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The dependence of tropical cyclone intensification rate on the sea surface
temperature (SST) is examined in the prototype problem for tropical cyclone
intensification on an f-plane using a three-dimensional, non-hydrostatic
numerical model. The effects of changing the SST are compared with those
of changing the latitude examined in a recent paper. It is found that, the
dependence of intensification rate on latitude is largest when the SST is
marginal for tropical cyclone intensification (26°C) and reduces in significance
as the SST is increased. Further, at a given latitude, intensification begins earlier
and the rate of intensification increases with increasing SST on account of a
significant increase of surface moisture fluxes from the warmer ocean. These
higher fluxes result in higher values of near-surface moisture and equivalent
potential temperature leading to a larger radial gradient of diabatic heating rate
in the low to middle troposphere above the boundary layer. This larger radial
gradient leads to a stronger overturning circulation, which in turn leads to a
stronger radial import of absolute angular momentum surfaces and therefore
more rapid spin up. These arguments invoke the classical axisymmetric spin up
mechanism. Nonaxisymmetric issues are touched upon briefly.
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1. Introduction

In a recent study, Smith et al. (2015a) investigated
why numerical model simulations of tropical cyclones
in a quiescent environment show a more rapid rate of
intensification as the latitude is decreased. After considering
a range of physical processes involved in the intensification
of storms, it was shown that the dynamics of the frictional
boundary layer is a key element in the explanation.
In an azimuthally-averaged view of the problem, the
most prominent quantitative difference between three-
dimensional, time-dependent simulations at 10°N and 30°N
is the much larger diabatic heating rate and its radial
gradient above the boundary layer at the lower latitude.
These differences were attributed to the larger vertical

velocity found through the troposphere at 10°N because
the heating rate, itself, is approximately proportional to
the vertical velocity. Since the differences in the initial
Convective Available Potential Energy (CAPE) were found
to be relatively small between the two latitudes, the
differences in the vertical velocity must be due to the
differences in vertical velocity exiting the boundary layer.
The much larger radial gradient of diabatic heating at
10°N produces a larger radial inflow in the low and mid-
troposphere, leading to an increase in the rate at which
absolute angular momentum surfaces are drawn inwards.
Although the radial gradient of M is larger at 30°N than
at 10°N, the much larger inflow at 10°N is sufficient
to give the larger spin up rate at this latitude. These
arguments for the dependence of spin up rate on latitude
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invoke the conventional spin up mechanism (Ooyama 1969,
Montgomery and Smith 2014, Smith and Montgomery
2015) together with a boundary layer feedback mechanism
linking the strength of the boundary layer inflow to that
of the diabatic forcing. It was shown that the foregoing
differences greatly surpass the effects of rotational stiffness
(inertial stability) and evaporative-wind feedback that have
been proposed in some prior explanations.

The question immediately arises: is there evidence of a
latitudinal dependence in observations of tropical cyclones.
The answer is a qualified yes. A comprehensive statistical
analysis of Atlantic hurricanes by Kaplan and DeMaria
(2003) indicates that a larger proportion of low latitude
storms undergo rapid intensification than storms at higher
latitudes. However, latitude is not the only environmental
property affecting storm intensification: vertical shear and
sea surface temperature (SST) are additional effects that
may be factors playing a role in the statistics. Since
sea surface temperature typically increases as the latitude
decreases, the question arises as to whether this effect might
overwhelm the effects discussed by Smith et al. (2015a)
in relation to the observations. To address this question,
we seek here to isolate and quantify the effect of sea
surface temperature on the rate of intensification of storms
in relation to the effect of changing the latitude.

The paper is organized as follows. First, in section 2
we introduce briefly the numerical model used in this
study. Then, in section 3 we present a series of results.
A physical explanation for the dependence of tropical
cyclone intensification rate on sea surface temperature is
offered in section 4, based on an axisymmetric perspective.
Some issues associated with a drift in the far-field ambient
sounding, especially at the higher sea-surface temperatures
are examined in section 5.1 and some nonaxisymmetric
aspects of the problem are discussed briefly in section 5.2.
The conclusions are given in section 6.

