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ABSTRACT
Latent heat release from condensational heating has been recognized as one of the dominating energy
sources of a tropical cyclone. Here we argue that other microphysical processes may also play an important
role. From an analysis of a real-case simulation of Hurricane Katrina (2005), it was found that cooling from
evaporation and melting of some frozen hydrometeors radially outside the eyewall region can have similar
magnitudes as condensational heating. Based on this finding, idealized thermally forced experiments were
performed. The specified heating and cooling functions mimic those found in the Hurricane Katrina run. The
results indicated that the addition of cooling enhances the lower-level inward radial winds, which in turn
increases the acceleration of the lower-level tangential winds through an enhanced transport of absolute
vorticity. Sensitivity experiments on varying the structure of the cooling functions and the background state of
the vortex demonstrate that the lower-level tangential wind acceleration is more sensitive to changes in the
vertical structure and location of the cooling than the radial characteristics. In addition, the lower-level acceleration is sensitive to variations in the inertial and static stabilities rather than the vertical tangential wind
shear of the initial vortex and its environment.

1. Introduction
Although tropical cyclone (TC) track forecast has
greatly improved, such progress remains slow for the
prediction of intensity (e.g., DeMaria and Mainelli 2005;
Rogers et al. 2006, 2013). The multiscale nature of the
processes responsible for intensity change is thought to
be a significant reason for the relative lack of progress
(Marks et al. 1998).
It is well documented that latent heating in the eyewall
fueled by enthalpy fluxes from the ocean plays a major
role in TC intensification (Malkus 1958; Malkus and
Riehl 1960; Simpson and Halverson 1998; Willoughby
1998; Heymsfield et al. 2001; Zipser 2003). However, the
role of ice processes and latent cooling is not as well understood. There is evidence that the inclusion of the ice
phase in numerical simulations can lead to a very different TC structure when compared to simulations using
only warm-rain microphysics (Lord 1984; Willoughby
a
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et al. 1984). For instance, cooling from the melting of
graupel may act to enhance the downdrafts and slow the
vortex growth rate (Lord and Lord 1988). Despite the
potential significance suggested from numerical studies,
there has been limited direct observations of microphysical properties in TCs (Jin et al. 2014), especially direct
observations of ice phase hydrometeors such as cloud
ice and snow. Thus, Rogers (2010) stated that the lack of
reliable TC intensity forecasts arises from the lack of
understanding of the response of a TC vortex and its
environment to the microphysical processes.
Over the last few decades, numerous studies using numerical models have been conducted to investigate the role
of clouds and precipitation in affecting the intensity and
vortex structure of TCs. These studies spanned a range of
complexity, from idealized two-dimensional (2D) (or axisymmetric; e.g., Willoughby et al. 1984; Pendergrass and
Willoughby 2009) and three-dimensional (3D) simulations
(e.g., Fovell et al. 2009; Sawada and Iwasaki 2010) to realcase runs (e.g., Braun 2002; Zhu and Zhang 2006; Chan and
Chan 2016). Notwithstanding this rich literature, modeling
studies with a particular focus on how the ice phase may
influence the dynamics of a TC are much more limited, and
they tend to adopt a common strategy by performing
sensitivity experiments in which some of the main
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microphysics source/sink terms (such as the terms regulating the melting of ice) are simply switched on and off (e.g.,
Zhu and Zhang 2006; Pattnaik and Krishnamurti 2007;
Yamasaki 2013). Some common findings include 1) the
vortex responds differently depending on whether the ice
phase is included or only warm-rain microphysics are considered, and 2) the evolution of the vortex structure is
sensitive to the specifics of a microphysics scheme. For example, McFarquhar et al. (2006) demonstrated that a TC
can be sensitive to the prescribed fall speed of graupel
particles. A similar conclusion is also reported by Fovell and
Su (2007) in the context of a real-case study of Hurricane
Rita (2005) and a number of idealized 3D experiments.
Similarly, Sawada and Iwasaki (2007) investigated the sensitivity of a TC to various modifications within two specific
microphysics schemes. They showed that the evolution of
the TC and its structure are highly sensitive to cooling
around the melting layer. Sawada and Iwasaki (2010) further found that when evaporative cooling is suppressed in a
simulation, a stronger storm (in terms of maximum tangential winds and minimum surface pressure) results and
the intensification is more rapid. Moreover, the radius of
maximum wind and the radius of the outermost tangential
winds become smaller. However, it should be mentioned
that by suppressing various microphysical processes within
an entire simulation, it is difficult to understand how cooling
might contribute to the modification of the TC structure
throughout different stages of its life cycle.
To summarize, previous research emphasized that TCs
are highly sensitive to the microphysics (MP). In spite of
this, exactly how each individual MP process modulates
the characteristics of TCs is poorly understood. It is one of
the main goals of the present study to make advances on
this front during the intensification phase of a TC. In
contrast to previous work that simply turns on or off some
processes within an MP scheme followed by diagnosis of
the resultant structural changes, we adopt here a different
methodology. As a first step, a real-case simulation of
Hurricane Katrina (2005) is performed. The heating and
cooling terms resulting from each distinct microphysics
process are then extracted and fitted with idealized
heating/cooling functions. Simplified numerical experiments are then conducted in the context of an initially
steady TC-like vortex thermally forced by these functions
(individually or collectively) and the numerical results are
analyzed. Thereafter, the generality of the findings is determined through a series of additional sensitivity experiments on varying various aspects of the simulation setup.
The remainder of this paper is organized as follows.
Section 2 describes the computational setup for both the
Hurricane Katrina (2005) and the accompanying idealized
experiments. Section 3 provides an overview of the simulated Katrina and describes the major MP processes
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responsible for warming and cooling during the stage of
intensification. Section 4 presents the results of the idealized
runs. Section 5 forms the subject of additional sensitivity
experiments. Section 6 contains a discussion and conclusions.

