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The tall clouds that comprise tropical storms, hurricanes, and
typhoons—or more generally, tropical cyclones (TCs)—are highly
effective at trapping the infrared radiation welling up from the sur-
face. This cloud-infrared radiation feedback, referred to as the
“cloud greenhouse effect,” locally warms the lower-middle tropo-
sphere relative to a TC's surroundings through all stages of its life
cycle. Here, we show that this effect is essential to promoting and
accelerating TC development in the context of two archetypal
storms—Super Typhoon Haiyan (2013) and Hurricane Maria (2017).
Namely, this feedback strengthens the thermally direct transverse
circulation of the developing storm, in turn both promoting satura-
tion within its core and accelerating the spin-up of its surface tan-
gential circulation through angular momentum convergence. This
feedback therefore shortens the storm’s gestation period prior to
its rapid intensification into a strong hurricane or typhoon. Further
research into this subject holds the potential for key progress in TC
prediction, which remains a critical societal challenge.
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Landfalling tropical cyclones (TCs) are among the most cata-
strophic natural disasters to affect humankind, which alone
explain half of all weather- and climate-related deaths and eco-
nomic losses in the United States (1). Upward trends in both
population density and wealth in global coastal areas will con-
tinue exacerbating this issue (2), as will the rising sea level (3)
and the likely increase of TC intensity with climate change (4-6).
Major progress has been achieved in the prediction of TC mo-
tion in recent decades, owing to the increasing quantity and
quality of satellite measurements and advancements in data as-
similation (7-9). There has been comparatively little progress in
the prediction of TC intensity and intensification, however,
which underscores the need for further research into the physical
processes that govern TC development (7).

The primary energy source for TCs is evaporation from the
ocean surface (10). A long history of research indicates that TCs
intensify through the WISHE feedback (wind-induced surface
heat exchange), whereby the rate of evaporation increases with
surface wind speed (11-13). A sufficiently strong initial surface
cyclone is required for this process to ensue, however, and the
pathway to this stage of TC genesis remains a subject of debate
(14-17). This pathway is the focus of this study and is where we
argue that cloud-radiation interaction plays a crucial role.

Two important discoveries suggest that TC development in
nature may be acutely sensitive to cloud-radiation interaction.
First, recent research highlights a pronounced diurnal variation
in TCs—in their precipitation, clouds, and winds (18-25). This
diurnal cycle is caused by the interaction between solar radiation
and clouds in the TC (26-28), and thus implies that cloud-
radiation interaction can substantially influence TC behavior. The
second pertinent discovery is that the localized greenhouse effect
of deep convective clouds has an important influence on TC de-
velopment in idealized model frameworks (29-34). Namely, due
to their extremely high“emissivity, the deep convective clouds
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within an incipient storm locally increase the atmospheric trapping
of infrared radiation, in turn locally warming the lower-middle
troposphere relative to the storm’s surroundings (35-39). This
mechanism is a positive feedback to the incipient storm, as it
promotes its thermally direct transverse circulation (38, 39)
(Fig. 14). Herein, we examine the role of this feedback in the
context of TC development in nature.

In contrast to idealized study frameworks, TCs in nature de-
velop from transient precursor disturbances, such as African
easterly waves and monsoon depressions (40). Given such a
disturbance, the variable large-scale environment conspires to
promote its intensification into a strong TC only when sea surface
temperature (SST) is high and vertical wind shear is suppressed
(40), with few exceptions. Such constraints explain why TC de-
velopment is fickle in nature. Assuming such conditions, the air
within the precursor storm warms and moistens, as the conver-
gence of angular momentum at low levels leads to the formation
of a surface cyclone that can subsequently intensify through
WISHE (14-17). Here, we test the hypothesis that cloud-infrared
radiation feedback promotes and accelerates this evolution in the
context of two archetypal storm events: Super Typhoon Haiyan
(2013) (or Yolanda) and Hurricane Maria (2017). We conduct
numerical modeling experiments using a small ensemble of large-
scale, convection-resolving simulations and sensitivity tests for
both storms using the Weather Research and Forecasting (WRF)
atmosphere model (Materials and Methods). Given our objective,
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Fig. 1.

The cloud greenhouse effect accelerates tropical cyclone development. Schematic depiction of how the trapping of infrared radiation by deep

convective clouds leads to locally increased warming (red shading), and how this warming promotes the thermally direct transverse circulation (thin arrows) of
the tropical cyclone (TC). (A) An incipient storm, characterized by a weak, broad primary circulation (thick, circular arrows). (B) An intensifying hurricane

characterized by a well-defined eye and a strong primary circulation.

we focus herein on the initial formation and intensification of
these events, neglecting their later evolution. An overview of the
real and simulated storm events is provided next, followed by
testing of the study hypothesis.