2. The numerical model

The numerical model used for the study is different
from that used by Smith et al. (2015a), namely version
16 of CM1, a non-hydrostatic and fully compressible
cloud model (Bryan and Fritsch 2002): Smith et al.
(2015a) used a modified version of the Pennsylvania
State University/National Center for Atmospheric Research
mesoscale model (MM5). For this reason we have sought
here to reproduce and verify the results of Smith et al.
(2015a), before going on to investigate the dependence of
intensification rate on sea surface temperature. All in all
we discuss nine numerical simulations having combinations
of three different latitudes (10°N, 20°N, 30°N) and three
different sea surface temperatures (26°C, 28°C, 30°C). The
simulations relate to the prototype problem for tropical
cyclone intensification, which considers the evolution of
a prescribed, initially cloud-free axisymmetric vortex in
a quiescent environment on an f -plane as articulated in
Nguyen et al. (2008).

The calculations are performed using the three-
dimensional configuration of the CM1 model, similar to
that described by Persing et al. (2013): in particular, the
equations are as detailed therein. The main characteristics
are as follows:

(1) The domain is 3000× 3000 km in size with 570 grid
points in each horizontal direction.

(2) The inner part of the domain has the dimensions
600× 600 km with a constant grid spacing of 3 km
(this compares with a grid spacing of 5 km used by
Smith et al. 2015a).

(3) Beyond 600 km, the horizontal grid is gradually
stretched to a spacing of 10 km at the outer edges in
horizontal directions.

(4) The domain has 40 vertical levels extending to a
height of 25 km. The vertical grid spacing expands
gradually from 50 m near the surface to 1200 m at the
top of the domain.

The background thermodynamic state is based on the
Dunion moist tropical sounding (Dunion 2011). The
prescribed initial vortex is axisymmetric and in thermal
wind balance. The initial tangential wind speed has a
maximum of 15 m s−1 at the surface and at a radius of 100
km from the centre of circulation. This velocity decreases
sinusoidally with height, becoming zero at a height of
20 km. Above this height, the tangential wind is set to
zero. The balanced pressure, density and temperature fields
consistent with this prescribed tangential wind distribution
are obtained using the method described by Smith (2006).

To suppress the artificial reflection of internal gravity
waves from the upper boundary, a Rayleigh damping layer
is added at heights above 20 km. The e-folding time scale
for this damping is 5 min. Rayleigh damping is applied also
within 100 km of the lateral boundaries, which are rigid
walls.

The simple Rotunno-Emanuel (1987) water-only scheme
with a 7 m s−1 terminal fall velocity of rain is used
as a warm-rain convection scheme. For simplicity, ice
microphysical processes and dissipative heating are not
included. Radiative effects are represented by adopting
a simple Newtonian cooling approximation with a time
scale of 12 h. Following Rotunno and Emanuel (1987), the
magnitude of the cooling rate is capped at 2 K per day.

As in Smith et al. (2015a), interest is focussed on
the initial period of vortex intensification whereupon the
calculations are carried out for a period of 3 days.

3. Results

We examine in the next subsection the latitudinal
dependence of intensification rate (denoted IR) at a series
of fixed SSTs. Then, in the subsequent subsection that
follows, we highlight the SST dependence of IR at a fixed
latitude. An interpretation of these results is given in section
4.

3.1. Dependence on latitude for different SSTs

Figure 1 compares time series of maximum azimuthally-
averaged tangential wind speed, vmax and IR in a series of
calculations for one of three different latitudes (10°N, 20°N,
30°N) combined with one of three different sea surface
temperatures (26°C, 28°C, 30°C). The intensification rate
at time t is defined as the 24 hour change in maximum
azimuthally-averaged tangential wind speed, i.e. vmax(t+
12h) - vmax(t− 12h). The black solid horizontal line in
each right panel indicates the threshold value of 15 m s−1

per day. Values of IR exceeding this threshold are used
to characterize rapid intensification, often abbreviated “RI”
(Kaplan and DeMaria, 2003).
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(a) (b)

(c) (d)

(e) (f)

Figure 1. Time series of maximum azimuthally-averaged tangential wind speed (left) and intensification rate (right) in the nine CM1 calculations at
three different latitudes (10°N, 20°N, 30°N) combined with three different SSTs: 26°C (upper panels), 28°C (middle panels) and 30°C (bottom panels).

