is a good correlation between average intensification rate 

between genesis and the time of LMI and PI with a large correlation coefficent  (r
2 
= 0.82). 

While this is not as well correlated as the maximum intensification rate vs. potential intensity, it 

still gives an indication that intensification rate scales with PI and SST. 

d)! Feedbacks 

Figure (21) shows the daily-mean maximum wind speed and daily- and domain-mean 

spatial variance of FMSE up until the storm reaches its maximum intensity. This plot shows that 

as wind speeds increase, so does the domain-mean variance of FMSE. There is a strong 

correlation between the two values up until the storm’s LMI, with the correlation coefficient 

decreasing with increasing SST. The slope of the regression line between FMSE variance and 

wind speed also depends on SST. If we consider all times over the storm’s lifetime and not just 

the time to genesis, wind speed and the FMSE variance are still correlated but with a slightly 

lower correlation coefficient. This may reflect intensity variability that occurs after the storm has 
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formed (with many storms weakening significantly, sometimes all the way to tropical storm 

force, before re-intensifying – see Figure (16)), but the convection remains aggregated with high 

FMSE variance.  

Figure (21) shows that with increasing intensity, the domain mean FMSE variance also 

increases. This relationship indicates that the processes contributing to the increase in FSME also 

contribute to TC formation and intensification (Wing et al. 2016, Wing et al. 2019). Thus we 

examine the different terms of the FMSE variance budget around the time of genesis, seen in 

Figures (22) through (27). We plot daily-averaged longwave, shortwave, surface flux, and 

advective feedbacks, as well as the total diabatic feedback (longwave + shortwave + surface flux 

feedback) from 15 days before genesis until 10 days after genesis. Both ensemble members are 

plotted together on a common axis, referenced about the time of genesis. As each storm 

approaches genesis and intensifies following genesis, the magnitude of the feedbacks increases 

as anomalies in FMSE and its sources/sinks develop. The term that enhances development of the 

storm the most (the largest positive feedback) is the surface flux feedback. In all twelve 

simulations, it plays the biggest role before and after genesis in increasing the FMSE variance 

and contributing to TC formation and intensification. This is consistent with Emanuel et al. 2018, 

which says that surface fluxes are the main drivers of TC formation and intensification. The 

longwave feedback is positive in each simulation but is smaller in magnitude than the surface 

flux feedbacks. We examined the contribution of the clear sky longwave feedback compared to 

the total longwave feedback and found that the clear sky longwave feedback was much weaker. 

Therefore, the main driver of the longwave feedback is the effect of clouds on atmospheric 

longwave cooling. The shortwave feedback is negligible and the only term to oppose 

development is the advective term. While each feedback term increases with SST due to the 
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FMSE anomalies increasing with SST following the Clausius-Claperyron equation, the goal of 

Figures (22)-(27) is to compare the evolution of these feedbacks rather than their absolute 

magnitudes. 

 In order to better compare the contribution of each feedback around the time of genesis, 

we consider the averages from three days before genesis to three days after genesis. To 

determine how the feedbacks depend on SST (beyond Clausius-Clapyeron), we normalize each 

feedback by the domain-mean variance at each time (c.f. Wing and Cronin 2016). This removes 

the expectation that the feedbacks increase with SST following Clausius-Clapyeron. Figure (28) 

shows the normalized longwave feedback in all twelve simulations as a function of SST. While 

the average normalized feedback is positive during this six day period in all simulations, there is 

no obvious dependence on SST. For the seed 3 ensemble members, the longwave feedback 

increases with SST from 285 K to 300 K,  but then decreases from 300 K to 305 K. The seed 4 

ensemble members, however, behave differently - the longwave feedback increasing with SST 

from 285 K to 290 K but decreasing from 290 K to 305 K. There is no correlation between 

longwave feedbacks and SST, in contradiction to Wing and Cronin (2016)’s results for non- 

rotating self-aggregation. We then examined the average normalized surface enthalpy flux 

feedbacks during the same time around genesis. Figure (29) shows that this feedback is stronger 

at the colder SSTs, with a strong negative correlation between the surface flux feedback and 