Overview of the Storm Events. Hurricane Maria and Super Ty-
phoon Haiyan were both catastrophic, record-breaking storms
due to their tracks and ideal environmental conditions for in-
tensification prior to landfall—in the Lesser Antilles and Puerto
Rico in the case of Maria, and in the Philippines in the case of
Haiyan. However, both Haiyan and Maria developed along the
typical pathways of storms in the Western North Pacific and
Atlantic basins. They are therefore considered archetypal TC
development cases, representative of a much larger sample of
events. Below, we summarize the development of these storms by
drawing from the official summaries of refs. (41) and (42).

Hurricane Maria was a classic Cape Verde hurricane, having
developed from a disturbance that exited the west coast of Africa
on 12 September 2017 and tracked west-northwestward under
the influence of high pressure to its north (SI Appendix, Fig.
S1A). Given favorable conditions of warm SST and weak vertical
wind shear, the disturbance evolved rapidly: It reached hurricane
status only 36 h after classification as a tropical depression and
then underwent a period of extremely rapld intensification (RI)
(defined as intensification by >16 m-s~'.d™!; 1 kt = 0.51 m-s™';
Fig. 24 and SI Appendix, Fig. S2C). Maria then made landfall at
0115 UTC 19 September in Dominica as a category 5, with winds
of 75 m-s™' and the signature satellite-cloud appearance of an
intense TC, including a cloud-free eye (Fig. 34). Maria subse-
quently made another landfall in Puerto Rico as a category 4
hurricane (1015 UTC 20 September), although we focus herein
on the period up to the first landfall, since this period captures its
primary development phase.

Super Typhoon Haiyan originated as a disturbance within the
monsoon trough near 7°N 162°E on 02 November 2013. Over the
subsequent 24 h, it tracked westward to the south of Chuuk Atoll
and began intensifying (Fig. 2B and SI Appendix, Fig. S1B). It
was elevated to a tropical storm at 0000 UTC 04 November, and
a typhoon by 0000 UTC 05 November. As with Maria, both high
ocean heat content and weak vertical wind shear prompted a
period of extreme RI (Fig. 2B and SI Appendix, Fig. S2D).
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Haiyan reached a maximum intensity of 87 m-s~! by 1200 UTC
07 November, just before making landfall in the Philippines near
Guiuan, Eastern Samar, around 0000 UTC 08 November
(Fig. 3B and SI Appendix, Fig. S1B).

For both Maria and Haiyan, control simulations are conducted
with the intent to reproduce their genesis and intensification
realistically. The simulations are initialized 48 h prior to official
storm identification in the case of Maria, and ~36 h prior in the
case of Haiyan (start times of the observed time series are in-
dicated by vertical ticks in Fig. 2 4 and B). The intensity of the
simulated storms is quantified by invoking two separate methods
to calculate maximum wind speed. Fig. 2 A and B depicts the
maximum azimuthally averaged 10 m wind speed, which effec-
tively captures the intensity of the complete, closed circulation of
the TC. This metric demonstrates that the control simulations
for both Maria and Haiyan successfully capture TC genesis,
beginning from negligible winds and ending with intense TCs.
This metric, however, averages over more localized wind speed
maxima, while such extrema are retained in the observed time
series. Hence, for a fairer comparison with the observed time
series, the wind speed maximum in the TC’s vicinity without
azimuthal averaging is depicted in ST Appendix, Fig. S2 A and B
(the temporal maxima from this method are also depicted as
abscissa crosses in Fig. 2 4 and B). Both intensity metrics for the
simulated storms demonstrate dramatic intensification, with
periods of RI that endure for at least 24 h and maximum winds
that reach 63 m-s™" (category 4) in simulated Maria and 71 m-s™"
(category 5) in Haiyan (Fig. 2 4 and B and SI Appendix, Fig.
S2 A-D).

The time series also demonstrate that the simulated storms
begin developing ~1 d later than in reality. This delay may owe to
the initialization of these simulations using relatively coarse
analysis datasets, without the incorporation of direct data as-
similation procedures (Materials and Methods). The maximum
wind speeds attained are also weaker than observed. This dif-
ference may owe in part to the delayed TC development prior to
landfall, while it is also possible that higher wind speeds would be
attained using a finer (e.g., 1-km) model grid.