The upper panels of Figure 1 show the time series of vmax

and IR in the calculations with the lowest SST (26°C). It
can be seen that the intensification is more rapid when the
latitude is decreased. After 72 h, vmax for the vortex at 10°N
is approximately 37 m s−1. In contrast, at this time, vmax

for the vortices at 20°N and 30°N is much less with values
of ∼27 and ∼20 m s−1, respectively. Only the vortex at
10°N has an intensification rate exceeding the criterion for
RI. This RI period begins at about 40 h and lasts about 20
h. The intensification rates of the vortices at 20°N and 30°N
attain maxima of 11 and 5 m s−1 per day, respectively.

The middle and lower panels of Figure 1 show the
corresponding time series for SSTs of 28°C and 30°C. At
these SSTs, all vortices undergo a period of RI and, as
for the lowest SST, the intensification rate decreases with
increasing latitude and the time at which RI begins occurs
later. The vortices at 28°C and 30°C reach approximately

the same1 intensity after 72 h, and this intensity increases

with SST (about 50 m s−1 at 28°C and 70 m s−1 at

30°C). These results confirm and extend those of Smith

et al. (2015a), where an explanation for the latitudinal

dependence of vortex evolution was provided. In particular,

the results show that the dependence of the intensification

rate on latitude becomes comparatively less important as the

SST is increased.

1As pointed out by Nguyen et al. (2008) and Shin and Smith (2008),
there will be an intrinsic variability of vortex intensity in calculations
that start from slightly perturbed initial conditions on account of the
stochastic nature of deep convection. Therefore, small differences between
the intensity of two deterministic calculations of a few m s−1 should not
be regarded as particularly significant.
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(a) (b)

(c) (d)

(e) (f)

Figure 2. Time series of maximum azimuthally-averaged tangential wind speed (left) and intensification rate (right) in the nine CM1 calculations with
three different SSTs (26°C, 28°C, 30°C) combined with three different latitudes: 10°N (top panels), 20°N (middle panels) and 30°N (bottom panels).

3.2. Dependence on SST at different latitudes

We examine now the dependence of vortex intensification
on SST at a fixed latitude. While the information on this
dependence is contained in Figure 1, it may be helpful to
reorder the curves in a way that highlights the dependence
on SST as in Figure 2. In contrast to the dependence on
latitude at a fixed SST, it is seen that there is a strong
dependence of intensification rate and the time at which
RI commences on the SST at all latitudes. As might be
expected, the intensification rate is more rapid as the SST
is increased (see right panels of Figure 2). Moreover, the
onset of RI occurs earlier (when it occurs at all) and the
duration of RI is longer as the SST is increased. For this
reason, the final intensity after 3 days is greater for larger
SSTs, although the difference is less at 10°N than at higher
latitudes (possibly because the vortices at this latitude have

achieved a greater degree of maturity). In the next section
we explore the reasons for the foregoing behaviour.

4. Interpretation of the SST dependence

4.1. Boundary layer moisture budget

In the previous section we sought to quantify the
dependence of vortex intensification rate on SST at different
latitudes compared with the intensification rate dependence
on latitude at a fixed SST. The aim, as outlined in
the Introduction, was to assess the applicability of the
results of Smith et al. (2015a) to explain the observational
climatology of RI of Kaplan and DeMaria (2003). We
showed that the intensification rate is significantly larger
and that intensification begins sooner for larger values
of SST. Here we examine why there is this strong
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Figure 3. Time-radius plots of azimuthally-averaged surface water vapour fluxes in the nine CM1 calculations at 10°N (left), 20°N (centre) and 30°N
(right) for SST of 26°C (upper panels), 28°C (middle panels) and 30°C (bottom panels). Contour interval is 0.05 g kg−1 s−1, values between 0.1 and
0.2 g kg−1 s−1 are shaded light pink, and values greater than 0.2 g kg−1 s−1 are shaded light red as indicated in the colour bar.