SST. One would expect the surface flux feedbacks would be stronger at higher SSTs because 

those simulations produced stronger storms and have warmer ocean temperatures,  and thus 

would be able to gain more energy through surface fluxes. However, the surface flux feedback 

does not depend on the absolute value of the surface fluxes, but the spatial co-variability between 

them and the FMSE.  Overall, the results of the feedback analysis are non-intuitive, as the spatial 
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variance of FMSE increases with TC intensity (Wing et al. 2019, and confirmed here (Figure 

21)) and longwave radiation and surface flux feedbacks contribute to increasing FMSE variance 

(Wing et al. 2016, Muller and Romps 2018, Wing et al. 2019), yet there is no dependence of the 

longwave feedback on SST and a negative correlation of the surface flux feedback. 

 While more analysis needs to be performed in order to better understand how and why 

these feedbacks depend on SST the way that they do, one possibility is a mismatch in timing 

between when FMSE variance increases and when the TC forms and intensifies. To assess this,  

we look at the evolution of the daily average wind speed and compare it to the evolution of daily- 

and domain-mean variance of FMSE. Figures (30) through (35) show these values around the 

time of genesis. As the convection starts to aggregate and the storm approaches genesis,  the 

domain-mean variance of FMSE increases. After the storm reaches its maximum intensity the 

domain-mean variance of FMSE continues to increase, reaching its peak after the time of LMI. 

There is substantial variability across simulations of the time of maximum intensity and the time 

of maximum domain-mean variance of FMSE, but in all simulations, the domain-mean variance 

of FMSE lags behind the wind speed. This may explain why the surface enthalpy flux feedback 

decreases with SSTs; the storm is not at its most aggregated state (from a FMSE perspective) 

until long after genesis.  

 

5. Conclusion 

 This study aims to fill in a gap in knowledge about spontaneous tropical cyclogenesis and 

its sensitivity to changes in SST in order to better understand how a warming climate impacts 

TCs. Six different SSTs were examined to encompass past, present and future oceans: 285 K, 

290 K, 295 K, 300 K, 303 K and 305 K. Two simulations were performed at each SST with the 
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second ensemble member being initialized by random noise. Different properties of each storm 

were examined in order to understand TCs dependence on SST. We found a robust relationship 

between the LMI and intensification rate and SST, with both quantities increasing with SST. 

This is explained by a linear scaling between both LMI and intensification rate and PI, a 

thermodynamic constraint on TC intensity. The time to genesis and time to maximum intensity 

for each storm generally increased with increasing SST. However there is a wide range of 

variability in time to genesis, which was also shown by Wing et al. 2016. We used the budget for 

the spatial variance of frozen moist static energy to quantify the processes contributing to TC 

formation and intensification. Consistent with prior work, both the longwave radiative and 

surface flux feedbacks positively contribute to TC formation and intensification. However, we 

find the normalized surface flux feedback decreases with increasing SST and that there is no 

correlation between the normalized longwave feedback and SST. There is a lag between the time 

of the storms LMI and maximum domain-mean variance of FMSE which could explain the lack 

of relationship between the longwave feedback and SST.  

 

6. Limitations and Future Work 

! This study uses a highly idealized model in order to run these simulations. While this is 

useful for examining the intrinsic nature of TCs, it may not take into account real world 

dynamical and physical aspects. The use of a one-moment microphysics package may also be 

limiting as the ability to simulate precipitation concentration was given up in order for faster 

model speeds. The size of the chosen domain also may have limited the size and height each 

storm could reach. Time was also a limiting factor. We had intended to perform a third ensemble 

member at each SST, but issues with high-performance computing resources prevented us from 
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being able to do that. In future studies, more ensemble members should be run to better constrain 

the variability in simulations. Further analysis should also be done to better understand the 

relationship between the surface enthalpy feedback and longwave feedbacks and their 

dependence on SST. Examining the impact of the feedbacks at other times, such as the time of 

maximum intensification rate and the time of lifetime maximum intensity, could give more 

insight into their impact on TC formation and intensification. Examining the evolution of the 

ratio of the surface flux and longwave feedback contributions to the total tendency of the domain 

mean variance of FMSE could also lead to a better understanding of the role each feedback 

plays. 