The tracks of both simulated storms closely follow those of the
real events, although with a slight northward bias, especially in
Haiyan’s case (SI Appendix, Fig. S1 A and B). Upon making
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Fig. 2. Intensification and its energetic drivers. Time series of azimuthally averaged maximum wind speed at 10 m (A and B) and frozen moist static energy

(MSE) feedback terms due to external (diabatic) sources (C and D): surface enthalpy flux (dashed) and infrared radiation (solid). Cloud-radiation interaction is
turned off at the times indicated by the vertical ticks (in IR-CRF, cloud-infrared radiation interaction is retained). Maria tests at Left (A and C) and Haiyan tests

at Right (B and D). Abscissa crosses denote maximum wind speed values without azimuthal averaging (cf. S/ Appendix, Fig. S2 A and B).

landfall, the simulated storms have the appearance of strong
TCs, with structures that are generally consistent with the ob-
served storms (Fig. 3). Differences in their appearance likely
owe, at least in part, to the simulated storms being slightly
smaller in scale and weaker than the observed storms. None-
theless, since the simulations adequately capture the genesis and
intensification of these TC events to first order and closely follow
the observed tracks, they are deemed sufficient to carry out the
study objectives.

Observed

Simulated

8

Role of Cloud-Infrared Radiation Feedback in Accelerating TC
Development. We next test the hypothesis that cloud-infrared
radiation feedback promotes and accelerates TC development by
conducting a small ensemble of sensitivity tests: We initialize a
set of simulations denoted “NOCRF-*h” (for no cloud-radiation
forcing) as model restarts from the control simulations at select
times (the asterisk denotes the restart time in hours since the
start of the control). These tests are identical to the control
simulations, although with all clouds made transparent to both

Typhoon Haiyan
128

132

Fig. 3. Hurricane Maria and Typhoon Haiyan at peak intensity. Observed (A and B) and simulated (C and D) infrared brightness temperature (Tg; in kelvin) as
measured by geostationary satellite for Maria (A and C) and Haiyan (B and D). (A) From GOES-16 at 2245 UTC 18 September 2017; (B) from MTSAT-1R at 1830
UTC 07 November 2013; (C) from control simulation for Maria at 0400 UTC 20 September 2017; and (D) from control simulation for Haiyan at 0000 UTC 08
November 2013. Bright shading (cold temperatures) denotes clouds, especially deep and high clouds.
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incoming solar and outgoing infrared radiation. Overall, this
experiment for Maria demonstrates that cloud-radiation inter-
action has a profound, time-dependent impact on TC develop-
ment (Fig. 24). In NOCRF-36h, cloud-radiation interaction is
removed roughly 48 h prior to RI (in the control), and as a result,
intensification never ensues (SI Appendix, Fig. S2C). While in-
tensification could hypothetically occur at a later time in this test
(i.e., in a longer simulation), lengthening this gestation period by
so long ( 2 2 d) increases the probability that the incipient storm
would either move over land or out of environmental conditions
supportive for TC development, in turn lowering its probability
of development. Furthermore, the test NOCRF-96h indicates
that removing cloud-radiation interaction even after the onset of
RI stifles the duration of intensification compared to the control.
NOCRF-60h intensifies with some delay, and with maximum
winds just barely exceeding hurricane strength (33 m-s™'; SI
Appendix, Fig. S24).

The experiment for Haiyan indicates qualitatively consistent
results with those of Maria (Fig. 2B). Namely, NOCRF-36h ex-
hibits no intensification through the end of the simulation, while
intensification in NOCRF-60h is delayed by ~1 d relative to the
control. Different from the Maria experiment, however, the
NOCRF-96h test of Haiyan exhibits intensification with very
similar rate and timing to that in the control. This issue will be
revisited later.

To isolate the specific role of cloud—infrared radiation inter-
action, we conduct an additional test for Maria denoted IR-CRF
(i.e., infrared cloud-radiation forcing), which is identical to
NOCRF-36h but with cloud-infrared radiation interaction
retained within a radius of 800 km of the incipient TC (Materials
and Methods). The similarity between TC development in the
control and that in IR-CRF confirms that the infrared compo-
nent of CRF is the critical aspect of cloud-radiation interaction
for TC development (Fig. 24 and SI Appendix, Fig. S24). This
test therefore directly supports the hypothesis that cloud-
infrared radiation feedback promotes and accelerates TC de-
velopment in nature. This test also implies that cloud-solar ra-
diation interaction (excluded from this test) plays a minimal role
in promoting TC development (31), even though it is essential to
the diurnal cycle in TCs (26-28).

Horizontal plan views of cloud at the final time step and wind
speed history for the control and NOCRF-60h tests provide an
informative view of the experiments (Fig. 4). The TC in the
control for Maria exhibits a well-defined eye, and is associated
with a swath of winds exceeding 50 m-s™ (the threshold for
category 3) (Figs. 3C and 4 A and C). In NOCRF-60h, however,
the storm is poorly organized by the final simulation time, and in
few locations do winds even reach hurricane strength (Fig. 4 D
and F). Similar can be said of the Haiyan comparison: Although
the TC in the NOCRF-60h test of Haiyan develops an eye, its
cloud field is considerably smaller and winds much weaker than
those of the control (Fig. 4 G, I, J, and L). The depictions of
Haiyan’s control test also portray the extremely large scale of its
cloud and wind fields (Figs. 3D and 4 G and I). SI Appendix, Figs.
S3 and S4 provide the corresponding depictions for all tests of
the Maria and Haiyan experiments. We additionally conducted
tests NOCRF-48h, NOCRF-72h, and NOCRF-84h for Maria,
although since the results of these tests are highly consistent with
the above findings, we do not discuss them.