dependence of intensification rate on SST. In seeking an
explanation, the obvious place to start is to examine the
differences in the azimuthally-averaged latent heat fluxes as
a function of radius and time. This is because the saturation
specific humidity increases exponentially with temperature,
implying a strong dependence of surface evaporation on the
SST and a possibly greater disequilibrium in moisture at the
sea surface2.

The surface latent heat fluxes are shown in Figure 3 for
all nine experiments. For a fixed SST, the magnitude of
the fluxes decreases with latitude and for a fixed latitude,

2In a bulk formulation, the moisture flux is proportional to the near-
surface wind speed and the degree of disequilibrium, defined as the
difference between the saturation specific humidity at the SST and the
specific humidity of the near-surface air. Here, “near-surface” is taken
conventionally as 10 m altitude.

they decrease with decreasing SST, the dependence on SST
being much stronger than that on latitude. Even so, as shown
by Smith et al. (2015a), an elevation of latent heat flux does
not necessarily lead to an increase in low-level moisture
and thereby to an increase in low-level equivalent potential
temperature and CAPE. In their study, the amount of low-
level moisture at 10°N is slightly less than that at 30°N, in
spite of the larger surface evaporation at 10°N. They pointed
out that stronger convection at 10°N is accompanied by
stronger downdraughts, which bring dry air from aloft to the
boundary layer, thereby decreasing the low-level moisture.

We have examined the time-radius profiles of surface
water vapour mixing ratio at a given fixed latitude and
found that values of near-surface mixing ratio after ∼10
to 15 hours, typically when deep convective first occurs,
are slightly less than those initially in all nine experiments
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Figure 4. Time-radius plots of azimuthally-averaged equivalent potential temperature at a height of 1.1 km in the nine CM1 calculations at 10°N (left),
20°N (centre) and 30°N (right) for an SST of 26°C (upper panels), 28°C (middle panels) and 30°C (bottom panels). Contour interval is 5 K. Shading as
indicated in the colour bar.

in agreement with the results of Smith et al. (2015a).
Nevertheless, at a particular latitude, the amount of moisture
is still appreciably larger in the calculations with higher
SSTs on account of the larger latent heat flux (not shown).
These higher values of low-level moisture are reflected
in larger values of equivalent potential temperature θe
as indicated in Figure 4. This figure shows Hovmöller
diagrams of azimuthally-averaged θe at a height of 1.1 km
for all nine experiments. We show here θe in preference to
mixing ratio because it not only increases monotonically
with mixing ratio, but is an approximately conserved
quantity both in dry and moist ascent. Moreover, its radial
distribution as it exits the boundary layer is one important
factor affecting the radial distribution of diabatic heating
rate, the other being the radial distribution of vertical

velocity at this level (see e.g. section 6 of Smith et al.
2015b).

4.2. Diabatic heating rate and secondary circulation

Figure 5 shows radius-time distribution of the azimuthally-
averaged diabatic heating rate, < θ̇ >, in the middle
troposphere (at a height of 6 km) in the three simulations
at latitude 20°N. There is clearly a strong dependence of
< θ̇ > on SST. As expected, the magnitude of < θ̇ > and
its radial gradient, ∂ < θ̇ > /∂r, are largest when the SST
is 30°C and weaken considerably as the SST is decreased. In
accordance with the classical axisymmetric balance theory
for intensification above the boundary layer, a stronger
radial gradient of < θ̇ > (a measure of the convective
forcing in the balance theory) leads to a stronger secondary
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(a) (b)

(c)