2. Setup of the numerical experiments
a. Model configuration for the real Hurricane
Katrina run
The numerical simulation is conducted with the
Weather Research and Forecasting (WRF) Model
(Skamarock et al. 2008). The model configuration
includes a 27-km outer fixed domain and three two-waynested vortex-following inner domains with horizontal
grid spacing of 9, 3 and 1 km, respectively. The vertical
grid has 27 eta (h) levels, with higher resolution in the
planetary boundary layer, and the model top is located
at 50 hPa. The initial and lateral boundary conditions
(updated every 6 h) are derived from the National
Centers for Environmental Prediction (NCEP) Final
operational global analysis data with 18 3 18 spatial
resolution. The simulation covers 72 h, from 0000 UTC
27 August to 0000 UTC 30 August 2005.
A number of subgrid-scale parameterizations for various physical processes are used. Surface heat and moisture
fluxes over water are provided by the Eta surface layer
scheme based on the Monin–Obukhov similarity theory
(Janjić 1996, 2002). Over land, these fluxes are computed
with a simple five-layer thermal diffusion land surface
scheme. The modified Mellor–Yamada–Janjić planetary
boundary layer representation (Janjić 1994) is used to
treat vertical turbulent mixing, whereas a Smagorinsky
first-order closure is employed for horizontal turbulent
mixing. Atmospheric longwave radiation is calculated
using the Rapid Radiative Transfer Model for general
circulation models (RRTMG) longwave (Iacono et al.
2008) scheme. The Goddard (Chou and Suarez 1999)
scheme is used to compute shortwave radiation. In the
outer two domains (27 and 9 km), the Grell and Dévényi
(2002) cumulus parameterization is used to simulate unresolved convection and precipitation. For microphysics
(and also precipitation), the bulk Thompson et al. (2008)
scheme is used, which explicitly predicts the mixing ratios
of cloud water, rain, cloud ice, snow, and graupel.

b. Model configuration for idealized experiments
The idealized simulations employ a modified configuration of the WRF Model, intended to simplify the interpretation of the results. The fields evolve on an f-plane
nonmoving single computational domain. The specified
Coriolis parameter f is 5 3 1025 s21, which is representative of 208N. The horizontal domain spans 600 km in each
orthogonal direction and the corresponding grid spacing
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is 2 km. The vertical grid has 28 levels and extends upward
to z 5 25 km, with z denoting the height above sea level. At
the upper boundary, a traditional Rayleigh damping layer
is imposed above z 5 20 km to prevent unphysical wave
reflection from the upper boundary. Additionally, the
vertical velocity is set to zero at the lower boundary, while
the horizontal winds obey the free-slip condition. The
lateral boundary conditions in both directions are periodic.
The initial conditions are specified by a stationary barotropic balanced axisymmetric TC-like vortex embedded
in a quiescent flow with uniform sea surface temperature of
268C (land is excluded). The radial profile of azimuthal
wind in the initial vortex at t 5 0 follows that of Rotunno
and Emanuel (1987) while the radius of maximum wind
(RMW, located at 65 km) and initial intensity (50 m s21)
closely resembles the magnitude of the simulated Katrina
during its intensification stage at 1100 UTC 28 August.
Specifically, the initial vortex is stationary due to a balance
of forces, including gradient wind and hydrostatic balance.
The corresponding pressure and density fields that keep the
vortex in balance are obtained following an iterative process. Briefly, the far field vertical profiles of pressure and
temperature are first prescribed from an initial sounding.
The gradient wind equation is then integrated radially inward from the far field to obtain the two-dimensional (radius, height) pressure field. Note that, at this step, the
temperature is held fixed to its current value. Following
this, the hydrostatic balance is applied throughout the domain to correct both the temperature and the density. Finally, the previous two steps are repeated until the fields
converge to a solution. Experiments (not shown) with the
initial vortex without any thermal forcing reveal no rapid
jump or rapid adjustment of both the flow and mass fields
indicating that the initial vortex is highly balanced. We
emphasize that the vortex is only barotropic at t 5 0.
Thereafter, the vortex deviates from a barotropic vortex as
it is driven by the thermal forcing in the WRF Model and is
subject to the lower and upper boundary conditions.
All physical parameterization schemes are excluded.
Motion is initially induced through a forcing term
added in the prognostic equation for potential temperature. This ‘‘thermal’’ forcing is specified in accordance with the major MP processes diagnosed from the
real Hurricane Katrina simulation. Specifically, each
heating term and cooling term associated with a particular MP process is independently extracted and fitted to a function of the form:
"
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FIG. 1. Minimum SLP (mb; 1 mb 5 1 hPa) for Hurricane Katrina
from 27 to 30 August for the Thompson et al. (2008) microphysics
scheme simulation (blue line) and the National Hurricane Center
Data (crosses) from Knabb et al. (2005).

where u_ max/min is the maximum amplitude of the heating
or cooling rate, rc (zc) is the center of the heating or
cooling in the radial (vertical) direction, and dr (dz) is the
radial (vertical) half-width. The constant g determines
the slope of the heating or cooling with height while the
a and b constants control the degree of decay in the radial
and vertical directions, respectively. In some preliminary
experiments it was found that when the full magnitude of
the heating was turned on at time t 5 0, unphysical radiation of transient gravity waves from the heat source
occurred. To reduce the radiation of these gravity waves
due to the adjustment of the model, it was determined
after some experimentation that the strength of the
heating or cooling is best modulated by the L(t) function
which increased linearly with time from 0 to 1 h and then
remained constant afterward. A similar procedure was
used in Paull et al. (2017) with good results.

3. Results of the real Hurricane Katrina simulation
Figure 1 shows the time evolution of the simulated
(blue line) and best track (black crosses) minimum sea
level pressure (SLP). This is one baseline metric commonly used to gauge the performance of a real-case TC
simulation. The simulation captures the intensification
stage reasonably well, although it underestimates the
initial intensity and overestimates the overall minimum
pressure by approximately 20 hPa. The former discrepancy is primarily due to the coarse-resolution (18 3 18)
NCEP data used for the model initialization. The latter
discrepancy might be the outcome of multiple reasons,
with one hypothesis pointing toward inaccurate forecast
of sea surface temperature (Zhu and Zhang 2006), while
another hypothesis suggests this to be a result of weak
model surface friction (Davis et al. 2008). Since our main
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FIG. 2. Horizontal cross sections at (a)–(e) 1-, (f)–(j) 4.5-, (k)–(o) 9-, and (p)–(t) 12-km height at 0500 UTC 28 August from the
Hurricane Katrina simulation. (a),(f),(k),(p) The sum of all the diabatic processes (K h21) at the given level. (b),(g),(l),(q) The heating
(cooling) from the condensation (evaporation) of cloud water (K h21). (c),(h),(m),(r) The cooling from the evaporation of rain (K h21).
(d),(i),(n),(s) The cooling from the melting of snow and graupel (e),(j),(o),(t) The heating (cooling) from the deposition (sublimation) of
snow (K h21). The red colors correspond to heating and the blue ones to cooling.

focus resides on the characteristics of the diabatic heating/cooling during intensification, an exact reproduction
of Hurricane Katrina is not a necessity. A decomposition
of the heating/cooling terms associated with all MP processes at two different times during the intensification
phase is described below.