To quantify the role of cloud-radiation feedback in TC de-
velopment and place it into context with WISHE, we invoke
frozen moist static energy (MSE)—the sum of latent and sensible
heat and potential energy. MSE is conserved for phase change
and changes in elevation, and hence provides an effective mea-
sure for the warming and moistening corresponding with TC
development, as required by thermal wind balance (15-17, 33).
We invoke the spatial variance budget of vertically integrated
MSE to quantify the external, or diabatic, energy sources that
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promote TC development, following the approach of ref. 39
(Materials and Methods). These sources include infrared and
solar radiative heating and surface turbulent enthalpy flux, the
latter of which is dominated by wind speed effects on evapora-
tion (31), and hence is a proxy for WISHE. Positive spatial co-
variance between MSE and these diabatic sources indicates a
positive feedback promoting amplification of the incipient storm
(31-33), and we quantify the feedbacks as such (Fig. 2 C and D).
In the control simulations, WISHE dramatically increases with
maximum wind speed, i.e., beginning on 18 September for Maria
and 5 November for Haiyan, emphasizing its importance in TC
intensification (Fig. 2 A-D and SI Appendix, Fig. S2 A and B).
The feedback due to infrared radiation is also large in the control
simulations, however, and is essentially equal in magnitude to
WISHE during the period leading up to this intensification. The
solar radiation feedback is on average much smaller than the
infrared feedback (SI Appendix, Fig. S5). These relative magni-
tudes are consistent with results from idealized modeling studies
(31-33).

The infrared feedback is negligible in all of the NOCRF-*h
tests. In the NOCRF-36h and NOCRF-60h tests for Maria, wind
speed never ramps up as it does in the control and IR-CRF, and
hence WISHE remains comparatively stifled (Fig. 2C). These
results emphasize the critical role of cloud-infrared radiation
feedback in promoting the surface cyclone’s genesis, and hence
to the onset of RI via WISHE. Furthermore, the suppressed
intensification in NOCRF-96h in the Maria experiment is asso-
ciated with a suppressed increase of WISHE. This finding indi-
cates that cloud-infrared radiation feedback remains important
even during the RI stage of Maria, which acts by augmenting the
WISHE feedback (24). As noted earlier, the NOCRF-96h test
for Haiyan exhibits little difference from the control (Fig. 2B and
SI Appendix, Fig. S2 B and D). The much lower magnitude of the
infrared radiation feedback around the time this test is initialized
from the control implies that this feedback plays a lesser role at
this stage of intensification in the Haiyan experiment, in contrast
to the Maria experiment (Fig. 2 B and D).

To visualize how the cloud greenhouse effect manifests in a
positive MSE feedback, we confer with horizontal maps of
IR’—vertically integrated infrared heating with the horizontal
mean subtracted. In the control for Maria, IR’ exhibits pro-
nounced horizontal variance due to the contrast between areas
with prevalent and suppressed deep convective cloud (Fig. 4 A
and B). Since deep convection generally prevails where MSE is
elevated, IR’ covaries with MSE, constituting a positive feedback
in the MSE spatial variance framework (Fig. 2C). With cloud-
radiation feedback, and hence the cloud greenhouse effect, re-
moved in NOCRF-60h, spatial variance in IR’ is comparatively
negligible, and hence its role as a source of MSE variance is
greatly diminished (Fig. 4E). The IR’ pattern for the control of
Haiyan is similar in magnitude to that for Maria, with positive
values closely corresponding to areas of cloud (Fig. 4 G and H).
In NOCRF-60h, the magnitude of the IR’ field is again greatly
diminished (Fig. 4K).

Cloud-Infrared Radiation Feedback and the Transverse Circulation.
The above analysis of the MSE variance budget excludes the
impact of advection. While the budget term due to advection is
likely substantial, it must be estimated, and with likely consid-
erable error (31-33). Here, we instead assess how cloud—infrared
radiation feedback directly affects the transverse circulation. The
direct link between this feedback and the transverse circulation is
important since the transverse circulation is responsible both for
developing the TC’s tangential circulation at low levels through
angular momentum convergence and for importing moisture into
its core. Moistening of the TC core is an essential feature of TC
development, as intensification via WISHE feedback can only
ensue with complete saturation in the core (14, 16, 43). The