Figure 5. Hovmöller diagrams of azimuthally-averaged diabatic heating rate at a height of 6 km in a series of CM1 calculations at 20°N for SST of (a)
26°C, (b) 28°C and (c) 30°C.Values between 1 K h−1 and 10 K h−1 are shaded very light pink. Values between 10 K h−1 and 25 K h−1 are shaded
pink and values greater than 25 K h−1 are shaded red. Contour interval for thick red contours above 25 K h−1 is 25 K h−1. Values lower than -1 K h−1

are shaded light blue.

circulation. In particular, a negative radial gradient of
the diabatic heating rate leads to radial inflow in the
lower troposphere at radii outside the heating (Shapiro
and Willoughby 1982). This inflow draws absolute angular
momentum (M -) surfaces inwards above the boundary
layer and becauseM is approximately materially conserved
above the boundary layer, the inflow leads to a spin up of
tangential wind speed there.

To quantify the foregoing effect in context of balance
dynamics, we diagnose first the spatial distribution of the
time average of < θ̇ > during a three hour time interval
in the middle of the rapid intensification phase for each
of the three experiments. The height-radius distributions
of this average are shown in the upper panels of Figure
6 for the three calculations at 20°N with different SSTs.
Again it is clear that there is a large difference in the
mean heating rates between the calculations. The maximum
values of < θ̇ > reached in the calculations with SST of
26°C, 28°C and 30°C are 11 K h−1, 17 K h−1 and 22

K h−1, respectively. Consistent with the behaviour of <
θ̇ > shown in Figure 5, the radial gradient of diabatic
heating rate is considerably larger and its maximum is
located closer to the storm axis in the calculation with the
highest SST (30°C), compared with other two calculations.
Moreover, the vertical extent of high < θ̇ > values (e.g.,
those exceeding 10 K h−1) increases as the SST increases,
leading to a deeper secondary circulation.

Panels (d), (e) and (f) of Figure 6 show isotachs of radial
and vertical velocity in the balanced secondary circulation
obtained by solving the Sawyer-Eliassen equation for the
corresponding vortex and with the corresponding heating
rate distribution from panels (a), (b) and (c) as forcing.
Specifically, we solve Equation (14) of Bui et al. (2009),
neglecting both frictional forcing and the “eddy terms”. The
streamfunction contours of the overturning circulation are
shown in these panels also. Confirming the expectations,
the balanced secondary circulation is the strongest in the
calculation with the highest SST (30°C) and the weakest
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 6. Height-radius plots of the time-averaged diabatic heating rate, based on azimuthally-averaged fields from the CM1 calculations at 20°N for
SST of (a) 26°C, (b) 28°C and (c) 30°C. Contour interval for thin blue contours is 2 K h−1. Contour interval for thick red contours is 5 K h−1, values
between 5 and 10 K h−1 are shaded light pink, values between 10 and 15 K h−1 are shaded light red and values greater than 15 K h−1 are shaded
darker red. Panels (d), (e) and (f) show the corresponding streamfunction of the balanced secondary circulation obtained by solving the Sawyer-Eliassen
equation with these heating rates as forcing terms (red contours, contour interval 1 x 10 8 kg s−1). These panels show also the contours of radial wind
speed (contour interval 1 m s−1, positive values are solid blue, negative values are dashed blue) and vertical velocity (black contours, contour interval
0.5 m s−1). Panels (g), (h) and (i) show the corresponding tendencies of the balanced tangential wind (contour interval 2 m s−1 h−1, positive values are
solid red, negative values are dashed blue).

in the calculation with the SST of 26°C. In particular, the
strongest vertical motion amounts to 1.1 m s−1 at 30°C,
while it is only 0.5 m s−1 at 26°C. Similarly, the maximum
low-level inflow velocity is 3.0 m s−1 for SST of 30°C,
compared with 0.99 m s−1 in the calculation with the lowest
SST (26°C) .

