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Abstract
Recent numerical and observational studies have demonstrated that tropical cyclones undergo diurnal and semi-diurnal 
variability in precipitation rate and in its kinematic structure. However, the physical processes and mechanisms that govern 
the diurnal variability within the tropical cyclone boundary layer has not yet been examined. Numerical experiments using 
a high-resolution, non-hydrostatic, axisymmetric model are performed to examine the diurnal changes in the kinematic and 
thermal structure of the tropical cyclone boundary layer. It is shown that the numerical model used in this study reproduces 
the diurnal variability in the tropical cyclone boundary layer from previous observational studies. Using cross-correlation 
analysis, it is shown that enhanced radial inflow during the evening drives enhanced convection within the tropical cyclone 
boundary layer. Using budget analysis of potential temperature, water vapor mixing ratio, and radial inflow, it is shown that 
the combined effects of cloud evaporative cooling and nocturnal longwave radiative cooling destabilizes the outer regions of 
the tropical cyclone, and the net effect of this cooling is to initiate an overturning transverse circulation that enhances radial 
inflow during the evening hours. Conversely, the differential radiation pattern created by clouds in the outer core of the tropi-
cal cyclone boundary layer during the evening is reversed during the daytime by shortwave heating, which suppresses the 
overturning transverse circulation. The analysis suggests the diurnal changes in both lapse rate and cloudy-clear differential 
radiative heating are vital to the diurnal variation of the outer regions of the tropical cyclone boundary layer.

1  Introduction

The diurnal variation of precipitation and convection over 
the tropical oceans has been documented by numerous stud-
ies (e.g., Browner et al. 1977; Gray and Jacobson 1977; Ran-
dall et al. 1991; Mapes and Houze 1993; Liu and Moncri-
eff 1998; Yang and Slingo 2001; Ruppert and Hohenegger 
2018). These studies have shown that cloud-top nocturnal 
radiative cooling and daytime radiative warming are impor-
tant for promoting diurnal and semi-diurnal variations in 
tropical oceanic precipitation. Similarly, recent observa-
tional studies have suggested that tropical cyclone (TC) 
structure, especially the upper‐level cirrus canopy clouds 
as measured by satellite infrared brightness temperatures, 
tends to vary following a diurnal cycle and/or semi-diurnal 

cycle (e.g., Weickmann et al. 1977; Muramatsu 1983; Kos-
sin 2002; Dunion et al. 2014; Bowman and Fowler 2015; 
Leppert and Cecil 2016; Wu and Ruan 2016; Ditchek et al. 
2019a, b; Knaff et al. 2019).

The most comprehensive observational study on the tropi-
cal cyclone diurnal cycle (TCDC) was conducted by Dun-
ion et al. (2014). This study found cyclical pulses (known 
as diurnal pulses) in the cirrus canopy of mature TCs (as 
seen by infrared satellite imagery) that propagate radially 
outward at a speed of 5–10 m s−1. Similar to the Intertropi-
cal Convergence Zone (Ciesielski et al. 2018), these diurnal 
pulses begin forming near the time of sunset each day, and 
they appear as a region of cooling cloud-top temperatures. 
The pulse propagates radially outwards overnight to a radial 
distance of several hundred kilometers from the storm center 
by the following afternoon. Analyses of a 10 year dataset of 
storm‐centered infrared satellite images suggested that the 
TCDC may be tied to TC dynamics, structure, and intensity 
change.

Numerical studies have confirmed the presence of the 
TCDC at both the genesis and mature stages of the TC 
(Melhauser and Zhang 2014; Navarro and Hakim 2016; 
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Ruppert and O’Neill 2019). Using the operational HWRF 
model, Bu et al. (2014) examined how the interaction of 
hydrometeors with atmospheric radiation can influence 
TC structure and intensity. This study demonstrated that 
cloud radiative forcing enabled hydrometeors to modulate 
radiative tendencies in the outflow layers, and the presence 
of cloud radiative forcing produced storms with (1) more 
convection and diabatic heating outside the eyewall, (2) 
a wider eye, (3) a broader wind field, and (4) a stronger 
secondary circulation. Using the Advanced Research ver-
sion of the WRF Model (WRF-ARW), Tang and Zhang 
(2016) examined the impacts of the diurnal radiation on 
the evolution of Hurricane Edouard (2014). They found 
that evening destabilization was a key factor in stimulat-
ing convection outside the TC inner core, which led to 
the development of outer rainbands and increased the 
size of the storm. O’Neill et al. (2017) examined diurnal 
responses to simulated TCs and found that internal inertial 
gravity waves are favored to form outside the TC inner 
core and that the anticyclonic outflow region of the storm 
is most receptive to these radially propagating features.

The above studies primarily focused on the impact of 
the TCDC on the middle- and upper-level structure of a 
TC. However, there have been comparatively fewer stud-
ies that have focused on the impact of the TCDC on the 
tropical cyclone boundary layer (TCBL). The most recent 
observational study on the boundary layer structural 
changes in response to the diurnal cycle in TC conditions 
was conducted by Zhang et al. (2020). This study analyzed 
data from 2242 GPS dropsondes in mature TCs to inves-
tigate the diurnal variation of the mean structure of the 
TCBL. It is found that the TCBL inflow is stronger and 
deeper at night than in the afternoon. The boundary layer 
equivalent potential temperature �e is also larger in the 
evening than in the daytime, especially for radii greater 
than 150 km. The relative humidity is larger both in the 
inner core (R < 100 km) and outer‐core regions in the even-
ing than in the afternoon. Furthermore, the surface layer 
is more unstable in the outer‐core region in the evening 
than in the afternoon. These results are largely consistent 
with the results from the hurricane nature run from Nolan 
et al. (2013) and its subsequent analysis in Dunion et al. 
(2019). In particular, Dunion et al. (2019) discovered three 
important results: (1) diurnal oscillations in TCBL mois-
ture appear as periodic minima that are concentrated at a 
radius from 100 to 300 km; (2) there are marked alternat-
ing periods of enhanced (evening to early morning hours) 
and suppressed (mid-morning to afternoon hours) surface 
winds and low-level inflow each day, particularly along 
the periphery and just outside the TC’s inner core; and (3) 
there is a maxima in peak precipitation in the late evening 
to early morning in the inner core and in the early to late 
morning farther from the storm center.