Decomposition of diabatic MP processes
Figures 2 and 3 show, respectively, the horizontal
cross sections of the decomposed diabatic MP processes
at four representative vertical levels at 0500 and
1100 UTC 28 August 2005. For reference, the total diabatic MP heating/cooling is displayed in the leftmost
column. The condensation/evaporation of cloud water
term is depicted in the second column, the evaporation
of rainwater term in the third column, the melting
of snow and graupel in the fourth column, and the
sublimation/deposition of snow in the fifth column.

Each row represents a different height level: approximately above the boundary layer (at 1 km), around the
melting level of 08C (4.5 km), a level in the midtroposphere
where both warm and cold MP processes are present
(9 km), and a level in the upper troposphere where cold
MP processes dominate (12 km).
Focusing first on the lowest level (top rows), it is clear
that the majority of the heating in the vicinity of the
eyewall results from the condensation of cloud water.
Evaporation of cloud water is small as cloud water is
mainly found in the eyewall and rainband regions which
are saturated. Immediately outside of the positive
heating region lies a ring of cooling due to rain evaporation (Figs. 2c and 3c). This cooling is primarily the
result of the evaporation of rain falling out of a tilted
updraft into a subsaturated environment.
Around the melting level (second rows), the largest
contributor to the net eyewall diabatic heating is again
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FIG. 3. As in Fig. 2, but at 1100 UTC 28 Aug.

condensation of cloud water. Here, the highest positive
values are approximately 60 K h21. Directly adjacent to
the area of heating, at a radius of about 55 km, there
exists a thin region of intense cooling with magnitudes
on the order of 230 K h21 (addition of Figs. 2h and 2i
and of Figs. 3h and 3i). The radial location of this intense
cooling (outside the eyewall, produced by rain evaporation and the melting of graupel) is an indirect effect of
an eyewall cloud that tilts radially outwards with increasing height. Moving to larger radii, there also
exists a broad region of relatively weaker cooling
(around 215 K h21) due to the melting of snow. The
snow particles fall from the anvil region aloft and subsequently melt, giving rise to appreciable cooling of the
surrounding environment.
It is of interest to note from a comparison of Figs. 2c
and 2i (also Figs. 3c and 3i) that the pattern of cooling
from the melting of snow and graupel is very similar to
the pattern of cooling from the evaporation of rain. On
the other hand, the magnitude of evaporative cooling at
1 km is somewhat larger than the cooling by melting at
4.5 km. These features imply that most of the rainwater

at the lower levels originates from the melting of snow
and graupel around the melting level, and the larger
magnitude of evaporative cooling is attributable to the
larger value of the latent heat of vaporization relative to
the latent heat of fusion. In other words, ice hydrometeors (snow and graupel) contribute directly to latent
cooling when they melt to become rainwater but also
contribute indirectly to the ‘‘amplified’’ cooling at the
lower levels when rainwater from the melted hydrometeors undergoes evaporation in an unsaturated environment. For this reason, the cooling from the melting
of snow and graupel will be combined with the evaporative cooling of rainwater to study the impact on tangential wind acceleration in section 4, as these processes
mainly originate directly or indirectly from the same ice
hydrometeor source.
At the midtropospheric level (third rows), condensation of cloud water and deposition of snow are clearly the
two main heating processes, while cooling is predominantly due to the sublimation of snow. It should be
mentioned that cloud ice is included in the Thompson
et al. (2008) scheme. However, examination of the ice

Unauthenticated | Downloaded 01/09/23 03:18 AM UTC

4234

JOURNAL OF THE ATMOSPHERIC SCIENCES

mixing ratio and snow mixing ratio at 9–14 km indicates
that the value of the former is two orders of magnitude
smaller than that of the latter. Consequently, cooling
from cloud ice sublimation is negligible and is not plotted.
Within the eyewall at a height of 9 km, the heating rate
reaches ;60 K h21, similar to the magnitude at the
melting level. On the other hand, cooling is much weaker
(around 210 K h21) and is primarily distributed outside
the eyewall. Some hints of snow sublimation are observed
on the inner edge of the eyewall, which might enhance
subsidence within the eye (Ohno and Satoh 2015).
Finally, at the upper level of the troposphere (fourth
rows) where cold MP processes are expected to dominate, deposition and sublimation of snow accounts for
most of the net diabatic heating and cooling, respectively,
whereas condensation and evaporation of cloud water is
quite negligible. Similar to the midtroposphere, the eyewall is characterized by large heating values, and only
some weak cooling exists within its inner edge. In contrast
to the midtroposphere, the magnitude of heating/cooling
outside the eyewall region is much weaker.
The above decomposition indicates that during the
stage of intensification, the eyewall region is characterized by consistent heating and cooling with comparable
magnitudes. The decomposed patterns serve as a basis
in the design of idealized 3D WRF simulations with the
goal of obtaining a clearer understanding of how
heating/ooling might influence low-level tangential wind
acceleration.

4. Sensitivity of low-level tangential wind
intensification to different diabatic processes
As shown in the previous section, condensation of
cloud water and deposition of snow are the two main
processes responsible for eyewall heating throughout
the intensification stage. On the other hand, sublimation
of snow, rain evaporation, and melting of snow and
graupel tend to dominate the eyewall cooling. Using the
results from Fig. 2 as a guide, we specify four thermal
functions of the form given by Eq. (1)—one for condensation heating of cloud water, one for deposition
heating of snow, one for sublimation cooling of snow,
and one for the cooling from the combined effect of
evaporation of rain and melting of snow and graupel.
These functions (and a combination of them) are then
used to force a series of idealized 3D simulations. The
steps followed in specifying the four functions are
explained below.
First, the heating/cooling terms induced by the major
diabatic MP processes are output individually from the
model. They are then azimuthally averaged and the
variables rc and zc obtained from the radial and vertical
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locations of the maximum heating/cooling. The half
widths dr and dz and the slope coefficient g are specified
according to the structure of the simulated Hurricane
Katrina. The exact values are listed in Table 1. Figure 4
compares the results from the specified functions (right
column) with the azimuthally averaged structure from
the simulated Katrina at 1100 UTC 28 August (left
column). The first row represents a radius versus height
cross sections of the cooling terms. The second row
shows vertical cross sections taken through the vortex
center of the total diabatic heating/cooling. It can be
seen from Figs. 4c and 4d that the sum of the four
thermal functions compares reasonably well with the
results from the simulated Katrina. As the simulated
structures in Figs. 2 and 3 are quite similar, the specified
heating/cooling functions are representative of the
conditions during the intensifying stage, and not just at
one specific time.
In total, eight idealized experiments are conducted.
For discussion purposes, the diabatic processes are labeled according to their locations. Unless stated otherwise, we shall henceforth refer to the heating induced by
condensation of cloud water as low-level heating (labeled LH), cooling induced by evaporation of rainwater
and melting of snow and graupel as low-level cooling
(labeled LC), heating induced by deposition of snow as
upper-level heating (labeled UH), and cooling induced
by the sublimation of snow as upper-level cooling (labeled UC). Table 2 lists the different combinations of
thermal forcings in each experiment.
Because of the absence of friction and other physical
processes in the idealized WRF experiments, applying
the full strength of the thermal forcings listed in Table 1
would yield unrealistically large circulations in the lower
levels. For this reason, in the idealized WRF runs the
magnitudes of the thermal forcings in Table 1 are scaled
down by a factor of 5. Specifically, the maximum heating
rates and minimum cooling rates for LH, LC, UH, and
UC are reduced from 50, 215, 25, and 25 K h21 to
10, 23, 5, and 21 K h21, respectively. The other parameters in Table 1 remain unchanged.
Figure 5 depicts the time evolution of the resultant
low-level tangential wind acceleration. During the first
hour, all cases registered a gradual increase in acceleration as the forcing is specified to rise linearly to its
maximum value over the 1-h period. After the first hour,
the results tend to fall into two distinct branches. The
first branch (made up of the blue curves) comprises all
cases that include LC. The second branch (made up of
the red curves) consists of all cases that exclude LC. It
can be seen that whenever LC is included (excluded),
the simulations exhibit relatively larger (smaller) wind
accelerations.