PNAS | November 10,2020 | vol. 117 | no.45 | 27887

EARTH, ATMOSPHERIC,

www.manaraa.com

AND PLANETARY SCIENCES


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013584117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013584117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013584117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013584117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013584117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013584117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013584117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013584117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013584117/-/DCSupplemental

upied on December 25, 2021

©

=

c

S

(@]
©
—
©
=
o
c
O]
0
=
=

T =

S

©

e

h'e

(@]

@]

z

2

c

S

(@)
c
©
>
©
I
c
o
o
<
S

= <

o

©

L

o

(G

O

zZ

Wind Speed History

Fig. 4. Weaker storms with transparent clouds. (A) Vertically integrated cloud ice, (B) vertically integrated infrared radiative heating (IR) with the horizontal
mean subtracted (IR’), and (C) maximum wind speed at 10 m from start to finish of the control simulation of Maria. (D-F) As in A-C, but for NOCRF-60 h of
Maria, (G-I) the control simulation of Haiyan, and (J-L) NOCRF-60h of Haiyan. Cloud (4, D, G, and J) and IR’ (B, E, H, and K) are depicted at the final simulation
time step. The apparent gaps in intense winds in / and L are an artifact of the TC's rapid westward motion between hourly model output time steps.

forthcoming analysis primarily emphasizes Maria for brevity, al-
though we later extend the arguments to Haiyan to demonstrate
their robustness.

The radial pattern of cloud-infrared radiation feedback within
the incipient storm is crucial to its effect on TC development. A
heat source localized in radius induces a thermally direct trans-
verse circulation response, with ascending flow in the region of
heating. When this heating is focused at radii less than the radius
of maximum tangential winds (RMW) in the incipient storm, the
low-level inward-flow component of this response efficiently
converges angular momentum toward storm center, thereby
promoting its intensification (44, 45). A vertical cross-section of
IR’ averaged azimuthally around the incipient TC confirms that
IR’ peaks inside of the RMW in the lower-middle troposphere in
Maria in its early stage of development (Fig. 54). Superimposed
onto this cross section of IR’ is w4, the vertical component of the
transverse circulation directly induced by IR’, which is diagnosed
R’ as the driving
od, we,r is greatest

where IR’ maximizes, hence with a very bottom-heavy pattern of
ascent. Horizontal convergence peaks where w,,s increases with
height, i.e., from 0 to 2 km. This finding therefore indicates that
cloud-infrared radiation feedback directly promotes the devel-
opment of the surface cyclone by increasing angular momentum
convergence.

We assess the role of w,y in moistening the storm core by
quantifying its influence on saturation in the incipient storm.
Specifically, we assess the time scale in which upward moisture
transport via w,,, will saturate the air through 7y, the ratio of
saturation deficit to vertical moisture advection by

9 —q
Warf 6q/ 0z

Tsat

where ¢ is water vapor mixing ratio, g* is that at saturation, z is
height, and only regions where w., > 0 are considered. g and g*
are taken from the control simulation of Maria. Relative humidity
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Fig. 5. The cloud greenhouse effect increases upward motion and moistening in the storm core. Azimuthally averaged vertical cross-sections of the incipient
storm, averaged from 0000 UTC 16 to 0000 UTC 18 September in the control simulation for Maria. (A) IR’ (shading) and w,,, the vertical component of the
balanced circulation response to IR’ (contoured; cm-s~"). (B) Relative humidity (shading) and z,¢, the timescale in which lifting via wr will saturate the air
(contoured; hours). The thick solid line denotes the radius of maximum tangential wind (RMW).

is depicted in Fig. 5B with 7, overlaid. 7, is lowest where air is
closest to saturation and w,is greatest. Values of 7y, are less than
24 h in a broad region from ~4 to 6 km inside the RMW, indi-
cating that radiatively induced lifting motion alone will saturate
the middle troposphere in less than a day. While various external
environmental factors may work against this effect and promote
drying, these findings confirm that cloud-infrared radiation feed-
back directly promotes TC development by both increasing the
low-level convergence of angular momentum and promoting sat-
uration in the core of the developing cyclone.

The moistening due to this radiatively driven circulation per-
mits a qualitative link back to the MSE variance budget. Namely,
the moistening caused by the bottom-heavy structure of w,,r may
contribute to increasing MSE spatial variance via the advective
term (Fig. 54). This effect represents a second pathway through
which radiative forcing may directly promote MSE variance, and
hence TC development, in addition to the direct diabatic feed-
back depicted in Fig. 2 C and D (31-33).