The goal of this paper is to explain the physical processes 
that drive the diurnal variation in the TCBL. An important 
question to address is the relationship between convection 
and TCBL inflow during the TCDC. Enhanced convection 
associated with diurnal pulses could act to enhance upper‐
level outflow in the outer core of the TC during the day, 
which would cause enhanced TCBL inflow. On the other 
hand, enhanced TCBL inflow due to nocturnal radiative 
cooling could act to enhance surface enthalpy flux, which 
would cause enhanced convection. Thus, the question is: 
does the enhanced convection during the evening drive the 
enhanced TCBL inflow or does the enhanced TCBL inflow 
drive more convection? Furthermore, several hypotheses 
have been presented to explain the TCDC, such as convec-
tively driven gravity waves (Pfister et al. 1993; Tripoli and 
Cotton 1989), radiatively reduced outflow resistance (Meci-
kalski and Tripoli 1998), cloud vs cloud-free differential 
heating (Gray and Jacobson 1977), and the seeder–feeder 
mechanism (Houze et al. 1981). This paper will examine 
which hypothesis best explains the observed diurnal varia-
tion in convection within the TCBL.

The paper will be organized as follows. Section 2 intro-
duces the numerical model used in this study. Section 3 
discusses the results of the control experiment, along with 
a description of the impact of the TCDC on the kinematic 
and thermal structure of the TCBL. Section 4 examines the 
relationship between convection and TCBL inflow during 
the TCBL, along with the physical processes which drive 
the diurnal variation of the TCBL. Section 5 examines the 
sensitivity of these results to cloud microphysics parameteri-
zation and radiation schemes. Implications and applications 
of this analysis will be given in Sect. 6.

2 � Numerical model and parameters

The model used here is the axisymmetric, non-hydrostatic 
cloud model of Bryan and Fritsch (2002); Bryan and 
Rotunno (2009) (CM1, release 20.2). For the TC to achieve 
quasi-equilibrium in both intensity and in structure (Chavas 
and Emanuel 2014), solutions are obtained on a domain that 
is 3000 km wide and 25 km deep for a 120 day control simu-
lation. A fixed horizontal resolution of 4 km is used to insure 
a spatially consistent radiative-convective equilibrium state. 
To accurately resolve the TCBL, a stretched vertical grid 
is employed, which starts with a grid spacing of 30 m and 
gradually increases to a grid spacing of 500 m at a height 
of 6.50 km. The grid spacing remains constant at 500 m 
above 6.50 km. The vertically stretched grid yields 20 model 
levels below 2 km. To minimize the reflectance of vertical 
propagating waves, a Rayleigh damping zone is introduced 
in the uppermost 5 km of the model and beyond the 2500 km 
radius of the model.
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Sensible and latent heat fluxes are calculated using stand-
ard bulk aerodynamic formulas with surface exchange coeffi-
cients for momentum CD based on Fairall et al. (2003) at low 
wind speeds and Donelan (2004) at high wind speed. The 
surface exchange for enthalpy CE based on Drennan et al. 
(2007). Turbulence is parameterized using a Smagorinsky-
type scheme in which the horizontal eddy viscosity depends 
on a prescribed horizontal length scale, chosen here to be 
1500 m. The vertical length scale is a function of height 
that tends toward ku∗z near the surface, where k is von Kar-
man’s constant, u∗ is the friction velocity, and z is height, and 
approaches 200 m as z → ∞.

To simulate the effects of both longwave radiation and 
shortwave radiation, here we use the Rapid Radiative Trans-
fer Model (RRTM-G) radiation scheme described in Mlawer 
et al. (1997) and Iacono et al. (2003). Interactive radiation 
allows convection to be generated by reducing the static 
stability as the atmosphere cools through emitting infrared 
radiation to space. Furthermore, radiation allows the simu-
lated storm to achieve statistical equilibrium, maintain active 
convection, and produce robust variability. This scheme is 
designed for both accuracy and computational efficiency so 
that it may be used for long numerical integrations, as is the 
case here. The radiative effects of ice are treated as in Ebert 
and Curry (1992) with an effective radius for ice crystals of 
50 �m . A fixed absorption coefficient of 0.0903614m2 g−1 
is assumed for liquid water, and a cloud fraction of one is 
assumed for all cloud layers. The carbon dioxide mixing 
ratio is set to 350 ppm (by volume), and since the strato-
sphere is constrained by the damping layer described above, 
the ozone mixing ratio is set to zero.

To simulate cloud microphysical processes, we use the 
Thompson et al. (2008) microphysics scheme. In addition to 
solving for the time tendencies of water vapor, cloud drop-
lets, cloud ice, rain, snow, and graupel mixing ratios, this 
bulk parameterization scheme also allows the particle size 
distributions for rain, snow, and graupel to evolve in time. 
We set the assumed cloud droplet concentration to a typical 
maritime value of 100 cm−3 . One advantage of using this 
more complicated and expensive scheme is that it prevents 
the accumulation of liquid water in the upper troposphere 
during long simulations. This accumulation is an artifact of 
a zero fall-speed assumption in many warm-rain schemes for 
small mixing ratio, which also affects the radiative cooling 
rates in the upper troposphere.

This simulation excludes all external influences, such 
as varying sea surface temperature and wind shear, which 
allows for an identification of storm structure and inten-
sity with the diurnal cycle of radiation. The sea surface 
temperature is fixed at 301 K, and the Coriolis parameter 
is constant at a value corresponding to 20◦ latitude. The 
solution is obtained for a fixed calendar day of 10 Septem-
ber 2020. A broad, weak vortex is introduced to the initial 

state, following Rotunno and Emanuel (1987), and the ini-
tial temperature and moisture profiles are taken from the 
Atlantic hurricane season observations described in Dun-
ion and Marron (2008). We will now examine the overall 
structure of our simulated TC with special emphasis to the 
kinematic and thermal structure of the TCBL.