Unauthenticated | Downloaded 01/09/23 03:18 AM UTC

DECEMBER 2018

4235

PAULL ET AL.
TABLE 1. Constants used in Eq. (1).

MP process

Max from
Katrina (K h21)

u_ max/min (K h21)

rc (km)

dr (km)

g

zc (km)

dz (km)

a

b

LH
LC
UH
UC

60
230
60
210

50
215
25
25

43
60
54
42

10
10
8
4

1
1
0
0

5.5
3.5
10.5
11

4
2
2
2

2
2
2
2

2
2
2
2

Within each branch, there are subtle differences as
depicted in the magnified inset (right panel of Fig. 5) of
the normalized acceleration from 100 to 135 min. The
normalization is performed with respect to the LH only
run. Note that when UH is included (excluded), the lowlevel wind acceleration becomes stronger (weaker). The
role of the upper-level heating in causing these subtle
differences will be addressed in a future publication.
Returning to the question of why the presence of LC
leads to a larger acceleration, we plotted in Fig. 6 the
azimuthally averaged tangential wind acceleration and
secondary circulation for experiments LH (Fig. 6a) and
LH 1 LC (Fig. 6b) at 180 min of simulation time. For
LH, the structure of the mean secondary circulation resembles the classic form, with a low-level radial inflow, a

corresponding vertical ascent through the heat source,
and a radial outflow above the heating maximum. On the
other hand, for LH 1 LC the structure is somewhat different. Here, the presence of LC induces vertical descent
through its center, which in turn acts to enhance the lowlevel circulation produced by LH. In other words, there
seems to exist a coupling between LH and LC that results
in a stronger low-level radial inflow. Stronger inflow implies larger radial transport of low-level absolute angular
momentum, which further produces larger acceleration
(as evident by the plotted magnitudes).
A question may arise as to why the cooling located
outside the RMW with 1/3 of the magnitude of the
heating can have such a strong impact? Pendergrass and
Willoughby (2009) demonstrated when the heating was

FIG. 4. Radius vs height examples of azimuthally averaged MP processes from (left) Hurricane Katrina and
(right) the respective process fitted to Eq. (1) (K h21). (a),(b) The cooling processes associated with the evaporation
of rainwater and melting of ice hydrometeors. (c),(d) The total diabatic heating/cooling profile of Katrina and the
designed function (K h21), respectively.
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TABLE 2. Description of the lines in Fig. 5.

Simulation

Line description

MP processes included

1
2
3
4
5
6
7
8

Red solid
Red dotted
Red dash–dotted
Red dashed
Blue solid
Blue dotted
Blue dashed
Blue dash–dotted

LH
LH and UC
LH and UH
LH, UC, and UH
LH and LC
LH, UC, and LC
LH, LC, and UH
LH, LC, UH, and UC

located in an area of lower inertial stability, such as the
region located outside the RMW, there is a weaker induction of the secondary circulation and, thus, a weaker
acceleration of the low-level tangential winds. To answer this question, it should first be remembered that
in a strictly balanced scenario [using, for instance, the
diagnostic Sawyer–Eliassen (SE) equation similar to
Pendergrass and Willoughby (2009)] the magnitude
(and structure) of the flow induced by a prescribed heat
source is largely determined by the radial and vertical
gradients of the heat source and not by its magnitude.
This can be clearly seen by examining the RHS of Eq.
(9) in Pendergrass and Willoughby (2009). As such,
even a small additional cooling outside of the heating
may result in large differences in the overall radial gradient of the source term within a balanced diagnostic
model to produce a large impact.
To further substantiate the above finding, we performed three experiments (SE1, SE2, and SE3, which
are further explained in the appendix) using the SE
equation to assess whether in this balanced framework
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the presence of LC can lead to a larger low-level acceleration demonstrated in the idealized WRF simulations.
In SE1, the thermal forcing consists only of LH. In SE2,
both LH and LC are included. In SE3, the SE equation is
again forced with both LH 1 LC but with a sharper
radial decay of LC (controlled by the parameter a, with
a 5 4). The plots of LH and LH 1 LC (refer to Figs. A1
and A2 in the appendix) indicate that the addition of
even weak outside cooling (1/3 the magnitude of inside
heating) can result in significant differences in the
magnitude of the forcing terms in the SE model (especially the one related to the radial gradient of the thermal forcing). Furthermore, the patterns of the low-level
tangential wind acceleration (not shown) are qualitatively similar to those from the idealized WRF simulations. There are some quantitative differences due
largely to the fact that the vertical advection of azimuthal momentum is zero in the SE framework but is
nonzero in the prognostic WRF framework. Additionally, the largest acceleration occurs in the presence of
cooling. Moreover, when LH in SE1 and LH 1 LC in
SE2 are moved radially inward toward regions of higher
inertial stability, the maximum acceleration becomes
stronger particularly for the LH 1 LC case (refer to
Fig. A3 in the appendix), implying that the conclusion of
the enhanced circulation with outside cooling remains
valid for different values of the inertial stability at the
forcing location. The consistency of the findings from
the SE model and the idealized WRF runs provides
further confidence that the presence of relatively weak
outside cooling can indeed induce nontrivial changes in
the acceleration of the low-level winds.