To assess how these effects vary in time, we next provide a
time-radius view of vertically integrated IR’ and tangential wind.
This view of the control for Maria demonstrates that IR’ maxi-
mizes inside of or near the RMW throughout the period leading
up to RI (up to ~1200 UTC 18 September) (Fig. 64). The same
can be said of the control for Haiyan (SI Appendix, Fig. S6B).
Comparison between the control and NOCRF-60h for Maria
reinforces the essential role of the cloud greenhouse effect in
increasing the magnitude of IR’ (Fig. 6 A and B). Comparing
vertical mass flux between the control and NOCRF-60h confirms
that the transverse circulation weakens within hours after re-
moving cloud-radiation interaction, and remains much weaker,
corroborating that the cloud greenhouse effect directly promotes
the transverse circulation (Fig. 6 C and D).

While the relative role of WISHE increases with TC intensity,
it appears that cloud—infrared radiation feedback can remain
important during the RI phase, as suggested by the NOCRF-96h
test for Maria (Fig. 2 A and C). As RI ensues, the maximum in
IR’ shifts radially outward due to the evolving distribution of
clouds and development of a cloud-free eye, although it remains
close to the RMW (Fig. 6A4). This likely explains why the infrared
MSE feedback remains appreciable through this period
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(Fig. 2C). Similar cannot be said of the Haiyan experiment,
however, wherein IR’ eventually becomes widespread across
outer radii and the infrared MSE feedback therefore decreases
in magnitude (from ~4 November onward) (Fig. 2D and SI
Appendix, Fig. S6 A and B). These differences imply a need for
further exploration into the role of radiative feedback during the
RI stage.

Summary and Conclusions

In this study, we have investigated the role of cloud-infrared
radiation feedback in TC formation and intensification through a
set of convection-resolving numerical model experiments of
Super Typhoon Haiyan (2013) and Hurricane Maria (2017). The
results of these experiments demonstrate that cloud—infrared
radiation feedback plays an essential role in promoting and ac-
celerating TC development, as depicted schematically in Fig. 1.
Namely, the greenhouse effect of deep convective clouds locally
provides additional heat (MSE) to the incipient storm, which
directly promotes its thermally direct transverse circulation.
Since this excess heating is focused inside the radius of maximum
tangential winds of the developing TC, it promotes cyclone spin-
up by increasing the convergence of angular momentum. This
radiatively induced circulation also promotes moistening and
saturation of the storm core, which in turn primes the TC for
intensification via WISHE feedback (Fig. 1B).

The two TC events that serve as foci in this study—Super Ty-
phoon Haiyan (2013) and Hurricane Maria (2017)—were record-
breaking events. However, they are also representative of the most
common TC development pathway. These results therefore imply
that cloud—infrared radiation feedback plays an essential role in the
development of a large fraction of TC events in nature by dra-
matically shortening the gestation period prior to intensification.
This timescale is crucial, given that the necessary conditions for TC
genesis and intensification are typically limited both geographically
and in time (40). Both the WISHE feedback and cloud-infrared
radiation feedback should therefore be regarded as essential to TC
development for most (i.e., archetypal) TC events in nature. While
TC development can be captured in model frameworks that exclude
interactive radiative forcing, the timescale of this development
(from a representative precursor disturbance) is unlikely to be
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Fig. 6. TC development with and without the cloud greenhouse effect. Time-radius diagrams of vertically integrated IR’ (A and B) and vertical mass flux
(C and D) in the control (A and C) and NOCRF-60h (B and D) simulations for Maria (time-axis labels are at 0000 UTC). Tangential wind at 10 m is contoured

every 5 m:s~'. The thick solid lines denote the RMW.

realistic in such frameworks. Confidence in these results is bolstered
by the consensus among idealized studies of TC-radiation interac-
tion (29-34). Further work is required, however, to assess whether
these results apply to less common TC development pathways, such
as TC intensification in the presence of strong vertical wind shear.
Additionally, while we find evidence that this radiative feedback is
also important during the rapid intensification stage in the case of
Maria, this was not found in Haiyan, and hence this issue should be
explored further.

The prediction of TC genesis and intensification remains a crit-
ical challenge (7). The results of this study imply that progress on
this subject may be achieved through new efforts to better constrain
the representation of cloud physics and radiative processes in the
numerical models that TC forecasts strongly rely upon. New ob-
servational efforts to probe cloud and radiative processes in devel-
oping TCs would be highly valuable to this end. Studies of TC
intensity prediction that can identify key sources of uncertainty in
modern parameterizations of clouds and radiation would provide
valuable guidance for such observational undertakings.

Several broader questions arise from this study. To what ex-
tent does the cloud-infrared radiation feedback affect the
pothetically, this
sor disturbances

that overcome environmental barriers to TC development, and
hence reach high intensity. Furthermore, to what extent will TC
behavior be affected by long-term changes in the vertical or
horizontal distribution of clouds related to global climate change
(46)? There is considerable uncertainty in projections of future
TC activity, especially concerning their frequency (5, 6). A
deeper understanding of how the mechanisms governing TC
development may be changing will therefore be valuable for
making progress on this issue.

