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What is convective aggregation?



Experiment name SST forcing CO2 forcing Radiation

Control 1986-2005 Average Fixed Fully Interactive

ClimRad 1986-2005 Average Fixed Prescribed Climatology

Control_plus4K Add 4K warming Fixed Fully Interactive

ClimRad_plus4K Add 4K warming Fixed Prescribed Climatology

Control_plus2K_2CO2 Add 2K warming 2CO2 Fully Interactive

ClimRad_plus2K_2CO2 Add 2K warming 2CO2 Prescribed Climatology

Control_2CO2 1986-2005 Average 2CO2 Fully Interactive

ClimRad_2CO2 1986-2005 Average 2CO2 Prescribed Climatology

Present-day climate

Different global forcing
scenarios

We use HiRAM, a TC-permitting AGCM, to investigate the role of radiative 
interactions in TC development  

• Horizontal resolution: ~50 km; Vertical levels: 32 levels
• Prescribed with observed SST and sea ice

Control radiative cooling in HiRAM



TC DensityInteractive radiation increases TC activity

Climatological radiation
reduces TC frequency by
~20%
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Putting all predictors together
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Vecchi et al. (2019); Hoogewind et al. (2020). The formulas 
to translate the ventilation index into probability are differ-
ent in those three studies. While we adopt the formula of 
Tang and Emanuel (2012) for its physical interpretability 
and observational basis, our experiments do not rule out the 
plausibility of formulas in the other studies.

The combination of seed and ventilation responses brings 
the four patterned warming experiments closer to the one-
to-one line in Fig. 15b. These experiments indicate that the 
seeds and TCs are not equivalent, and that it is important to 
consider both the seeds and the second transition to explain 
the TC response to climate change.

7  Discussion

The TC-climate relationship established in this paper and 
the physical interpretation bear strong similarity to obser-
vational studies and high-resolution modeling of a single 
TC, which supports the relevance of explicit TCs in 50-km 
global models to realistic TCs. In the simplest form, our 
predictor for TC frequency is positively correlated with the 
large-scale vertical velocity, low-level vorticity, and the 
potential intensity; and is negatively correlated with vertical 
wind shear and moist entropy deficit. Those five large-scale 
variables are precisely what comprise the genesis potential 
index of Murakami and Wang (2010).

In other indices of TC genesis without explicit depend-
ence on ! , this information may be represented by the com-
bination of other large-scale variables, such as the coinci-
dence of low vertical wind shear, high relative humidity, and 
high potential intensity. Unlike regression-based techniques, 
this inter-dependence of variables does not affect the unique-
ness of our formulation because of the physical separation 
of stages. The dependence on ! in our formulation concerns 
the initiation of convective clusters, which is separate from 
the subsequent transitions to stronger vortices.

Our analysis provides a justification for a common prac-
tice to recalibrate GPI for a different model when performing 
statistical downscaling (e.g. Emanuel 2013). The proportion-
ality constants between −! and nc , as well as between Z and 
P1 in the simplified form, may be sensitive to model details 
such as convective parameterization and divergence damp-
ing. The constants, if not sensitive to climate change, drops 
out when comparing the percentage changes of the predictor 
and the measurement (Eqs. (15), (16)).

Because the first transition is controlled more strongly 
by the dynamics than the thermodynamics, it is expected 
to be less sensitive to model physics and tracker parameters 
than the initiation or the second transition. The initiation of 
convective clusters may depend on the ability to resolve con-
vective organization (Wing et al. 2016; Muller and Romps 
2018) or the breakdown of large-scale flows such as the 
ITCZ (Narenpitak et al. 2020). The second transition may 
depend on the parameterized detrainment in the free tropo-
sphere. Those processes have complicated dependence on 
the model design.

The tropical clusters in our models are identified by 
applying a threshold on the three-hour-mean rain rate. The 
same procedure may be performed on any vertically inte-
grated moisture fields that has a sharp boundary, such as the 
precipitable water or instantaneous rain rate. Sensitivity tests 
have been conducted and verified that the statistics of tracks 
are not influenced appreciably by the choices of moisture 
fields or threshold values. Therefore, we expect the same 
tracking algorithm to apply for satellite measurements after 
filtering out features much smaller than 50 km.

In our 50-km models, vorticity thresholds of 4 × 10−4 and 
1 × 10−3 s−1 at 850 hPa are chosen to define the first and 
second transitions. Those values are chosen for consistency 
with the Harris et al. (2016) tracker and may need to be 
adjusted for a different model or a different grid spacing as 
like any TC tracker. The precise values are not critical for the 
theory, but the results suggest that the early and late stages 
of TC development are qualitatively different. The first tran-
sition has strong dependence on Z and weak dependence 
on SST; while the second transition is the opposite. Pre-
sumably, the regime shift is characterized by the formation 
of closed surface pressure contour and axisymmetrization. 
Cyclostrophic balance in the vortex reduces the relevance of 
f, and the axisymmetry makes the potential intensity theory 
more relevant.

Some differences between models and observations are 
noted. The correlation between nc and −! may reflect a pre-
conditioning due to environmental moistening in observa-
tions; while in models it is influenced by the activation of 
grid-scale convection. The vortical hot towers in observa-
tions are not resolved in global models, and in the models the 
spinup is caused by vertical stretching on the vortex scale.

Fig. 16  Comparison of the TC and seed frequency in response to dif-
ferent forcings. The seed response explains most of the TC response 
in uniform surface warming and changing CO2 experiments, but not 
in the patterned warming experiments. The discrepancy is explained 
by the second transition and entropy ventilation in Fig. 15

Seeds ≠ TCs

TC frequency can be understood in terms of:
Seed frequency (depends on large-scale ascent and vorticity)
Genesis probability (depends on Tang and Emanuel ventilation index)

Suppressing radiative feedbacks reduces seeds



The surface turbulent flux feedback is similar between the Control and ClimRad,
for weak winds it is negative.

Following Wing and Emanuel (2014) we diagnose MSE variance budget



The radiative feedback is very different
With interactive radiation it is positive even for weak winds



Present-day
4K warming

In a warmer world, radiative feedbacks impact global TC frequency less.



A quick summary of the response in TC frequency

1. Radiative interaction enhance global TC frequency

2. Primarily due to impact on pre-TC synoptic disturbances (“seeds”)

3. MSE budget: for weak vortices surface flux feedback negative, while positive the 
radiative feedback becomes requires radiative interactions

4. TC impact of radiative interactions is diminished in a warmer climate: 
More moisture: larger positive contribution from latent heat release for genesis?
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