FIG. 5. (left) Time (min) vs tangential wind acceleration (31023 m s22) for the eight different simulations outlined in Table 2. The blue curves indicate that the LC is included in the simulation, whereas the red curves indicate
that the LC is excluded. Refer to Table 2 for the description of all of the lines. The box is an outline of the expanded
section from 100 to 135 min. (right) Expanded time vs normalized tangential wind acceleration plot based on the
box in the left panel. The normalization is taken with respect to the LH-only run.

Unauthenticated | Downloaded 01/09/23 03:18 AM UTC

DECEMBER 2018

4237

PAULL ET AL.

FIG. 6. The azimuthally averaged radius vs height cross section of the tangential wind acceleration (31023 m s22)
calculated at 180 min for (a) LH only and (b) LH 1 LC simulation. The red colors represent an acceleration of the
tangential winds and the blue colors denote a deceleration. The arrows represent the induced secondary circulation.
Lightly dashed contours in the background of (b) represent an outline of the LC.

Another question that naturally arises is whether this
coupling is restricted to the particular configuration of the
numerical experiment or whether it is a genuine feature.
To address this question, we will provide in the following
section the results from additional sensitivity experiments
on varying the structures of the background vortex, the
embedded environment, and the thermal forcing.

5. Additional sensitivity experiments
This section concentrates on two sets of sensitivity experiments. One set focuses on the modification of the
thermal forcing, specifically on varying the main parameters that control the structure of the LC forcing [refer to
Eq. (1)] while keeping LH unchanged. The second set
represents changes to the structure of the background
vortex and its environment. The design of the second set
is motivated by the fact that in a balanced framework, the
response of a TC to internal forcing is dependent on the
structural parameters of inertial stability, static stability,
and baroclinicity (Holland and Merrill 1984). Thus, these
three parameters will be varied.
To assess the response of the acceleration, a decomposition of the azimuthally averaged tangential
wind equation is performed as follows:

›y
›y
›y 0
5 2u(z 1 f ) 2 w 2 u0 z0 2 w0
,
›t
›z
›z

(2)

where all the variables are azimuthally averaged and
have their normal meanings. On the RHS of Eq. (2) the
first and third terms together represent the total radial
flux of absolute vorticity, and the second and fourth
terms are the vertical advection of tangential momentum by the mean flow and eddies, respectively. Our
analysis emphasizes the acceleration at the lower levels
governed principally by the total radial flux of absolute
vorticity. As was shown in Paull et al. (2017), the contribution from the vertical advection of tangential momentum only becomes significant at higher levels.

a. Modification of the LC forcing
Before proceeding, it is worth recalling that LC incorporates the cooling induced by rain evaporation and
melting of snow and graupel. With this in mind, it is
reasonable to expect that its overall structure (and
characteristics relative to LH) is not restricted to the
particular setup and might vary for different TCs. For
example, the relative radial distance of LC to LH can
differ when two TCs are characterized by eyewalls that
tilt differently with height. Also, the relative vertical
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TABLE 3. Description of sensitivity experiments to Eq. (1).
Parameter of Eq. (1)

Values used

rc
zc
dr
dz
a
b

55, 65, 75, 85 km
3, 4, 4.5, 5 km
5, 7, 13, 15 km
1, 1.5, 2.5, 3 km
1.6, 1.8, 2.2, 2.4
1.5, 2.5, 3, 4

distance of LC to LH may differ for TCs with different
melting levels. Here, the potential impact of such variations to the aforementioned coupling hypothesis is investigated by modifying systematically the parameters
rc, zc, dr, dz, a, and b in Eq. (1) as listed in Table 3.
Figure 7 contains a summary of the results by depicting the time evolution of the tangential wind acceleration in the time span from 60 to 250 min. Each panel

VOLUME 75

illustrates the sensitivity to variation of one particular
parameter given in the subtitle. The remaining parameters take on the default value listed in Table 1. The
different blue curves correspond to different values,
with dashed being the smallest, dotted being the largest,
and dash–dotted and solid the values in between. The
red curve indicates the resultant wind acceleration when
only LH is considered (provided here as a reference).
The significance of the relative central distance (radially and vertically) between LC and LH is reflected in
Figs. 7a and 7b. In general, the closer (farther) LC is to
LH, the larger (smaller) is the low-level acceleration of
the tangential winds, consistent with the change in the
radial gradient of the forcing discussed previously. This
result also appears to be a direct outcome of the coupling
hypothesis, with the degree of coupling inversely proportional to the separation distance of the two opposite

FIG. 7. Time (min) vs tangential wind acceleration (31023 m s22) at the lower level for six different sensitivity tests
to the constants from Eq. (1). The solid red lines in all panels represent the LH-only run. The different blue curves
correspond to different values, with the smallest value being represented by a dashed line, followed by a dash–dotted
line, then a solid line, and the largest is a dotted line. The panels are sensitivity tests to (a) the radial location of
the cooling where rc 5 55, 65, 75, and 85 km, (b) the vertical location of the cooling where zc 5 3, 4, 4.5, and 5 km,
(c) the radial half-width where dr 5 5, 7, 13, and 15 km, (d) the vertical half-width where dz 5 1, 1.5, 2.5, and 3 km,
(e) the radial exponent where a 5 1.6, 1.8, 2.2, and 2.4, and (f) the vertical exponent where b 5 1.5, 2.5, 3, and 4.
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magnitude sources. A stronger coupling implies a more
intense radial inflow which in turn induces larger inward
transport of absolute angular momentum to accelerate
the tangential wind. Additionally, Fig. 7b indicates that the
lower the vertical location of the cooling, the stronger the
tangential wind acceleration becomes. The melting of
snow and graupel to form rainwater, which in turn evaporates at the lower levels, shifts the vertical location of the
cooling downward. This effect, coupled with the enhanced
cooling due to a phase change from ice to water, would
further accelerate the low-level tangential wind.
The influence of the shape characteristics is depicted in
Figs. 7c–f. The results indicate that the acceleration is more
sensitive to changes induced in the vertical extent of LC
(Fig. 7d), and less sensitive to the remaining parameters
considered. Despite this, a general key outcome is that in
all the plots the red curve (LH only case) has systematically
the smallest values, indicating that the presence of LC
leads to more intense storms than the case without.

b. Modifications to the vortex parameters
Here we modify the initial background parameters of
the vortex in terms of the inertial stability, baroclinicity,
and static stability. The details of the modification are
given in Table 4.