Figure 1 shows the time series of the maximum storm 
intensity, the maximum storm inflow, the radius of maxi-
mum winds, and the maximum surface precipitation rate. 
The initial development of the TC occurs at approximately 
around 25 km, and the radius of maximum wind (RMW) 
increases with time until day 30, as shown in Fig. 1c. This 
increase in the RMW coincides with an increase in storm 
size (not shown), a decrease in maximum radial inflow 
(as shown in Fig. 1b), a decrease in surface precipita-
tion rate [as shown in Fig. 1d], and a gradual decrease 
in storm intensity [as shown in Fig. 1a]. From day 60 to 
day 80, the TC undergoes gradual intensification (which 
also coincides with a decrease in RMW, an increase in 
storm inflow, and an increase in surface precipitation dur-
ing this time interval). From day 80 through the end of the 
simulation, the storm intensity fluctuates around a time-
mean storm intensity of 76.5m s−1 with a standard devia-
tion of 4.76m s−1 . During this same interval, the RMW of 
the storm gradually decreases from 60 to 30 km. These 
results indicate that the simulated storm has reached a 
quasi-equilibrium in intensity and in structure during this 
time interval (Chavas and Emanuel 2014). For the sake of 
this paper, we will refer to the quasi-equilibrium state of 
the simulated TC as the time period from day 80 to day 
120 in the model simulation.

Next, we will examine the mean thermal and kinematic 
structure of the simulated TC during its quasi-equilibrium 
state. The azimuthal velocity, radial velocity, vertical veloc-
ity, and temperature of the simulated TC in its quasi-equilib-
rium state is given in Fig. 2. An azimuthal wind maximum 
is observed at a height of 1.3 km and a radius of 46 km [as 
shown in Fig. 2b] with a magnitude that is consistent with 
the time-series from Fig. 1a. The winds decay rapidly with 
both radius and height, and the azimuthal velocity becomes 
negative at radii greater than 400 km. The tropospheric tem-
peratures [as shown in Fig. 2d] decrease nearly linearly with 
height with a mean lapse rate of − 6.06K km−1 from the sur-
face up to 13 km, consistent with the model simulations of 
Navarro and Hakim (2016). The magnitude of radial inflow 
approaches − 20.0m s−1 near the inner core of the TC and 
extends from the RMW to over 600 km, as shown in Fig. 2a. 
Radial outflow is observed at a height of 12 km with a maxi-
mum magnitude near 12 m s−1 . Within the outer region of 
the storm, radial inflow is observed near a height of 9 km 
and extends from 250 to 400 km radii. The vertical velocity 
maximum approaches 4.00 m s−1 within the midtroposphere 
(as shown in Fig. 2c), and this maximum is connected to a 
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maximum in latent heating tendency within this region (not 
shown).

The kinematic and thermal fields of the TCBL for 
our simulated TC in its quasi-equilibrium state is given 
in Fig. 3. Compared to the observations of the TCBL in 
Zhang et al. (2011), the storm intensity is greater for the 
simulated TC, which is expected since the model simu-
lation is axisymmetric and has reached its steady-state 
maximum intensity. Furthermore, the radial gradient of 
the radial and azimuthal velocity and the radial inflow are 
greater for the simulated TC. These are consistent with one 
another since a strong radial gradient in azimuthal velocity 
implies lower inertial stability outside of the RMW and a 
deeper TCBL (Kepert and Wang 2001; Kepert et al. 2016). 
Consistent with Zhang et al. (2011) and Williams (2016), 
the time-mean virtual potential temperature gradient, 

as shown in Fig. 3d, can be divided into three distinct 
regions: a near-surface superadiabatic layer, a mixed layer, 
and a stable layer. The modeled region of superadiaba-
tic lapse rate extends radially outward from the RMW to 
beyond 700 km, but it is confined to within 50 m of the 
surface. Consistent with the observations of mature TCs 
(Hawkins and Imbembo 1976; Montgomery et al. 2014), 
Fig. 3c indicates that the eyewall is characterized by con-
servation of �e with height, as would be expected by moist 
adiabatic ascent. Furthermore, a pronounced increase in 
�e occurs as the parcels decelerate after passing the RMW 
from approximately 345 K to above 360 K within the eye 
of the storm, consistent with previous observations (Bell 
and Montgomery 2008). A maximum in �e is located at the 
storm center, corresponding to a warm and moist anomaly, 
consistent with the observation that the air below the eye 
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Fig. 1   Time series of a maximum azimuthal wind given in m s−1 , b maximum radial inflow given in m s−1 , c radius of maximum wind (RMW) 
given in km, and d maximum surface precipitation rate in mm hr−1 . For each time series, the sample frequency is 1.0 h
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inversion has gained energy from upward heat and mois-
ture fluxes from the ocean (Willoughby 1998).

3 � Diurnal variation of the TCBL

In this section, we will describe the diurnal variation of 
the TCBL for our simulated TC. First, we will examine the 
model simulation from day 100 to day 120, which is a rep-
resentative sample of the quasi-equilibrium period for our 
model simulation. Second, following the method of Dun-
ion et al. (2014) and Zhang et al. (2020), the model results 
from day 100 to day 120 are grouped relative to the local 
time (LT) in four periods: night (0–6 LT), morning (6–12 

LT), afternoon (12–18 LT), and evening (18–24 LT). Based 
on the observational analysis of the TCDC in Dunion et al. 
(2014) and Zhang et al. (2020), the differences in the com-
posites between the night (0–6 LT) and the afternoon (12–18 
LT) are expected to have statistically significant differences 
due to the TCDC.

Figure 4 shows the radius-height plots of azimuthal 
velocity and radial velocity within the TCBL for night 
(0–6 LST) and afternoon (12–18 LST) from day 100 to 
day 120. The overall structure of the azimuthal velocity 
plots (as shown in Fig. 4a, b) is similar between the night 
composite and afternoon composite with a maximum wind 
speed located at a height of approximately 1.5 km for both 
groups. However, the maximum azimuthal wind is slightly 

Fig. 2   The radius-height plot of the time-mean a radial velocity VR 
given in m s−1 , b azimuthal velocity VT given in m s−1 , c vertical 
velocity VW given in m s−1 , and d absolute temperature given in K . 

