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Abstract
Central to tropical cyclogenesis is the changing behavior of moist convection

as the cyclone evolves. Based on a cumulus ensemble model run in weak temper-
ature gradient mode, we suggest that the mid-level vortex created by early-stage
convection stabilizes the environment in way that favors further development.
In particular, modeled convection occurring in the more stable environment pro-
duces heavy rainfall and concentrated in�ow at low levels. Such in�ow is needed
for the development of the low-level vortex characteristic of warm-core tropical
cyclones. The increase in humidity which is typical of developing cyclones also
increases convective rainfall, but it does not act to concentrate the in�ow at low
levels.

1 Introduction
Under normal conditions deep convection over warm tropical oceans typically has
its maximum vertical mass �ux in the upper troposphere, implying that in�ow is
distributed through a deep layer (Yanai et al. 1973; Frank and McBride 1989; Mapes
and Houze 1993, 1995). Furthermore, downdrafts produced by this convection often
cause out�ow in the lowest levels. The typical net convective in�ow pro�le seen in
this case acts through the circulation theorem to enhance vorticity preferentially at
middle levels (Simpson et al. 1997). This type of convection is often concentrated in
the active regions of cold core tropical waves.

We do not yet understand how a warm core cyclone develops out of such a wave.
In particular, the mechanism by which a disturbance with cyclonic vorticity concen-
trated at mid-levels is converted into a system with a strong low-level circulation
remains uncertain. This question is important because the heat �ux produced by the

1



associated low-level winds is a key element in the thermodynamic engine of tropical
cyclones (Emanuel 1988).

On the basis of an idealized model, Emanuel (1989) hypothesized that shallow,
nonprecipitating convection serves to moisten mid-levels to the point that convec-
tive downdrafts are suppressed, resulting in low-level net convergence and spinup.
Observations from TEXMEX (Tropical Experiment in Mexico; Bister and Emanuel
1997; Raymond et al. 1998) revealed a rather di�erent picture. Though moistening of
middle levels by convection increases the mid-level moist entropy to a certain degree,
the decisive e�ect is the reduction of moist entropy at low levels. This diminishes
the negative vertical gradient of moist entropy in the lower troposphere, and thus
the presumed strength of downdrafts driven by the evaporation of rain. This should
enhance net in�ow at low levels, and hence result in more low-level spinup. Airborne
Doppler radar observations from TEXMEX did indeed show a progressive lowering
of the level of nondivergence (i. e., the level of maximum vertical mass �ux) and a
concentration of the in�ow at low levels as cyclone precursors intensi�ed (Raymond
et al. 1998).

An alternative perspective on cyclogenesis was developed by Simpson et al. (1997),
who noted that the low-level vortex appears to develop in conjunction with the merger
of two or more mid-level mesoscale vortices and the subsequent axisymmetrization
and intensi�cation of the combined system. However, their numerical simulations
suggest that the dry adiabatic dynamics of vortex merger is insu�cient by itself to
produce a low-level vortex; moist convection is involved in some (unspeci�ed) way.

Hendricks et al. (2004) simulated the formation of a tropical cyclone using a
high-resolution numerical model, and found that strong, rotating convective systems,
which they called �vortical hot towers�, formed lower tropospheric vortices which then
merged to produce the tropical cyclone vortex. In a sequel to this paper, Montgomery
et al. (2006) performed idealized simulations of convection within a region dominated
by an idealized mid-level mesoscale vortex in order to understand the spinup and
merger process. The vortical hot towers in this case produced strong net convergence
at low levels (≤ 2 km) in spite of the generation of signi�cant downdrafts and cold
pool production. As would be expected, spinup into a simulated tropical storm did
indeed occur in this environment. However, the reasons for the con�nement of con-
vective in�ow to low levels in this case are still not clear. Whether this is related to
stabilization by rotation, as asserted by Hendricks et al. (2004), or whether it is due
to the thermodynamic environment provided by the assumed vortex remains to be
determined.