1) INERTIAL STABILITY
The changes in inertial stability follow Paull et al.
(2017). The definition of inertial stability is given by


2y
1f ,
I 5 (z 1 f )
r
2

(3)

where all the variables have their normal meanings. This
parameter I2 is generally considered as a metric for the
resistance to movement of air parcels in the radial direction: the higher the inertial stability, the stronger the
resistance to radial movement. Therefore, if a given heat
source lies in a high-inertial-stability region, a reduction
in the forced secondary circulation (radial and vertical
winds) is expected (e.g., Hack and Schubert 1986;
Pendergrass and Willoughby 2009; Paull et al. 2017).
In total, nine pairs of sensitivity simulations are performed. Each pair consists of an LH 1 LC run and an
LH only run. The runs are all initialized with a basicstate vortex with the same spatial structure (rmax 5
55 km) but different maximum azimuthal wind y max. The
maximum speed ranges from 15 to 55 m s21 with 5 m s21
increments and spans I2 5 [0.21, 2.87] 3 1025 s22. The
different y max values cover that of a tropical depression
to a category 3 TC.
Despite nine pairs of simulations being conducted, for
clarity of presentation, Fig. 8a shows only two pairs of

TABLE 4. Description of sensitivity experiments to the
background vortex.
Background vortex parameter

Values used

2
Imax
B2
N2(6.5 km)

[0.21, 2.87] 3 1025 s22
25%, 50%, 75%, 100%
(1.07, 1.32, 2.20) 3 1024 s22

simulations, one for the weakest vortex (green lines) and
the other for the strongest vortex (black lines). Here the
solid curves correspond to the runs with LH 1 LC while
the dashed curves are for the experiments with LH only.
For the strongest vortex, there is a clear enhancement of
the lower-level tangential wind acceleration when LC is
present. For the weakest vortex, the enhancement is less
conspicuous but there is a clear signature after 150 min
of run time. Additionally, the tangential wind acceleration for the strongest vortex is larger than the weakest
vortex, despite a larger I2 and hence stronger resistance
to the radial inflow. The reason for this behavior can be
traced to the larger initial absolute vorticity prescribed
in the stronger vortices. As a result, the lower-level radial flux of absolute vorticity becomes greater for a
strong vortex despite a weaker secondary circulation,
consistent with the finding reported in Paull et al. (2017).
Further support for this view can be obtained through an
analysis of the tangential wind equation [Eq. (2)] by
computing the first term on its RHS.
Specifically, at the radial location of the maximum tangential wind acceleration for each of the two pairs of experiments, the azimuthal and temporal averages of the
absolute vorticity and radial winds between 60 and 250 min
were calculated. For the LH only cases, the averaged radial
winds were 20.83 (20.54) m s21 for the weaker (stronger)
vortex. Similarly, for the LH 1 LC simulations, they
were 20.68 (20.66) m s21. The corresponding averaged
absolute vorticity in the LH and LH 1 LC runs were 0.62
(1.9) 3 1023 and 0.91 (1.8) 3 1023 s21 for the weaker
(stronger) vortex, respectively. Multiplying these values
together with a minus sign in front [the first term on RHS
of Eq. (2)], the contribution of the radial flux of absolute
vorticity to the lower-level tangential wind acceleration
for the weaker (stronger) vortex turns out to be ›y/›t 5
0:53 (1:0) 3 1023 s22 for the LH only runs and ›y/›t 5
0:62 (1:2) 3 1023 s22 for the LH 1 LC experiments.
It is clear that in both the weaker and stronger vortices
there is an enhancement of the acceleration of the tangential winds when LC is included. This enhancement
is a result of the increased inward radial transport of
absolute vorticity. The response of the stronger vortex is
larger than the weaker vortex, implying that the enhancement from the cooling is more effective for a more
intense storm.
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FIG. 8. Time (min) vs tangential wind acceleration (31023 m s22) at the lower level of the LH-only (dashed lines) and LH 1 LC (solid lines)
2
simulations for (a) inertial stability I2, (b) baroclinicity B2, and (c) static stability N2. The inertial stability shows the weakest vortex (Imax
5 0.21 3
2
1025 s22 in green) and the strongest vortex (Imax
5 2.87 3 1025 s22 in black). The different values of baroclinicity are 25% (magenta), 50% (red),
75% (blue), and 100% (black). The simulations for static stability are the doubling of the static stability [N2(6.5 km) 5 2.2 3 1024 s22 in green],
reversing bottom 6 km [N2(6.5 km) 5 1.07 3 1024 s22 in red] and constant static stability [N2(6.5 km) 5 1.32 3 1024 s22 in black].

2) BAROCLINICITY
For the sensitivity on baroclinicity, four different
vortices are constructed, referred to respectively as the
25%, 50%, 75%, and 100% baroclinic experiments. The
degree of baroclinicity is governed by the vertical tangential wind shear ›y/›z obtained from a linear combination of a pure barotropic vortex and a baroclinic
vortex given in Rotunno and Emanuel (1987). Specifically, the tangential winds in the 25% baroclinic case are
calculated by adding 25% of the tangential winds from
the baroclinic vortex to 75% of the tangential winds
from the barotropic vortex. The specification of the 50%
and 75% baroclinic cases followed a similar procedure.
The winds in the 100% baroclinic experiment are simply
given by the Rotunno and Emanuel (1987) vortex. Once
the initial winds are specified, an iterative procedure
between the temperature field and the tangential wind
field is carried out to ensure approximate thermal and
gradient wind balance (Rotunno and Emanuel 1987).
The solid lines in Fig. 8b correspond to the simulations
with different degrees of baroclinicity when both LH
and LC are included. The dashed line represents the
LH-only run for the 25% baroclinic experiment (the
curves for the 50%, 75%, and 100% baroclinicity LHonly simulations are all similar and therefore not
shown). Two features can be detected. First, for all runs
with different degrees of baroclinicity, the LH-only
experiments always indicate weaker tangential wind

acceleration relative to the LH 1 LC experiments. Second, the low-level wind acceleration seems insensitive to
the degree of baroclinicity specified. This latter result can
be explained with the aid of Eq. (2). The tangential wind
acceleration at the lower levels is mainly governed by the
radial flux of absolute vorticity. Since the degree of baroclinicity has little impact on the lower-level maximum
radial winds or the maximum absolute vorticity, low-level
tangential wind acceleration is not much affected. However, differences in baroclinicity do influence the vertical
structure of the tangential wind acceleration through the
second and fourth terms on the RHS of Eq. (2). A larger
degree of baroclinicity yields larger tangential wind acceleration higher up where the vertical winds are stronger
(not shown). Consequently, the vertical advection of
tangential wind momentum increases. The effect of the
increase in vertical tangential wind momentum transport
is outside the scope of the present paper and will be reported in a future publication.