For each plot, the radius and height are displayed in km , and the time-
mean occurs over the quasi-equilibrium period (i.e., from day 80 to 
day 120) of the simulated TC
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stronger 
(
≈ 2ms−1

)
 in the night composite than in the after-

noon composite. These findings are consistent with the 
observational study of Zhang et al. (2020) and are in gen-
eral agreement with the modeling studies of (Nolan et al. 
2013; Navarro and Hakim 2016 and Navarro et al. 2017). 
However, based on Fig. 4d–f, there is a clear difference in 
the radial wind between the night and afternoon periods. 
Within the outer core of the TC, there is a statistically 
significant difference in the radial inflow between the two 
composites with a deeper and stronger inflow layer in the 
evening in the outer region of the TC, and this difference 

is statistically significant at 95% confidence based on the t 
test (not shown). Within the inner core of the TC, the peak 
inflow in the evening is slightly stronger in the evening 
composite than in the afternoon composite.

To examine the nature of the TCDC in the model simu-
lation, Fig. 5 presents the kinematic fields averaged into 
four time windows (0–6, 6–12, 12–18, and 18–24 LST) 
and averaged into four radial regions (0–100, 100–250, 
250–350, and 350–500 km) from day 100 to day 120, simi-
lar to that presented in Dunion et al. (2014) and Zhang 
et al. (2020). In the 0–100 km region (which represents 
the TC inner core), the structure of the radial inflow is 

Fig. 3   The radius-height plot of the time-mean TCBL a radial veloc-
ity VR given in ms−1 , b azimuthal velocity VT given in m s−1 , c equiva-
lent potential temperature �e given in K , and d virtual potential tem-
perature gradient d�v∕dz given in K km−1 . The black contour in (a) is 
the estimated kinematic boundary layer depth, defined as the height 
at which the radial velocity equals 10% of the peak inflow. The black 

contour in (d) is the estimated thermodynamic boundary layer depth, 
defined as the height at which d�v∕dz = −2 K km−1 . For each plot, 
the radius and height are displayed in km , and the time-mean occurs 
over the quasi-equilibrium period (i.e., from day 80 to day 120) of the 
simulated TC
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nearly identical for the four time windows. However, as 
shown in Fig. 5e–h, the peak updraft and azimuthal wind 
are stronger in the morning hours (0–12 LST) than in the 
afternoon and evening hours (12–24 LST), especially 
outside of the inner core of the TC. In the region from 
150–500 km, the peak inflow is the largest in the night 
composite (0–6 LST), while it is the smallest in the after-
noon composite (12–18 LST) (as shown in Fig. 5b–d). The 
difference in peak radial inflow between these groups is 
as large as 3ms−1 , which is consistent with the dropsonde 
composite analysis of Zhang et al. (2020) and with our 
previous analysis in Fig. 4. Furthermore, the inflow layer 
is deeper in the morning hours (i.e., 0–12 LST) than in 
the afternoon and evening hours (i.e., 12–24 LST). In the 
regions 250–350 and 350–500 km, we see that only inflow 
is observed below 1.5 km altitude for the 0–6 and 6–12 

LST groups, whereas weak outflow is observed just below 
1.5 km altitude for the 12–18 and 18–24 LST groups.

From the radial wind profiles in Fig. 5b–d, we observe 
that the inflow strengthens from the afternoon to the early 
evening, peaks after midnight, and then weakens through 
the morning hours. This behavior is reflected in the vertical 
velocity profiles in Fig. 5e–h. In the 100–250 km region, 
note that only upward vertical velocity is present up through 
2.5 km for the 0–6 and 6–12 LST composites, whereas 
there is small subsidence in this region near 1.5 km for the 
12–18 and 18–24 LST composites. This subsidence tends 
to weaken the convergence during these time intervals. In 
the 250–350 km and the 350–500 km regions, we observe 
a general pattern of upward vertical velocity near midnight 
that weakens into subsidence from 6 to 18 LST and intensi-
fies through the late evening. This pattern of development 

Fig. 4   a–c correspond to the radius-height plot for the time-mean azi-
muthal wind VT for the 0–6 LST composite, for the 12–18 LST com-
posite, and the VT difference between these two composites, respec-
tively. d–f Correspond to the radius-height plot for the time-mean 
radial wind VR for the 0–6 LST composite, for the 12–18 LST com-
posite, and the VR difference between these two composites, respec-

tively. The black contour in (d) and (e) is the estimated kinematic 
boundary layer depth, defined as the height at which the radial veloc-
ity equals 10% of the peak inflow. For each plot, the radius and height 
are displayed in km , and the time-mean occurs from day 100 to day 
120 of the simulated TC
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suggests an expansion in the size of the secondary circu-
lation in the TCBL during late evening hours to midnight 
and a contraction in the secondary circulation in the TCBL 
during the morning hours, consistent with Dunion et al. 
(2019) and Zhang et al. (2020). Consistent with a deeper 
and strong radial inflow, the azimuthal velocity is also gener-
ally stronger during the 0–6 and 6–12 LST groups, as shown 
in Fig. 5j–l. This behavior is most pronounced in the outer 
core of the TC where the azimuthal wind in the morning and 
evening composites are approximately 2 − 3 m s−1 stronger 
than the afternoon composites.

To examine the impact of the TCDC on thermal structure 
of the TCBL, the radius-height plots of relative humidity, 
equivalent potential temperature, and virtual potential tem-
perature gradient within the TCBL for night composite (0–6 
LST) and afternoon composite (12–18 LST) from day 100 to 

day 120 is presented in Fig. 6. We see in Fig. 6a–c that the 
relative humidity is significantly larger for the night com-
posite than in the afternoon composite in the 350–500 km 
region. Comparing Fig. 6c to Fig. 5h, the decrease in rela-
tive humidity during the afternoon hours is related to the 
enhanced subsidence in this region. This tendency for the 
radial extent of low-level moisture to be enhanced in the 
night hours and suppressed during the afternoon hours was 
also found by Dunion et al. (2019). Figure 6d–f show that 
the equivalent potential temperature possesses almost iden-
tical structures within the inner core with the 345 K con-
tour being nearly vertical in the eyewall. However, the larg-
est difference in �e is seen near the top of the inflow layer 
near the 350–500 km region, where �e is statistically larger 
(according to a student t test) in the night composite than in 
the afternoon composite, consistent with the differences in 

-10 -5 0

VR (m s -1)

0

0.5

1

1.5

2

2.5

H
ei

gh
t (

km
)

V R , R < 100 km

-10 -5 0

VR (m s -1)

0

0.5

1

1.5

2

2.5

H
ei

gh
t (

km
)