Materials and Methods

TCs are categorized according to the Saffir-Simpson scale. Observed storm
information for Maria comes from the HURDAT2 dataset provided by the
National Oceanic and Atmospheric Administration (NOAA) National Hurri-
cane Center (47), and that for Haiyan comes from the Joint Typhoon
Warning Center (48).

Model Simulations of Typhoon Haiyan and Hurricane Maria. To investigate the
development of Maria and Haiyan, a set of large-scale convection-resolving
numerical model simulations is conducted using the Advanced Research
Weather Research and Forecasting model (WRF-ARW; version 3.9.1.1) (49). A
multistep simulation approach is taken to represent the various key scales of
motion, wherein static (i.e.,, nonmoving) nests are invoked to simulate the
TCs. First, a three-nested-domain simulation (“3Dom") is conducted for both
storm events, with horizontal grid spacing of 27, 9, and 3 km from the
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largest to smallest domain, with two-way domain feedback between the
domains. These model domains are shown in S/ Appendix, Fig. S7. The
outermost (largest) domain for Haiyan extends from 72.1°E-177.9°E and
27.8°5-36.2°N, while that for Maria extends from 117.9°W-12.1°W and
8.1°5-51.2°N. The simulation for Haiyan is integrated from 0000 UTC 1 to
0000 UTC 8 November 2013, while that for Maria is integrated from 1200
UTC 14 to 1200 UTC 20 September 2017. Next, using hourly output from the
middle domain of the 3Dom simulations, WRF-NDOWN is invoked to gen-
erate new lateral boundary conditions for the innermost domain. These new
time-varying boundary conditions are then imposed for all simulations an-
alyzed in the study, which are conducted only on the innermost (3-km)
model domain. Since these boundary conditions are invariant between
sensitivity tests for each storm, the potential spurious impacts of large-scale
drift between tests are alleviated.

The control simulation for each storm invokes realistic physics settings
and is conducted on the 3-km model domain as described above. Sensitivity
simulations denoted “NOCRF-*h" are then conducted, which are restarts
from the control at the time “*” (in hours) after the start time of the
control. These tests are identical to the control except with cloud-
radiation interaction removed by excluding all hydrometeors from both the
infrared and solar radiation calculations. An additional test for Maria denoted
"IR-CRF” is conducted, which is identical to NOCRF-36h but with cloud-
infrared radiation interaction retained within a specified radius of TC center,
as follows. During model runtime, we calculate the cloud-radiation forcing at
a point as Qdoud = @-Qclears Where Q is the radiative forcing including inter-
action with clouds and Qe is that excluding it (i.e., as in NOCRF-*h). We then
impose the radiative forcing at each time step as Q = Qqear + @ Qcloud: Where
a = 1 for radius r < 600 km, a = 800 — r/200 for r: 600 to 800 km, and a = 0 for
radius r > 800 km.

Model initial and outer-boundary conditions come from six-hourly Na-
tional Centers for Environmental Prediction Global Forecast System model
analyses. For Hurricane Maria, analyses are retrieved at 0.25° grid spacing
from the National Center for Atmospheric Research-University Corporation
for Atmospheric Research Data Archive (50), and for Typhoon Haiyan, they
are retrieved at 0.5° spacing from NOAA (51). The coarseness of these
datasets relative to the 3-km innermost model domain likely accounts for
the delayed TC development in the control simulations compared to the real
events (Fig. 2 A and B). Namely, the development of convection down at the
3-km grid-scale requires approximately 1 d, which in turn likely stalls TC
development. We do not probe this issue herein, however, as the TC de-
velopment captured by the control simulations is deemed adequate to
achieve the study objectives.

Radiation is treated using the rapid radiative transfer model infrared
radiation scheme (52) and Dudhia solar scheme (53), which are called every
3 min in the innermost domain (9 and 27 min in the middle and outermost
domains, respectively). Cloud processes are represented using the WRF
single-moment six-class scheme (54). Additional parameterizations in-
voked include the YSU vertical diffusion scheme (55), the revised MM5
surface layer scheme (56), a skin SST scheme (57), and the Donelan et al.
(58) scheme for calculating surface enthalpy and drag exchange coeffi-
cients. A cumulus parameterization (59) is invoked for the outermost
model domain for 3Dom. The model time steps for 3Dom are 90, 30, and
10 s from largest to smallest domain, and 10 s for the single domain of the
main simulations. All domains invoke a stretched vertical grid of 55 levels,
with model top at 10 hPa. The complete model code and runtime speci-
fications (including model namelists) employed are archived in a public
repository (60).

Hourly model output is employed for all postprocessing. TC location is
tracked in each simulation as the hourly local maximum of absolute vertical
vorticity at 700 hPa, after horizontal filtering using 1.5° horizontal boxcar
smoothing. Unless otherwise specified, all vertical integrals are computed
using mass-weighting as [] = 1/g g(”cp[]dp, where p is pressure, g is gravity,
Po = 1,000 hPa, and piop = 100 hPa.