It is evident that we need to learn more about how convection interacts with the
environment of a developing tropical cyclone. Regions of heavy rain in the tropics
tend to have environments which are both moister and more stable than in less
disturbed areas (Ramage 1971; McBride and Frank 1999). The moisturization and
stabilization are likely due to the convection itself, so non-linear feedbacks are involved
in this process. Such a modi�cation of the convective environment is indeed seen in
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easterly waves and other tropical synoptic-scale disturbances (Reed and Recker 1971;
Thompson et al. 1979; Cho and Jenkins 1987).

We �rst outline the use of a numerical cloud model in weak temperature gradient
(WTG) mode (Sobel and Bretherton 2000; Sobel et al. 2001; Derbyshire et al. 2004;
Mapes 2004; Raymond and Zeng 2005) to follow the evolution of convection in the
environment characteristic of an intensifying tropical disturbance. We then demon-
strate that the evolving conditions in cyclogenetic regions foster increasing rainfall
e�ciency. In addition, the stabilization of the environment results in a shallower
in�ow layer which enhances the low-level vorticity convergence needed for tropical
cyclogenesis.

2 Method
A useful measure of precipitation e�ciency in moist convection is the gross moist
stability (GMS; Neelin and Held 1987), which is de�ned as the ratio of the lateral
export of moist entropy (or moist static energy) from a convective region to the mass
�owing through the region. Ignoring irreversible entropy generation, the exported
entropy equals the entropy source due to latent and sensible surface heat �uxes and
radiation in a steady state. These two factors together we consider to constitute
the thermodynamic forcing of convection. The smaller the GMS, the higher is the
precipitation e�ciency.

A variation on the GMS is the normalized gross moist stability (NGMS), which
is the ratio of the laterally exported entropy to the laterally imported water vapor.
The latter equals the rainfall minus the surface evaporation in a steady state, so
the NGMS relates thermodynamic forcing directly to precipitation rate, which makes
it a useful tool for understanding the control of precipitation by the environment
(Raymond 2000).

We de�ne the dimensionless NGMS in a region as

γ ≡ −TR∇ · (us)
L∇ · (ur) =

TRδs

Lδr
(1)

where δs is the mean gain in the moist entropy of air �owing through a convective
region and δr is the mean loss of water vapor. The constants TR and L are a reference
temperature and the latent heat of condensation. The overbar combines a horizontal
integral over the region of interest and a vertical pressure integral over the depth of
the troposphere. The variable u is the horizontal wind, s is the speci�c moist entropy,
r is the water vapor mixing ratio, and ∇ is the horizontal divergence operator.

Figure 1 illustrates some of the factors controlling the NGMS. We note that δs =
sout − sin and δr = rin − rout where sin, sout, rin, and rout are the average values
of moist entropy and water vapor mixing ratio �owing in and out of the convective
system. In addition, Mδs = A(Fes − Fet) and Mδr = A(R − Frs) in a steady state,
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Figure 1: Factors controlling the NGMS. The quantities rin and sin are the water
vapor mixing ratio and moist entropy entering the control volume (large rectangle),
while rout and sout are the values of these quantities leaving the volume. Surface and
tropopause �uxes of moist entropy are Fes and Fet and the surface evaporative �ux
and rainfall rate are Frs and R. The horizontal area of the control volume is A. The
solid moist entropy pro�le is typical of normal tropical conditions, while the dashed
pro�le is characteristic of more disturbed conditions.

where Fes and Fet are the upward entropy �uxes at the surface and tropopause, R
and Frs are the rainfall and surface evaporation rates, A is the horizontal area of the
control volume, and M is the mass of air per unit time �owing through this volume.

The level of nondivergence separates vertically the in�ow from the out�ow, and
its level strongly in�uences the values of sin and sout in these currents, and hence
the value of δs. In particular, the higher the level of nondivergence, the larger sout
will be relative to sin, since the in�ow will contain a large fraction of low entropy
mid-level air. This results in a larger value of δs, and hence NGMS. Mass �ux
pro�les with a lower level of nondivergence will be associated with correspondingly
larger values of sin, due to the smaller fraction of mid-level air in the in�ow, and
correspondingly smaller values of sout, resulting in smaller δs. More stable moist
entropy pro�les, as represented by the dashed pro�le in �gure 1, result in smaller δs
under all circumstances, with a corresponding decrease in NGMS.