V R , 100 < R < 250 km

-6 -4 -2 0 2

VR (m s -1)

0

0.5

1

1.5

2

2.5

H
ei

gh
t (

km
)

V R , 250 < R < 350 km

-4 -2 0 2

VR (m s -1)

0

0.5

1

1.5

2

2.5

H
ei

gh
t (

km
)

V R , 350 < R < 500 km

0 0.2 0.4

VW (m s -1)

0

0.5

1

1.5

2

2.5

H
ei

gh
t (

km
)

V W , R < 100 km

-0.01 0 0.01 0.02

VW (m s -1)

0

0.5

1

1.5

2

2.5

H
ei

gh
t (

km
)

V W , 100 < R < 250 km

-0.02 -0.01 0 0.01

VW  (m s -1)

0

0.5

1

1.5

2

2.5

H
ei

gh
t (

km
)

V W , 250 < R < 350 km

-0.02 -0.01 0 0.01

VW (m s -1)

0

0.5

1

1.5

2

2.5

H
ei

gh
t (

km
)

V W , 350 < R < 500 km

30 35 40 45

VT (m s -1)

0

0.5

1

1.5

2

2.5

H
ei

gh
t (

km
)

V T , R < 100 km

20 25 30

VT (m s -1)

0

0.5

1

1.5

2

2.5

H
ei

gh
t (

km
)

V T , 100 < R < 250 km

10 12 14 16

VT (m s -1)

0

0.5

1

1.5

2

2.5
H

ei
gh

t (
km

)
V T , 250 < R < 350 km

0 5 10

VT (m s -1)

0

0.5

1

1.5

2

2.5

H
ei

gh
t (

km
)

V T , 350 < R < 500 km

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 5   a–d Correspond to the plots of vertical profiles of the time-
mean radial velocity VR , averaged for the regions R < 100km , 
100 < R < 250km , 250 < R < 350km , and 350 < R < 500km , respec-
tively. e–h Correspond to the plots of vertical profiles of the time-
mean vertical velocity VW , averaged for the regions R < 100km , 
100 < R < 250km , 250 < R < 350km , and 350 < R < 500km , respec-
tively. i–l Correspond to the plots of vertical profiles of the time-

mean azimuthal velocity VT , averaged for the regions R < 100km , 
100 < R < 250km , 250 < R < 350km , and 350 < R < 500km , respec-
tively. The blue contour corresponds to the 0–6 LST composite, the 
yellow contour corresponds to the 6–12 LST composite, the red con-
tour corresponds to the 12–18 LST composite, and the black contour 
corresponds to the 18–24 LST composite



Idealized simulations of the diurnal variation within the tropical cyclone boundary layer﻿	

1 3

Page 9 of 26  58

relative humidity as shown in Fig. 6c. Finally, the virtual 
potential temperature gradient d�v∕dz is weaker in the night 
composite than in the afternoon composite near the top of 
the inflow layer in the outer regions of the TC, as shown in 
Fig. 6g–i. This indicates that that the thermodynamic mixed 
layer is less stable in evening, and this diurnal change in 
static stability is consistent with the upward vertical velocity 
found in this region in Fig. 5f–h. These results are qualita-
tively consistent with the observational analysis from Zhang 
et al. (2020), indicating that our model simulation is captur-
ing the essence of the TCDC within the TCBL.

Since there is diurnal variability within the TCBL, it is 
expected that this these changes will also be reflected in the 
surface layer of the TC. To verify this, the radial profiles of 
the near-surface thermal fields for our four time windows 

are given in Fig. 7. We see a clear diurnal variation in 
surface enthalpy flux (HFX) near a radius of 100 km. As 
Fig. 7a indicates, surface enthalpy flux increases in mag-
nitude during the morning hours (i.e., from 0 to 12 LST) 
which is coincident with higher relative humidity (as shown 
in Fig. 7d) and lower LCL (as shown in Fig. 7h). During 
the afternoon hours, the surface enthalpy flux decreases in 
magnitude, leading to lower relative humidity and higher 
LCL. As shown in Fig. 7a, the surface enthalpy flux becomes 
negative during from 18 to 24 LST. The diurnal variation 
in relative humidity near the surface is also linked to the 
diurnal variation in surface precipitation rate in this region 
(as shown in Fig. 7e) as rain evaporation increases the water 
vapor mixing ratio in this region. Within the outer regions 
of the TC, we note that there is a clear diurnal variation in 

Fig. 6   a–c Correspond to the radius-height plot for the time-mean 
relative humidity (RH) for the 0–6 LST composite, for the 12–18 
LST composite, and the RH difference between these two compos-
ites, respectively. The black contours in (a–c) corresponds to a rela-
tive humidity of 80%. d–f Correspond to the radius-height plot for the 
time-mean equivalent potential temperature �e for the 0–6 LST com-
posite, for the 12–18 LST composite, and the �e difference between 
these two composites, respectively. The black contours in (d–f) Cor-

respond to �e = 345K . g–i The radius-height for the time-mean vir-
tual potential temperature gradient d�v∕dz for the 0–6 LST compos-
ite, for the 12–18 LST composite, and the d�v∕dz difference between 
these two composites, respectively. The black contours in (g–i) are 
the estimated thermodynamic boundary layer depths, defined as the 
height at which d�v∕dz = −2 K km−1 . For each plot, the radius and 
height are displayed in km , and the time-mean occurs from day 100 
to day 120 of the simulated TC
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convective inhibition (CIN) (as shown in Fig. 7f) such that 
CIN decreases during the morning hours (i.e., from 0 to 12 
LST) and then increases during the evening hours (i.e., from 
12 to 24 LST), which is consistent with the general pattern 
of TCBL static stability shown in Fig. 6i. Lastly, note that 
the maximum surface precipitation rate shown in Fig. 7e 
maximizes during the early morning hours, consistent with 
the pattern of tropical organized convection in Ruppert and 
Hohenegger (2018).