 

7. Figures 

 

Figure 1 

Hourly mean precipitable water (mm) for a 305 K SST with rotation (f = 5x10
-5

 s
-1

) 
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Figure 2 

Net longwave radiation at the top of the atmosphere (W/m2) on Day 80 for an SST of 300 K 
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Figure 3 

A snapshot of different variables at every grid point during five different times in the 285 K seed 3 simulation. 

Hourly-averaged outgoing longwave radiation (OLR) is plotted in the left column, hourly-averaged precipitable 

water (PW) is in the center column, and the hourly averaged near-surface wind speed is in the right column. The 

times chosen for the plots are the time of lifetime maximum intensity (TLMI), the time of maximum intensification 

rate (MaxIR), the time of genesis (Genesis), day 15 and a day in between the TLMI and TMIR. These snapshots are 

in chronological order to show the evolution. The colorbar for the PW plots is based on the maximum and minimum 

values of PW across all five times. 
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Figure 4 

The same as figure 3 for the 290 K seed 3 simulation. The only exception is that the TLMI and MaxIR take place at 

the same time so day 20 is chosen in order to have five different times. 
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Figure 5 

The same as figure 3 but for the 295 K seed 3 simulation. 
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Figure 6 

The same as figure 3 but for the 300 K seed 3 simulation. 
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Figure 7 

The same as figure 3 but for the 303 K seed 3 simulation. 
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Figure 8 

The same as figure 3 but for the 305 K seed 3. 
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Figure 9 

Radial  structure of azimuthally averaged near-surface tangential wind at the time of maximum intensity, for each 

simulation. All six SSTs from seed 3 are on plot as solid lines and all six SSTs from seed 4 are as dashed lines. The 

plot focuses on inner core structure so radius is limited to 150 km. The lines represent each SST with warmer colors 

equating to warmer SSTs. Two horizontal lines are drawn, one at 18 m/s and one at 33 m/s, to indicate tropical 

storm and hurricane force winds, respectively. 
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Figure 10 

Azimuthally-averaged tangential wind (top left), radial wind (top right), vertical wind (bottom left) and temperature 

anomaly (bottom right) as a function of height and radius. Positive values of tangential wind indicate winds moving 

into the page (counterclockwise rotation), positive values of radial wind indicates winds moving away from the 

center of the storm, and positive values of vertical wind indicate rising air. The temperature anomaly is calculated as 

an anomaly from the mean temperature at that level. Positive anomalies indicate that the values are greater than the 

mean, indicating a warm core. 

 

 
Figure 11 

The same as figure 10 but for the 290 K seed 3.  
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Figure 12 

The same as figure 10 but for the 295 K seed 3.  

 

 

Figure 13 

The same as figure 10 but for the 300 K seed 3.  
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Figure 14 

The same as figure 10 but for the 303 K seed 3.  

 

 

Figure 15 

The same as figure 10 but for the 305 K seed 3.  
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Figure 16a and 16b 

Evolution of the hourly averaged maximum near-surface wind speed across the whole domain. Panel (a) shows the 

set of simulations with the seed 3 ensemble member and panel (b) shows the set of simulations with the seed 4 

ensemble member.  While the simulations in panel (a) were run for 100 days, we plot only to day 60 in order to 

capture the maximum intensity of each storm. Panel (b) goes out to day 50 as each simulation was run only for that 

period. Each line represents a different SST, with warmer colors representing warmer SSTs. Two horizontal lines 

are drawn, one at 18 m/s and one at 33 m/s, in order to show when the storm's intensity reaches tropical storm and 

hurricane force wind speeds, respectively. 
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Figure 17 