3) STATIC STABILITY
The static stability profiles are altered by changing the
potential temperature u in the original input sounding
with a corresponding change in the Brunt–Väisälä
frequency:
N2 5

g ›u
.
u ›z

(4)
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Three profiles of N2 are investigated. The first one represents an atmosphere with a constant static stability
[N2(6.5 km) 5 1.32 3 1024 s22; black curves in Fig. 8c]1
from the surface to a height of approximately 12 km and
then becomes significantly more stable higher up. The
second profile represents a doubling of the original static
stability [from Jordan (1958); N2(6.5 km) 5 2.2 3
1024 s22; green curves in Fig. 8c]. The third profile flips
the lowest 6 km and the 6 km directly above in the
original sounding [N2(6.5 km) 5 1.07 3 1024 s22; red
curves in Fig. 8c], resulting in a weakly stratified lower
level and a more strongly stratified level directly above.
Figure 8c shows the results of the simulations with the
solid curves depicting the LH 1 LC experiments and the
dashed lines the corresponding LH-only runs. Again,
the simulations with LC included yielded stronger
lower-level tangential wind accelerations. Moreover,
the role of static stability is similar to that of inertial
stability but in the vertical direction. Higher values of N2
lead to a reduction of the vertical winds and the secondary circulation, which in turn weakens the radial
inflow and the advection of absolute vorticity. Specifically, the maximum updraft speeds located at 6.5 km
were 0.24, 0.47, and 0.62 m s21 for the doubled, constant,
and flipped sounding profiles, respectively. The corresponding maximum inward pointing radial winds at the
lower level were 20.59, 21.17, and 21.55 m s21, respectively. These differences in the secondary circulation cause a reduction in the inward transport of
absolute vorticity and, therefore, a weaker low-level
tangential wind acceleration in the case with large N2.

6. Discussion and conclusions
Latent heat release from condensational heating has
been recognized as one of the dominating energy sources of a tropical cyclone. In this paper, we examined
other microphysical processes which may also play an
important role. From an analysis of a real-case simulation of Hurricane Katrina (2005), it was found that
cooling from evaporation and melting of some frozen
hydrometeors radially outside the eyewall region can
have similar magnitudes as condensational heating.
Based on this finding, idealized thermally forced experiments were performed. The specified heating and
cooling functions mimic those found in the Hurricane
Katrina run. The results indicated that the addition of
cooling enhances the lower-level inward radial winds,

1

Parameter N2(6.5 km) was chosen to compare the three profiles
because 6.5 km is the approximate height of the maximum vertical
winds in the three static stability runs.
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which in turn increases the acceleration of the lowerlevel tangential winds through an enhanced transport of
absolute vorticity. Sensitivity experiments on varying
the structure of the cooling functions and the background state of the vortex demonstrate that the lowerlevel tangential wind acceleration is more sensitive to
changes in the vertical structure and location of the
cooling than the radial characteristics. In addition,
the lower-level acceleration is sensitive to variations in
the inertial and static stabilities rather than the vertical
tangential wind shear of the initial vortex and its environment. Sensitivity tests to the maximum magnitude of
cooling were performed but not shown here. It was
found that the stronger the magnitude of cooling, the
larger the spin of the lower-level tangential winds due to
an enhancement of the inward-pointing radial winds.
From the results presented, a physical picture as to how
ice hydrometeors influence low-level wind acceleration
emerges. Principally, snow and graupel in a tilted eyewall
falls to the melting level radially outward of the region of
condensational heating. The melting ice hydrometeors
affect cooling around the melting level through the latent
heat of fusion. The melted snow and graupel form rainwater, which precipitates to the unsaturated levels below
and affects cooling through the latent heat of vaporization. Consequently, a larger radial gradient of heating
and an enhanced low-level cooling are realized to affect
the acceleration of the low-level tangential wind.
Figure 9 illustrates schematically how low-level cooling
(LC) may enhance the lower-level radial transport of absolute vorticity. There is an inward-pointing radial branch
at the lowest levels, which turns upright in the eyewall
region. A downdraft exists within the cooling region and,
on reaching the lower levels, it enhances the radially inward pointing branch of the secondary circulation but
tends to prevent the increase of tangential velocity just
outside of the radius of the maximum of LC. The enhancement of the radial winds results in an increase in the
inward transport of absolute vorticity and accelerates the
lower-level tangential winds. It should be noted that this
secondary coupling must be significantly smaller than the
initial inward, upward, outward circulation from the lowlevel heating (LH; red arrows in Fig. 9). The theoretical
maximum amount of cooling from either melting or
evaporation of hydrometeors is equal to the total amount
of water vapor condensing. Since not all of the condensate
precipitates out, this implies that cooling from evaporation
and melting must be smaller than the total heating in the
eyewall region. Since condensation is always present in the
eyewall, the cooling outside does not create the secondary
circulation but acts only to enhance it (blue arrows in
Fig. 9). Some quantification of this cooling has been
documented by Didlake and Houze (2013); however, their
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FIG. 9. Schematic of how low-level cooling outside the main eyewall region can influence the
secondary circulation, and thus the tangential wind acceleration, of a tropical cyclone. The red
arrows represent the circulation driven by condensational heating where there exists an inwardpointing radial wind branch near the surface, which turns vertically upward in the eyewall
region. The blue arrows represent the induced circulation from the cooling components occurring radially outside of the eyewall region. Here there exists an enhanced downdraft, which
near the surface adds strength to the inward-pointing radial winds from the condensational
driven circulation to create a stronger inward response.

focus was on the rainbands of a tropical cyclone as opposed
to the main eyewall region. Further experiments and observational data are required in order to more accurately
quantify how much the cooling influences the secondary
circulation.
Heating vertically higher in the atmosphere, arising from
the deposition of snow, may play a key role in tropical
cyclone dynamics. Chan and Chan (2016) found that this
stronger heating toward the top of the TC resulted in a
stronger secondary circulation and a more intense storm.
The additional heating higher may act to transport larger
values of tangential momentum vertically (Chan and Chan
2016). Depending on the location of the majority of the
deposition of snow, this could impact how strong the vertical tangential wind shear is in the eyewall region, the
slope of the radius of maximum winds (RMW) with height,
and the strength of the secondary circulation. There is an
ongoing debate as to whether the slope of the RMW with
height may be related to the intensity of a storm. Some
papers have demonstrated such a relationship (e.g., Shea
and Gray 1973; Dodge et al. 1999), while other studies have
shown no relationship (e.g., Marks and Houze 1987; Stern
and Nolan 2009). These ideas will be tested and expanded
on in a future publication.
It should be stated that there are many caveats to using
the idealized methodology presented in this paper. As
mentioned, the main goal of this study is to gain a better
understanding of how the diabatic heating/cooling arising
from microphysical (MP) processes impact(s) a tropical
cyclone (TC). However, many possible complications were
ignored in these simulations. For example, the addition of a