Finally, we will examine the diurnal variation in cloud-
radiative forcing. Figure 8 shows the radius-height plots of 
temperature tendency due to longwave radiation (LWTEN), 
temperature tendency due to shortwave radiation (SWTEN), 
and cloud fraction (CLDFRA) within the TCBL for the night 
composite (0–6 LST) and the afternoon composite (12–18 
LST) from day 100 to day 120. As shown in Fig. 8a–c, we 
note that the cloud fraction and the temperature tendency 
due to longwave radiation is significantly larger (in terms 

of percentage) for the night composite (0–6 LST) than for 
the afternoon composite (12–18 LST). Conversely, the tem-
perature tendency due to shortwave radiation (as shown 
in Fig. 8d–f) is significantly larger during the afternoon 
composite, which also corresponds to a minimum in cloud 
fraction as shown in Fig. 8h. The diurnal variation in these 
temperature tendencies is tied to the three-dimensional cloud 
distribution in the simulated TC as discussed in Dunion et al. 
(2019). Thus, in the morning hours (i.e., 0–6 LST), there 
is significant longwave radiative cooling at the cloud base 
with minimal shortwave radiative heating, which can act 
to destabilize the top of the inflow layer within the TCBL, 
which is consistent with the lapse rate mechanism from Ran-
dall et al. (1991). Conversely, in the afternoon to evening 
hours (i.e., 12–18 LST), the increase in shortwave radia-
tive warming can act to stabilize the inflow layer within the 
TCBL. Comparing Fig. 8a to Fig. 7e, we see that the peak 
nocturnal longwave radiative cooling precedes the surface 
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Fig. 7   Time-mean radial profiles of a surface enthalpy flux (HFX), b 
surface latent heat flux (QFX), c the 10 m equivalent potential tem-
perature �e , d the 10 m relative humidity (RH), e the surface precipi-
tation rate (PRATE), f the convective inhibition (CIN), g the convec-
tive available potential energy (CAPE), and h the lifting condensation 

level (LCL). The blue contour corresponds to the 0–6 LST compos-
ite, the green contour corresponds to the 6–12 LST composite, the red 
contour corresponds to the 12–18 LST composite, and the black con-
tour corresponds to the 18–24 LST composite. The time-mean occurs 
from day 100 to day 120 of the simulated TC
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precipitation maximum by approximately 6 h, consistent 
with the results of Ruppert and Hohenegger (2018).

In summary, the results from Figs. 4, 5, 6, 7, 8 provide 
a description of the diurnal cycle of the TCBL that is con-
sistent with recent observational and modeling studies of 
mature TCs. The simulated TC develops a deeper, stronger, 
and less stable inflow layer during the evening hours and a 
shallower, weaker, and more stable inflow layer during the 
afternoon hours. These results are consistent with the signa-
tures of a diurnal transverse circulation as shown in previous 
studies (Ciesielski et al. 2018; Navarro et al. 2017; Ruppert 
and O’Neill 2019). These studies illustrated an overnight 
intensification of bottom‐heavy overturning, and a daytime 
suppression of low‐level overturning but with the outflow 
both strengthened and lifted in response to shortwave radia-
tive heating. In the following section, we will examine the 
physical processes which govern this transverse circulation 

by examining the relationship between convection and the 
TCBL inflow during the TC diurnal cycle.

4 � The relationship between convection 
and TCBL inflow

To determine whether enhanced evening convection causes 
enhanced TCBL inflow or vice versa, we will examine the 
statistical relationship between the time series associated 
with convection and TCBL inflow. If enhanced evening 
convection causes enhanced TCBL inflow, then it would be 
expected that there would be synchrony between the time 
series data associated with these variables. Moreover, it 
would be expected that there would be a persistent time-
lag associated with these variables such that the release 
of convection would precede changes in TCBL inflow. To 

Fig. 8   a–c Correspond to the radius-height plot for the time-mean 
temperature tendency due to longwave radiation (LWTEN) for the 
0–6 LST composite, for the 12–18 LST composite, and the differ-
ence between these two composites, respectively. d–f Correspond to 
the radius-height plot for the time-mean temperature tendency due 
to shortwave radiation (SWTEN) for the 0–6 LST composite, for the 

12–18 LST composite, and the difference between these two compos-
ites, respectively. g–i Correspond to the radius-height for the time-
mean cloud fraction for the 0–6 LST composite, for the 12–18 LST 
composite, and the difference between these two composites, respec-
tively. For each plot, the radius and height are displayed in km , and 
the time-mean occurs from day 100 to day 120 of the simulated TC
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quantify these relationships, the normalized cross-corre-
lations and the time lags between latent heating tendency 
and the radial inflow from day 100 to day 120 of the sim-
ulated TC was computed. The cross-correlation for two 
discrete time-signals, xn and yn , is computed as

where the asterisk denotes the complex conjugate and N cor-
responds to the length of the vector. The normalized cross-
correlation is normalized so that the autocorrelations at zero 
lag equal 1. Thus, we have

Table 1 presents the results of the cross-correlation 
analysis.

From Table 1, we see that inner-core latent heat ten-
dency and the outer-core latent heat tendency are nega-
tively correlated with radial inflow. This is to be expected 
since TC intensification is strongly tied to the release of 
convection. However, note that latent heating tendency and 
cloud fraction both possess a positive time-lag with the 
radial inflow in the outer core of the TC storm. Statisti-
cally, this indicates that changes in radial inflow tend to 
precede changes in latent heating tendency. This statisti-
cal result suggests that enhanced evening inflow within 
the TCBL drives enhanced evening convection. To further 
examine the physical processes that are responsible for 
enhanced radial inflow during the TC diurnal cycle, we 
will examine the potential temperature budget, moisture 
budget, and radial velocity budget.

4.1 � Potential temperature budget

The potential temperature budget equation, following the 
notation of Bryan and Rotunno (2009), is given by

The budget terms associated with Eq. (3), from left to 
right, are radial advection; vertical advection; moisture 
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divergence; the potential temperature tendency from micro-
physical processes; dissipative heating; radial diffusion; ver-
tical diffusion; Rayleigh damping; and temperature tenden-
cies due to radiation, respectively.