Satellite Cloud Brightness Temperature. Depictions of cloud in Fig. 3 A and B
are top-of-atmosphere radiant brightness temperature Tg in the infrared or
longwave window measured by radiometers onboard geostationary satel-
lites (GOES-16 for Maria; MTSAT-1R for Haiyan). The spectral bands of these
radiance measurements are centered at 11.2 um for Maria (channel 14 of the
Advanced Baseline Imager, or ABI, onboard GOES-16) and 10.8 ym for
Haiyan (channel IR1 of the Japanese Advanced Meteorological Imager
onboard MTSAT-1R). GOES-16 data are retrieved from NOAA (61). MTSAT-1R
data are retrieved from Meteorological Agency, Weathernews, Takeuchi Lab
of the Earthquake Research Institute of the University of Tokyo, and Chiba
University (62).
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To produce the corresponding Tz measurements for WRF model simula-
tions, the community radiative transfer model (CRTM) [version 2.3.0; (63)] is
used to convert WRF model output to simulated Tz measurements corre-
sponding to the same satellites and spectral channels. These simulated Ty
measurements may have biases due to errors in the WRF model microphysics
schemes and/or CRTM, but are nonetheless suitable for an overarching de-
piction of clouds in the simulated TCs. All code necessary to conduct this
analysis is archived in a public repository (60).

MSE Feedbacks. The frozen MSE diabatic feedback terms depicted in Fig. 2
and S/ Appendix, Fig. S5 are calculated as the sources of MSE spatial
variance for a moving TC-centered box of 10° in latitude and longitude,
as follows. MSE is first calculated as h = ¢, T+ 9z + L,q, — L(Qjce, Where ¢, is
the specific heat of dry air at constant pressure, T is temperature, g is
gravity, z is height, q, is water vapor mixing ratio, gic. is total frozen
condensate mixing ratio, and L, = L,(T) and L= LAT) are the latent heats
of vaporization and fusion, respectively. Next, h is vertically integrated

using mass-weighting as h= 1/9/% hdp, where po = 950 hPa [to account

Ptop
for the lowering of pressure surfaces as the vortex intensifies (33)] and
Ptop = 100 hPa. The three diabatic sources of h are IR, solar radiative
heating SO, and surface enthalpy flux (SEF) (the sum of turbulent sen-
sible and latent heat flux). Both IR and SO are vertically integrated using
mass-weighting from the surface to 100 hPa. As described in ref. 39, the
diabatic feedback terms are then computed as IR, A’SO’, and h'SEF’,
respectively, where the primes denote anomalies from the horizontal
mean over the sampling box.

Balanced Circulation Response to Cloud Greenhouse Effect. The impact of the
cloud greenhouse effect on the transverse circulation of the incipient TC is
quantified as the balanced circulation response to IR, using the axisymmetric
Sawyer-Eliassen equation. This approach yields a conservative estimate of
this impact, as it excludes nonlinearity related to the feedback between
radiation, circulation, and SEF. The imposed heat forcing is computed by
averaging azimuthal mean IR in time from 0000 UTC 16 to 0000 UTC 18
September in the control simulation for Maria, with the radius-normalized
mean subtracted at each level. The result, IR’, is depicted in Fig. 5A. This
forcing includes clear-air infrared cooling, although it is dominated by
cloud effects (e.g., Fig. 4 B and E). The circulation equation and procedures
for computing its solution follow ref. 64. We compute this solution from
0 to 1,000 km in radius. The thermodynamic base state is prescribed using
state variables from the control simulation over the same time period and
area. The prescribed idealized base-state vortex is based on the tangential
wind field of the control simulation averaged over this time period; it is
characterized by a maximum tangential wind speed of 8 m-s~' and RMW
of 200 km. All settings for this calculation, the imposed heat forcing, and
the thermodynamic base-state sounding are archived in a public
repository (60).

Temporal Filtering. Temporal filtering is applied to highlight key signals and
alleviate noise. Time series in Fig. 2 and S/ Appendix, Figs. S2 and S5 are
filtered using a Gaussian kernel with a three-point (i.e., 3-h) SD, with the
exception of intensification rate; for intensification rate (S/ Appendix, Fig.
S2 C and D), maximum wind speed at 10 m is first filtered using a Gaussian
kernel with a six-point SD, and the time derivative is then taken using three-
point Lagrangian interpolation. Variables in Fig. 6 and S/ Appendix, Fig. S6
are temporally filtered using a Gaussian kernel with a three-point SD.

Data Availability. All model and postprocessing code necessary to replicate
the results of this study have been archived in a public repository (60) or are
cited in the Materials and Methods.
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