Panels (g), (h) and (i) in Figure 6 show isotachs of the
tangential wind tendency in the three calculations. As might
be expected, the largest positive tendency of the tangential
wind is found in the calculation with the SST of 30°C
and amounts to 13.2 m s−1 h−1. For SST of 28°C it is
approximately 9.0 m s−1 h−1, while at 26°C it is only 5.2
m s−1 h−1.

4.3. Convective mass flux

Another diagnostic quantity that can be used to quantify
the degree of convective activity is the vertical mass flux
averaged over some area of a storm. Of particular interest
is the difference between the azimuthally-averaged vertical
mass flux at some middle tropospheric level and that near
the top of the boundary layer. The sign of this difference
provides an indication of the ability of deep convection
to ventilate the air that is converging in the boundary
layer. Moreover, the larger the difference, the stronger
is the inflow above the boundary layer on grounds of
mass continuity. In turn, the stronger the inflow above

the boundary layer, the stronger will be the spin up for
a given radial gradient of absolute angular momentum
in this region. This is esentially the conventional spin-up
mechanism, described in Montgomery and Smith (2014).

Figure 7 shows time series of the difference between
radially-integrated mass fluxes at heights of 6.3 km and 1.7
km in the three calculations at 20°N. Like θ̇, this difference
is the largest when the SST is 30°C and the smallest
when the SST is 26°C. The implication is that there will
be stronger spin up above the boundary layer as the SST
increases, consistent with the results shown at specific times
during spin up in section 4.2. Results for latitudes 10°N and
30°N are qualitatively similar (not shown). As anticipated,
the convective mass flux difference is typically largest at
the lowest latitude and decreases in magnitude when the
latitude is increased.

5. Two remaining issues

We have shown that the dependence of vortex intensification
on SST in the prototype problem for intensification may
be understood in terms of the classical axisymmetric spin-
up mechanism. However, there are two issues with the
formulation and interpretation that need to be touched upon.
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Prepared using qjrms4.cls



Dependence of tropical cyclone intensification rate on SST 9

(a) (b) (c)

(d) (e) (f)

Figure 8. Panels (a), (b), (c): Height-time diagrams of the difference between azimuthally-averaged potential temperature at time t and that at the initial
time (t = 0 h) in the lowest 0.3 km at a radius of 1000 km from the geometrical domain centre. Solid red contours indicate positive values, dashed blue
contours indicate negative values. Contour interval is 0.1 K. The thick solid red contour is 0.1 K, the thick dashed blue contour is -0.1 K. Panels (d),
(e), (f): Same diagrams, except for water vapour mixing ratio difference in the lowest 1.0 km. The first positive contour is 0.1 g kg−1 (thick solid red
contour), the contour interval is 0.5 g kg−1 for positive values. The first negative contour is -0.1 g kg−1 (thick dashed blue contour), the contour interval
is 0.2 g kg−1 for negative values. Shown are the results for the CM1 calculations at latitude 10°N.

Figure 7. Time series of the difference between azimuthally-averaged
radially integrated mass flux in the middle troposphere at a height of 6.3
km and near the top of the boundary layer at 1.7 km in a series of CM1
calculations at the central latitude of 20°N for different SSTs (26°C, 28°C,
30°C). These quantities are calculated by integrating the vertical mass flux,
where it is positive, radially out to 300 km.

5.1. Dependence of the ambient thermodynamic profile
on SST

There is a potential issue in carrying out experiments at
a fixed latitude when varying the SST, but keeping the
ambient sounding the same. In reality, the sounding, itself,
may be expected to have some dependence on the SST.
One could envision a set of experiments in which the initial
sounding is adjusted so as to be neutral to the model’s
moist convection as was done by Rotunno and Emanuel
(1987, p548). One thrust of the Rotunno and Emanuel study
was to demonstrate that tropical cyclone intensification does
not require ambient Convective Available Potential Energy
(CAPE). In essence, these authors showed that, starting
from a prescribed initial vortex, the presence of wind-
induced surface moisture fluxes generates adequate CAPE
to support inner core deep convection.