Figure 9 shows the time-averaged vertical profiles of 
the potential temperature budget averaged into four radial 
regions (0–100, 100–250, 250–350, and 350–500  km) 
from day 100 to day 120 of the simulated TC. Accord-
ing to Fig. 9a, dissipative heating at the ocean surface is 
largely balanced by vertical diffusion (via upward surface 
enthalpy fluxes), radial advection, and cloud evaporative 
cooling within the inner core of the TC. Above the cloud 
base, warming due to condensation is primarily balanced 
by the strong cooling tendency due to vertical advection and 
vertical diffusion. Below cloud base in the inner core, the 
microphysical tendency term is negative (indicative of cool-
ing due to cloud evaporation) and this cooling, combined 
with significant cooling from radial advection, is largely 
balanced by vertical diffusion. By comparing Fig. 9a to 
Fig. 6g–h, we note that the location of the stable layer in 
the TCBL occurs in the region in which the microphysical 
tendency term switches sign (i.e., around the cloud base of 
the TC). Outside of the inner core, warming due to conden-
sation and cooling due to evaporation are primarily balanced 
by vertical diffusion to first order. As shown in Fig. 9c, d, 
longwave radiative cooling begins to play an important role 
in the potential temperature budget with peak radiational 
cooling occurring near the cloud base in the 250–350 and 
the 350–500 km regions, as expected from the temperature 
tendency due to longwave radiation in Fig. 8a, b.

To examine the impact of the TCDC on thermal budget 
of the TCBL, the vertical profiles of the dominant terms 
in the potential temperature budget averaged into three 
radial regions (100–250, 250–350, and 350–500 km) and 
averaged into four time windows (0–6, 6–12, 12–18, and 
18–24 LST) from day 100 to day 120 of the simulated 
storm is given in Fig. 10. Based on the budget terms, there 

Table 1   The cross-correlation analysis associated with the inner-core 
latent heating tendency 𝜃̇

COND,Inner , the outer-core latent heating ten-
dency 𝜃̇

COND,Outer , and the radial inflow for the simulated TC from day 
100 to day 120

𝜃̇
COND,Inner is computed by averaging the latent heating tendency radi-

ally in the region 30–50 km and by averaging vertically in the low-
est 1 km. 𝜃̇

COND,Outer is computed by averaging the latent heating ten-
dency radially in the region 350–500 km and by averaging vertically 
in the lowest 1  km. ⟨V

R
⟩ is computed by averaging the radial wind 

radially in the region 350–500 km and by averaging vertically in the 
lowest 1 km. The normalized correlations and time lags are computed 
using the MATLAB algorithm

Variables Normalized correlation Lag (hours)
�
𝜃̇
COND,Inner

�
, ⟨V

R
⟩ − 0.7814 2.0�

𝜃̇
COND,Outer

�
, ⟨V

R
⟩ − 0.7875 2.0
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is a clear diurnal cycle in the thermal forcing within the 
TCBL. As shown in Fig. 10a, b, longwave radiative cool-
ing maximizes during the morning composite (0–6 LST), 
and it is primarily balanced by warming due to condensa-
tion from cloud formation, as shown in Fig. 10e, f. Imme-
diately below the cloud base, there is a maximum in cool-
ing due to cloud evaporation during the night composite 
(0–6 LST) (as shown in Fig. 10e, f) and this is primarily 
balanced by vertical diffusion, as shown in Fig. 10g, h. By 
comparing Fig. 10e, f to Fig. 6g, h we see that the region 
of maximum radiational cooling for the morning compos-
ite (0–6 LST) is co-located with reduced static stability 
near the top of the inflow layer in the outer region of the 
TC. This indicates that the vertical gradient in longwave 
radiative cooling (as shown in Fig. 10a, b) reduces static 

stability near the cloud base. This suggests that cloud for-
mation within the TCBL may act to further destabilize the 
environment through the differential heating mechanism 
of Gray and Jacobson 1977.

4.2 � Moisture budget

The budget equation for the water vapor mixing ratio is 
given by

The budget terms associated with Eq. (5), from left to 
right, are radial advection; vertical advection; the water 
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Fig. 9   Time-mean vertical profiles of potential temperature θ budget 
terms at a R < 100 km , b 100 < R < 250 km , c 250 < R < 350 km , 
and d 350 < R < 500 km measured in K hr−1 . RADV stands for radial 
advection, VADV stands for vertical advection, VTURB stands for 
vertical diffusion, DISS stands for dissipative heating, MP stands for 

microphysical processes, DIV stands for moisture divergence, RAD 
stands for radiation, and HTURB stands for horizontal diffusion. For 
each plot, the time-mean occurs from day 100 to day 120 of the simu-
lated TC
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vapor tendency from microphysical processes; radial diffu-
sion; and vertical diffusion, respectively.

Figure 11 shows the time-averaged vertical profiles of the 
water vapor mixing ratio budget averaged into four radial 
regions (0–100, 100–250, 250–350, and 350–500 km) from 
day 100 to day 120 of the simulated storm. In general, the 
vertical profiles and horizontal distributions of the moisture 
budgets are like those of the potential temperature budget 
since their sources and sinks are related but are opposite in 
sign. As shown in Fig. 11a, we see that there is an approxi-
mate balance between radial advection, evaporation from 
precipitation (a source for water vapor), and vertical dif-
fusion near the surface within the inner core of the simu-
lated TC. Hence, radial advection transports drier air inward 
(leading to negative tendencies), which is offset by surface 

rain evaporation and upward moisture flux from the ocean 
surface. Above the cloud base within the inner core, we note 
that cloud condensation (a sink for water vapor) is balanced 
by vertical advection and vertical diffusion of water vapor 
above the cloud base. Thus, despite the marked moisture loss 
by cloud condensation, the air column could still maintain a 
near-saturated condition because of the upward transport of 
moisture in the eyewall updrafts, consistent with the analysis 
of Williams (2019).

As shown in Fig. 11b (which represents the “moat” region 
of the TC), vertical advection plays a negligible role in the 
budget. Hence, radial advection within the inflow layer is 
primarily balanced by evaporation and vertical diffusion. 
In the outer region of the TC (i.e.R > 150km ), we see that 
radial advection of dry air near the surface is balanced by 
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Fig. 10   Vertical profiles of potential temperature θ budget terms 
measured in K hr−1 . a–b Correspond to the radiation term (RAD) at 
250 < R < 350 km and 350 < R < 500 km , respectively. c–d Corre-
spond to the vertical advection term (VADV) at 250 < R < 350 km 
and 350 < R < 500 km , respectively. e–f correspond to the 
vertical diffusion term (VTURB) at 250 < R < 350 km and 
350 < R < 500 km , respectively. g–h Correspond to the cloud micro-

physics term (MP) at 250 < R < 350 km and 350 < R < 500 km , 
respectively. The blue contours correspond to the 0–6 LST compos-
ite, the green contours correspond to the 6–12 LST composite, the 
red contours correspond to the 12–18 LST composite, and the black 
contours correspond to the 18–24 LST composite. For each plot, the 
time-mean occurs from day 100 to day 120 of the simulated TC
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upward moisture flux from the ocean surface. Just below the 
cloud base, vertical advection and vertical diffusion of dry 
air are balanced by cloud evaporation. Above the cloud base, 
we see the radial advection and vertical diffusion are bal-
anced by vertical advection and cloud condensation. Thus, 
the water vapor mixing ratio budget depends sensitively on 
the location of the cloud base as well as the cloud condensa-
tion rate in this region.