The NGMS is estimated using a cumulus ensemble model run in weak temperature
gradient mode (Sobel and Bretherton 2000; Sobel et al. 2001; Raymond and Zeng
2005). In this model the lateral boundary conditions are periodic. However, the
net e�ects of non-periodic (i. e., large-scale) �ow over the domain are simulated by
including additional sink terms Ee and Er in the governing equations for speci�c
moist entropy and water vapor mixing ratio. These terms are engineered to drive
the mean vertical pro�le of virtual temperature toward a speci�ed reference pro�le.
This relaxation may be visualized as being the result of a mean vertical velocity
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pro�le which produces cooling via upward advection of potential temperature so as to
counter the heating associated with condensation and radiation in the model. We call
this the WTG vertical velocity wwtg. This velocity also advects moisture and moist
entropy vertically. In addition, the horizontal divergence implied by mass continuity
draws reference pro�le moisture and entropy into the computational domain when
the divergence is negative. The sink terms may be related directly to the components
of the NGMS: Ee = ∇ · (us) and Er = ∇ · (ur), so that

γ = −TREe

LEr

. (2)

Thus, for a speci�ed reference pro�le, radiative model, and imposed surface wind
speed (to generate surface �uxes), the model is run for a period of time and the
NGMS is calculated from the time-averaged values of Ee and Er.

The simulations reported here are nearly identical to those presented by Raymond
and Zeng (2005). In particular, the model simulations are made on a small (50 km by
20 km) two-dimensional domain with 500 m by 250 m grid cells. Extension to a larger
two-dimensional domain does not have a signi�cant e�ect on the NGMS calculations.
Three-dimensional calculations may yield somewhat di�erent quantitative results, but
are not expected to alter the general trends. The di�erences from Raymond and Zeng
(2005) are as follows: (1) The simpli�ed radiation scheme of Raymond (2001) is used
in place of �xed radiative cooling. (2) Instead of a �xed reference pro�le in radiative-
convective equilibrium, variations on the radiative-convective pro�le which increase
the tropospheric moisture and decrease the static stability are employed.

Simulations were run for 2 × 106 s (≈ 23 d), with the NGMS calculated for
conditions averaged over the second half of the simulations. The long averaging
intervals are needed to obtain statistically stable results for the small domains used
and discarding the �rst half of the simulations eliminates initial transients.

3 Results
Two sets of numerical experiments were performed to test the response of convec-
tion and the corresponding evolution of NGMS to conditions occurring in developing
tropical storms. In each case, the control runs used unmodi�ed radiative-convective
equilibrium (RCE) pro�les of potential temperature and moisture as the reference
pro�les in the weak temperature gradient mode. The RCE pro�les were obtained
with an imposed horizontal wind normal to the two-dimensional plane of the model
of 5 m s−1, and is considered to represent the environment far from the cyclone. In
the �rst set of experiments, the RCE potential temperature pro�le was perturbed to
increase atmospheric stability (warming at upper levels with cooling below) in order
to represent the mean potential temperature pro�le inside a cyclone, while leaving
the moisture pro�le unchanged. The second set of experiments used the RCE pro�le
of potential temperature while increasing the moisture in the lower troposphere.
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Figure 2: Pro�les of (a) potential temperature perturbation and (b) mixing ratio
perturbation used in the test cases.

For the �rst set of experiments we imposed a cooling of δθ centered at h = 3 km
and a warming of the same magnitude centered at h = 10 km. Our assumed pro�les
are based on observations taken in a wide variety of convectively disturbed tropical
environments. The perturbation centered at level h is of the form

∆θ = δθ
(
z

h

)2

e[2(1−z/h)], (3)

where z is the height. We used δθ = ±0.5, 1.0, and 2.0 K, where the �+� corresponds
to warming in the upper troposphere, the �−� indicates cooling at lower levels. The
total perturbation is the sum of the two perturbations, and is shown in the left panel
of �gure 2. For the second set of experiments an additive perturbation of the mixing
ratio r was made using (3) with ∆θ replaced by the mixing ratio perturbation, h = 3
km, and δr = 0.25, 0.5, 1.0 g kg−1 replacing δθ. The mixing ratio perturbation pro�les
are illustrated in the right panel of �gure 2.