Elsewhere, Emanuel et al. (1994) have argued that
levels of CAPE over the tropical oceans are minimal,
sufficient only to offset the dissipation within clouds,
although they use a definition of CAPE that assumes
reversible adiabatic displacements. This definition includes
the effects of condensed water on air parcel buoyancy and
applies strictly to non-precipitating convection. On the other
hand, recent observations of the environment of tropical
disturbances have shown that, based on the assumption
of pseudo-adiabatic ascent, there are significant levels of
CAPE (Smith and Montgomery 2012). In the systems
analysed by Smith and Montgomery, approximately 50%
of soundings had CAPE values exceeding 1500 J kg−1

and approximately 10% had values exceeding 2500 J kg−1.
These amounts would be adequate to support modes of
convective organization just as in the middle latitudes over
land.

An unavoidable consequence of changing the SST
without changing the initial ambient profile is that the
vertical diffusion of heat and moisture near the surface may
lead to a slow evolution of the ambient sounding, thereby
changing the level of ambient CAPE during the integration
period. While this change may not be appreciable during the
comparatively short integration period here, it is an effect
that calls for investigation and quantification.

The upper panels of Figure 8 show the time evolution
of the far-field potential temperature deviation (specifically
the difference between θ at a radius of 1000 km at time t
and that at the initial time) in the lowest 300 m in the three
simulations for latitude 10°N. The lower panels show the
corresponding deviations in water vapour mixing ratio in
the lowest 1 km. One might expect the magnitude of the
deviations to be most extreme at this latitude. As expected,
the deviations of both quantities are largest when the SST
is 30°C and are almost imperceptible when the SST is
26°C. Since the near surface air temperature of the Dunion
sounding (26.7°C) exceeds 26°C, the θ actually decreases
slightly with time when the SST is 26°C and because of the
implied static stability, the decrease is confined to a very

Copyright © 2015 Royal Meteorological Society Q. J. R. Meteorol. Soc. 141: 1–11 (2015)
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(a) (b)

Figure 9. Panel (a): Potential temperature profile in the lowest 0.3 km at a radius of 1000 km (azimuthally averaged) for the CM1 calculation at latitude
10°N and SST of 30°C. Blue (left) curve shows the profile at the initial time, red (right) curve shows the profile averaged over the last 12 hours of
calculation (60-72 h avg). Panel (b): Time series of maximum azimuthally averaged tangential wind speed for the two simulations at latitude 10°N
and SST of 30°C. Blue curve shows the evolution of vmax in the “original” (control) experiment. The red curve shows the evolution of vmax in the
simulation where 60-72 h averaged ambient profile at a radius of 1000 km from the control experiment was used as the initial environmental sounding.

(a) (b)

Figure 10. Horizontal cross sections of vertical velocity at a height of 6.3 km in the CM1 calculation corresponding to latitude 20°N and SST of 28°C
at (a) 48 h and (b) 72 h. Solid red contours indicate positive values. Interval for positive contours is 4 m s−1, starting with the value of 2 m s−1. Values
between 6 m s−1 and 10 m s−1 are shaded pink, values greather than 10 m s−1 are shaded red. Dashed blue contours indicate negative values. Interval
for negative contours is 2 m s−1, starting with -2 m s−1. Values lower than -4 m s−1 are shaded light blue.

shallow layer of 50 m near the surface. In the calculations
for SSTs of 28°C and 30°C, θ increases with time on
account of the sensible heat fluxes from the warmer ocean
surface. By 72 h, θ at the lowest model level has increased
by about 1.2 K in the calculation with the highest SST
(Figure 9a). In this most extreme case, an almost neutral
layer develops in the lowest 300 m (specifically, the increase
in θ across this layer reduces from 1.3°C to less than 0.2°C).

For all values of SST, there is an increase in the low-
level moisture that extends through a deeper layer than
the increase in potential temperature (up to about 1 km
in the case of 30 deg SST), the maximum being on the
order of 2 g kg−1 near the surface. The question is: what
are the implications of these changes for the change in
far-field values of CAPE. In the most extreme case, the
average CAPE for the average vertical profile during the
last 12 h period is about 500 J kg−1 higher than the initial
value of approximately 2200 J kg−1. The next question is:
how significant is this increase in initial ambient CAPE.