planetary boundary layer would significantly alter the radial wind structure and thus the transport of absolute vorticity. Another neglected aspect is the role that ice-phase
processes may play in influencing the temperature and
moisture structures through cloud radiative feedback. It has
been well documented that this feedback impacts both the
track and strength of a tropical cyclone (Fovell et al. 2009,
2010), the widening of the eye, and the enhancement of the
secondary circulation (Bu et al. 2014; Fovell et al. 2016).
Thus, future research must take into account both the influences from the planetary boundary layer and cloudradiative feedback processes to further our understanding
of the internal dynamics of a tropical cyclone.
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APPENDIX
Simulations Using the Sawyer–Eliassen Equation
To further support the idea that the cooling outside of
the RMW boosts the heating inside to enhance the secondary circulation, experiments using the Sawyer–Eliassen
(SE) model were performed. The SE equation for the
streamfunction [Eq. (14) of Bui et al. (2009) excluding
the force applied to the air in the azimuthal direction] and
the form of the thermal forcing used are
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FIG. A1. (a)–(c) Radius–height cross sections of the prescribed diabatic heating/cooling rate Q (K h21) used to drive
the SE equation: (a) diabatic heating rate only (LH), (b) diabatic heating rate plus low-level cooling (LH 1 LC), and
(c) diabatic heating and cooling rates. Here, the cooling rate decays more sharply (relative to the previous case) in the
radial direction (LH 1 LC; a 5 4). (d) Radial profile of the first forcing term on the RHS of Eq. (A1) (SE equation).
The profiles are extracted at z 5 3.4 km and are normalized to their respective maximum positive value.
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"

(A2)
Here, r is radius; z is height; x [ 1/u, in which u is the
potential temperature; r is density; z 5 ›(ry)/r›r is the
vertical component of relative vorticity; f is the Coriolis
parameter; g is the gravitational acceleration; C 5 f y 1 y2 /r
is the sum of the Coriolis and centrifugal terms; j 5 2y/r 1 f

is twice the local absolute angular velocity; Q is the diabatic
heating/cooling rate; Qmax/min is the maximum amplitude of
the heating/cooling rate; rc (zc) is the center of the heating/
cooling in the radial (vertical) direction; dr (dz) is the radial
(vertical) half-width; a (b) controls the degree of decay in
the radial (vertical) direction; and g determines the slope of
the heating/cooling with height.
Equation (A1) indicates that the thermal generation
of a secondary circulation [u 5 2(rr)21 ›c/›z and w 5
(rr)21 ›c/›r] is closely related to the radial and vertical
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FIG. A2. Radius–height cross sections of the resultant azimuthal wind acceleration ›y/›t (31023 m s22): (a) LH case, (b) LH 1 LC case,
and (c) LH 1 LC with a 5 4 case.

gradients of the diabatic heating/cooling rate. To assess
whether in this balanced framework the presence of low-level
cooling (denoted as LC in the manuscript) leads to a larger
acceleration (a consistent finding in the idealized WRF simulations), three experimental cases are examined using the
SE model. In the first case, the SE equation is forced only
with a heating term (denoted as LH in the manuscript),
whereas in the second case both a heating and low-level
cooling are taken into consideration (LH 1 LC). Figures A1a
and A1b show the respective specified spatial structures. Note
that the parameters rc, zc, dr, dz, a, b, and g used in Eq. (A2)
to construct these patterns are the same as those listed in

Table 1. In the third case, the SE equation is again forced with
both a heating and cooling term, but with the latter experiencing this time a sharper radial decay (controlled by the
parameter a, where a 5 4 is depicted in Fig. A1c). It is worth
remarking that the addition of even weak cooling can result
in significant differences in the magnitude of the forcing
terms [especially the one related to the radial gradient of
Q; first term on the RHS of Eq. (A1)]. This is clearly
depicted in Fig. A1d, which compares the radial profiles of
the aforementioned forcing term for the three cases.
Figure A2 depicts the spatial structure (r–z) along with
the maximum values of the azimuthal wind acceleration

FIG. A3. (a) Radius–height cross section of inertial stability (gray shading represents the values of I2). The solid
(dashed) red contours traces the initial B (final E) position of the diabatic heating-rate core; the illustrated Q
contours are 8, 9, and 10 K h21. (b) Maximum azimuthal wind acceleration vs radial location of the thermal forcing
(from B to E implies an inward radial shift) for diabatic heating only (LH; red dots) and diabatic heating plus
cooling (LH 1 LC; blue dots).
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›y/›t. Note that in the present scenario (axisymmetric barotropic vortex, absence of friction, absence of eddy fluxes,
and absence of subgrid-scale diffusion), ›y/›t reduces to
›y
5 2u(z 1 f ) .
›t

(A3)

Here, there are a few things to note. First, the resultant spatial
patterns of ›y/›t are qualitatively similar to those extracted
from the idealized WRF simulations (cf. Fig. A2 with Fig. 6
showing the computed ›y/›t at 180 min of the simulation).
There are some quantitative differences due largely to the
fact that the vertical advection of azimuthal momentum is
zero in the current SE framework but is nonzero in the
prognostic WRF framework at 180 min. Second, the largest
acceleration occurs in the presence of cooling. This finding is
consistent with what was found from the WRF experiment
and provides further confidence that the consideration of
relatively weak low-level cooling can indeed induce nontrivial changes in the low-level wind acceleration.
An additional important factor that can determine the
strength and overall structure of the transverse circulation in
the SE model is the inertial stability at the forcing location.
To determine whether the above outcome (low-level wind
acceleration becomes larger in the presence of cooling) remains valid if the inertial stability at the forcing location is
changed, two new sets of SE calculations are performed. In
the first set, the thermal forcing comprising only of diabatic
heating (LH) is gradually shifted radially inward toward
values of higher inertial stability. In the second set, the same
radial shift is repeated, but this time the thermal forcing comprises both heating and cooling (LH 1 LC). For
illustrative purposes, Fig. A3a sketches the initial (denoted
by the red capital letter B) and final (denoted by the red
capital letter E) radial location of the LH core (red contours) superimposed on the basic-state inertial stability I2.
Figure A3b illustrates the resultant maximum acceleration
for the two cases. Focusing first on the LH case, it can be
seen that as the thermal source shifts to regions with higher
values of I2 (from B to E), the maximum acceleration becomes larger. This is, of course, an expected outcome that
has been previously documented in the literature. For the
LH 1 LC experiment, it is evident that the presence of
cooling results in a systematic (nontrivial) amplification of
the maximum acceleration. This result casts little doubt
about the significant boosting contribution of low-level
cooling in the acceleration of the low-level winds.
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