For each of the perturbation pro�les shown in �gure 2, simulations at di�erent
imposed horizontal wind speeds were performed to simulate increasing surface �uxes.
The resulting rainfall rate and NGMS as a function of wind speed for selected values
of δθ and δr are shown in �gure 3.

The unperturbed runs are similar to the results of Raymond and Zeng (2005),
and the perturbations show the response of rainfall rate and NGMS to an increase
in reference atmospheric stability or mixing ratio. The overall e�ect of stabilizing
the troposphere compared to radiative convective equilibrium is a decrease in NGMS
and an increase in the rainfall rate. At low wind speeds, the decrease in NGMS and
the increase in rainfall are quite dramatic, though the e�ect becomes fractionally less
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Figure 3: Rain rate (a) and NGMS (b) as a function of imposed horizontal wind speed
for selected values of δθ and δr.

important at higher wind speeds. An increase in mixing ratio causes similar changes
in the rainfall rate and NGMS.

Given the observed dependence of rainfall rate on saturation fraction, the increased
rainfall rate due to a mixing ratio perturbation is as expected. However, the rainfall
increase with increased stability is perhaps somewhat surprising. To understand this
behavior, we examine the vertical mass �ux pro�les. A representative data set is
shown in �gure 4 for a horizontal imposed wind speed of 7 m s−1. The most striking
feature of these results is that increasing the atmospheric stability decreases the level
of nondivergence from about 10000 m to 5000 m. These results are consistent with
those seen in the convective simulations of Bretherton and Smolarkiewicz (1989).
The lowering of the level of nondivergence is a feature that is more pronounced at
lower wind speeds, and coincides with the sharp decrease in NGMS seen under these
conditions. As explained earlier, these results are linked because lowering this level
causes a decrease in δs and a resulting decrease in NGMS.

In the second set of experiments the increasing moisture also results in an increase
in rainfall and a decrease in NGMS. However, as �gure 4 shows, the level of nondi-
vergence does not decrease signi�cantly in this case. The decrease in δs and hence in
NGMS is due totally to the increase in the value of sin resulting from the increase in
moisture at low levels.
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Figure 4: Time-averaged vertical mass �ux pro�les for an imposed horizontal wind-
speed of 7 m s−1. (a) Simulations with θ perturbations and (b) simulations with r
perturbations.

4 Conclusions
As noted by Raymond et al. (1998), the spinup of a tropical cyclone depends ulti-
mately on the balance between low-level vorticity convergence and surface friction.
More intense rainfall implies more low to middle level mass convergence. The lower
the level of nondivergence, the more this in�ow is concentrated near the surface,
resulting in increased vorticity at low levels. Enhanced vorticity implies stronger cir-
culating wind speeds near the surface and more intense surface moist entropy �uxes.
These �uxes drive more precipitation, resulting in positive feedback favoring further
intensi�cation. The strength of this feedback relative to the dissipative e�ects of
surface friction determines whether the cyclone precursor disturbance intensi�es.

Our numerical results show that a moistening of the column in the region of deep
convection produces more rainfall per unit surface moist entropy �ux. However, the
stabilization of the column also has this e�ect and in addition results in a concen-
tration of the in�ow into a shallower layer, which produces more low-level vorticity
convergence per unit rainfall. It is thus even more e�ective than moisturization in
aiding the spinup of a tropical cyclone according to our simulations.

These results highlight the signi�cance of the lowering of the level of nondivergence
seen in developing tropical cyclones during TEXMEX. Our results suggest that this
e�ect is due more to the stabilization of the environment than to its moistening.

This paper considers only the initial stage of the evolution of a tropical wave
disturbance into a cyclone in which temperature and moisture anomaly pro�les in-
tensify but don't change shape. Limited evidence (Mapes and Houze 1995, Bister
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and Emanuel 1997) suggests that the top of the low-level cold anomaly decreases in
elevation as the system evolves. We speculate that this would cause the convective
in�ow layer to become even shallower, thus further aiding cyclogenesis.
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