To answer this question we repeated the calculation for
an SST of 30°C at a latitude of 10°N with the foregoing
averaged profiles of temperature and moisture at the initial
time. The differences in intensity evolution between this
calculation and the original one is shown in Figure 9b. Some
small differences in the intensity evolution begin to appear
after 24 h of integration, which is near the start of rapid
intensification. From the study of Nguyen et al. (2008), such
differences are to be expected on account of the stochastic
nature of deep convection in the model. Between 24 h and
72 h, the standard deviation of the difference between the
two intensity curves is ±2.5 m s−1, which on the basis of
Nguyen et al.’s results would be judged to be not significant.

5.2. Nonaxisymmetric features

Satellite and radar observations indicate that tropical
cyclones are highly asymmetric during their intensification
phase and only in their mature stage do they exhibit a
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moderate degree of axial symmetry in their inner-core
region (Montgomery and Smith 2014). This is certainly
true of the calculations described here as exemplified by
the patterns of vertical motion in the mid troposphere (at
a height of 6.3 km) for an SST of 28°C and latitude
20°N in Figure 10. At 48 h the convection is organised
in a partial ring (panel a) and by 72 hours the ring has
begun to consolidate while a band of outer convection
has begun to form also (panel b). Despite this lack of
complete symmetry, the arguments offered to explain the
dependence of intensification rate on SST in section 4 are
based on an axisymmetric perspective that would apply to
the azimuthally averaged fields. More complete arguments
would need to account also for eddy pocesses as discussed
in Persing et al. (2013) and Smith et al. (2015b).

6. Conclusions

Motivated by a desire to interpret observational data on
tropical cyclone intensification rates, we have examined
the effects of changing the SST on the intensification
rate of tropical cyclones at different latitudes. The study
complements and extends the results of a recent study
examining the latitudinal dependence only.

For a given SST, the results confirm the findings of Smith
et al. (2015a) that intensification begins earlier and the
intensification rate increases as the latitude is decreased.
However, they show important quantitative differences in
the latitudinal dependence of intensification rate as the
SST is changed. Specifically, the dependence on latitude
is largest when the SST is marginal for tropical cyclone
development (26°C) and reduces in significance as the SST
is increased. For example, at 20°N or 30°N latitude, cyclone
intensification is more strongly dependent on the SST than
at 10°N.

Furthermore, we have shown that at a fixed latitude,
vortex intensification begins earlier and is more rapid as
the SST is increased. An explanation for this behaviour is
offered in terms of the classical axisymmetric paradigm
for tropical cyclone spin up. In brief, an increase in the
SST is accompanied by a significant increase in the surface
water vapour fluxes and corresponding increases in the
low-level moisture and equivalent potential temperature.
Where boundary layer air is lofted into the vortex above,
these increases lead to a larger radial gradient of diabatic
heating in the low to middle troposphere and thereby to
a stronger diabatically-forced overturning circulation. The
stronger inflow draws absolute angular momentum surfaces
inwards at a higher rate leading to faster spin up.

The difference between the radially-integrated vertical
mass fluxes in the middle troposphere and at the top of
the boundary layer can be used as another indicator of the
strength of the inner-core deep convection. We showed that,
at 20° latitude, this difference increases with increasing
SST, an indication that, collectively, deep convection has
a progressively greater ability to ventilate the air that is
converging in within the boundary layer as the SST is
increased.

The foregoing explanations are based on an azimuthally-
averaged perspective, but the flow exhibits significant
departures from axial symmetry, especially during the rapid
intensification phase. The nonaxisymmetric features, which
are a prominent feature also of real storms, are discussed
briefly, but remain a topic for future studies.

An extension of the present study to examine the
additional effects of vertical shear and mid-tropospheric dry
air would appear to be a fruitful avenue for future research.
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