Scatter plot of simulated lifetime maximum intensity (LMI) and potential intensity (PI). Each dot represents a 

different simulation and its color reflects the SST with the warmer simulations being warmer colors. Runs for the 

same ensemble are connected with a solid line (seed 3) or dashed line (seed 4) in order to compare the runs to one 

another. Correlation coefficients between LMI and PI for all the runs (r
2
 all) and each individual seed (r

2
 Seed 3 and 

Seed 4) are shown in the text box inset. 
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Figure 18a and 18b 

As in Figure 17, but for the comparison the time of genesis (winds >= 18 m/s) vs SST (a) and the time of lifetime 

maximum intensity vs SST (b). 
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Figure 19 

As in Figure 17 but for the simulated maximum intensification rate vs. PI. The maximum intensification rate is 

calculated by finding the maximum rate of change of the maximum wind speed smoothed with a 24-hour running 

mean. 
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Figure 20 

As in Figure 17 but for the average intensification rate between the time of genesis and the time of lifetime 

maximum intensity (LMI). The average intensification rate is the average of the same intensification rate calculation 

in figure 19 over these specific times. 
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Figure 21 

Scatter plot of the daily- and domain-mean variance of FMSE vs daily-mean maximum wind speed for all seed 3 

simulations up until the storm reaches its lifetime maximum intensity (LMI). Each SST is represented with different 

color dots, with the warmer color dots being warmer SSTs. Each SST also has a least squares linear regression line 

plotted for the scatter points with the same color. The key in the upper left shows which color represents which SST 

as well as the correlation coefficient (r
2
) for that SST. 
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Figure 22 

Time series plot showing the different contributions of each term in the FMSE variance budget to the formation and 

intensification of the simulations at 285 K. Positive values indicate the term is enhancing the formation of the storm 

while negative values indicate the term is hindering the storm. The time series displays from 15 days before genesis 

to 10 days after genesis. A vertical line is drawn at the genesis day. Each term is represented with a different color 

line shown in the upper left corner. Seed 3 terms are shown as solid lines while seed 4 is shown as dashed lines. 

 

 

 

Figure 23 

The same as figure 22 but for the 290 K. 
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Figure 24 

The same as figure 22 but for the 295 K. 

 

 

 

Figure 25 

The same as figure 22 but for the 300 K. 
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Figure 26 

The same as figure 22 but for the 303 K. 

 

 

Figure 27 

The same as figure 22 but for the 305 K. 
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Figure 28 

The contribution of the domain-mean longwave feedback < ℎ′�′Ο >! to the FMSE variance budget, normalized by the domain-

mean variance ���(ℎ), as a function of SST. The feedback is averaged over a period from three days days prior to genesis to 

three days after genesis. Each dot represents a different simulation and its color reflects the SST with the warmer simulations 

being warmer colors. Runs for the same ensemble are connected with a solid line (seed 3) or dashed line (seed 4) in order to 

compare the runs to one another. Correlation coefficients between the longwave feedback and SST for all the runs (r2 all) and 

each individual seed (r2 Seed 3 and Seed 4) are shown in the text box inset.  
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Figure 29 

As in Figure 28 but for the normalized domain-mean surface enthalpy flux feedback < ℎ′�′Ν > normalized by the 

domain-mean variance ���(ℎ). 
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Figure 30 

Time series of the daily-mean maximum wind speed and daily- and domain-mean FMSE variance ���(ℎ). The values 

for the domain-mean variance are located on the left y-axis and the values for wind speed are on the right y-axis. The 

series shows these values from 15 days before genesis to 25 days after genesis with a vertical line showing genesis. 

The domain-mean variance is indicated by the purple line and the winds are indicated by a line colored based on the 

SST used in other plots. This figure is for the 285 K seed 3 simulation. 

 

 

Figure 31 

The same as figure 30 but for the 290 K. 
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Figure 32 

The same as figure 30 but for the 295 K. 

 

 

Figure 33 

The same as figure 30 but for the 300 K. 
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Figure 34 

The same as figure 30 but for the 303 K. 

 

 

Figure 35 

The same as figure 30 but for the 305 K. 
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