To examine the impact of the TCDC on moisture budget 
of the TCBL, the vertical profiles of the dominant terms 
in the water vapor mixing ratio budget averaged into three 
radial regions (100–250, 250–350, and 350–500 km) and 
averaged into four time windows (0–6, 6–12, 12–18, and 
18–24 LST) from day 100 to day 120 of the simulated storm 
is given in Fig. 12. Just as in the potential temperature 

budget, there is a clear diurnal cycle in the moisture forcing. 
As shown in Fig. 12e, f, cloud condensation and evaporation 
processes obtain their maximum amplitude in the night com-
posite (0–6 LST), and these processes are primarily offset by 
vertical diffusion near the cloud base, as shown in Fig. 12g, 
h. Moreover, it should be noted that vertical moisture advec-
tion is positive near the cloud base for the night composite 
(0–6 LST) (as shown in Fig. 12c, d), and vertical advection 
becomes negative for the other three composites, consist-
ent with the pattern of vertical � advection in Fig. 10c, d. 
Radial advection also undergoes a diurnal pattern (as shown 
in Fig. 12a, b) in which its magnitude is larger during the 
evening and morning hours (0–12 LST), which is consist-
ent with the deeper TCBL inflow during this region. By 
comparing Figs. 12a to Figs. 10a, we see that the region of 
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Fig. 11   Time-mean vertical profiles of water vapor mixing 
ratio qv budget terms at a R < 100 km , b 100 < R < 250 km , 
c 250 < R < 350 km , and d 350 < R < 500 km measured at 
g kg−1 hr−1 . RADV stands for radial advection, VADV stands for ver-

tical advection, VTURB stands for vertical diffusion, MP stands for 
microphysical processes, and HTURB stands for horizontal diffusion. 
For each plot, the time-mean occurs from day 100 to day 120 of the 
simulated TC
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maximum radiational cooling at the cloud top is co-located 
with the maximum radial moisture advection in this region. 
The combined effect of these processes is to increase relative 
humidity in the outer regions of the TC near the top of the 
inflow layer, as shown in Figs. 6a, b.

4.3 � Radial velocity budget

According to Bryan and Rotunno (2009), the radial velocity 
budget equation for our numerical model is given by

(6)

�u

�t
= −u

�u

�r
− w

�u

�z
+
(
f +

v

r

)
v − cp�v

���

�r
+ Du,H + Du,V + Nu

The budget terms associated with Eq. (6), from left to 
right, are radial advection; vertical advection; the Corio-
lis force; the centrifugal force, the radial pressure gradi-
ent force, radial diffusion; vertical diffusion; and Rayleigh 
damping, respectively.

Figure 13 shows the time-averaged vertical profiles of 
the radial velocity budget averaged into four radial regions 
(0–100, 100–250, 250–350, and 350–500 km) from day 100 
to day 120 of the simulated storm. At the surface (where the 
flow is subgradient), there is a balance between the agradient 
force term (which is defined as the sum of the radial pres-
sure gradient force, the Coriolis force, and centrifugal force) 
and vertical diffusion. Thus, the agradient force decelerates 
an inflowing parcel toward the TC inner core of the vortex 
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Fig. 12   Vertical profiles of water vapor mixing ratio qv budget 
terms measured in gkg−1hr−1 . a–b Correspond to the radial advec-
tion term (RADV) at 250 < R < 350 km and 350 < R < 500 km , 
respectively. c–d Correspond to the vertical advection term 
(VADV) at 250 < R < 350 km and 350 < R < 500 km , respec-
tively. e–f Correspond to the vertical diffusion term (VTURB) at 
250 < R < 350 km and 350 < R < 500 km , respectively. g–h Corre-

spond to the cloud microphysics term (MP) at 250 < R < 350 km and 
350 < R < 500 km , respectively. The blue contours correspond to the 
0–6 LST composite, the green contours correspond to the 6–12 LST 
composite, the red contours correspond to the 12–18 LST composite, 
and the black contours correspond to the 18–24 LST composite. For 
each plot, the time-mean occurs from day 100 to day 120 of the simu-
lated TC
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and vertical diffusion serves to balance these two processes 
near the surface. The agradient force switches signs at the 
top of the inflow layer, signifying a transition to an outward 
acceleration and this is largely balanced by vertical advec-
tion within the inner core and vertical diffusion outside the 
inner core.

To examine the impact of the TCDC on radial velocity 
budget of the TCBL, the vertical profiles of the dominant 
terms in the radial velocity budget averaged into three 
radial regions (100–250, 250–350, and 350–500 km) and 
averaged into four time windows (0–6, 6–12, 12–18, and 
18–24 LST) from day 100 to day 120 of the simulated 
storm is given in Fig. 14. As shown in Fig. 14e–h, we note 
that the agradient force and vertical diffusion reach their 
largest magnitude during the morning hours (0–12 LST). 

Due to the deeper radial inflow in the morning hours, the 
agradient force switches signs at a higher altitude in the 
morning hours as well. Furthermore, note that the mag-
nitude of the agradient force is at a minimum during the 
late afternoon hours (18–24 LST). Although the radial 
and vertical advection play a smaller role in the budget, it 
should be noted by comparing Fig. 10a with Fig. 14c that 
the vertical advection of radial velocity is strongly nega-
tively correlated with longwave radiative cooling, and that 
the longwave radiative cooling lags the vertical advection 
of radial velocity. This suggests that the radiative cooling 
in this region may cause the vertical advection of radial 
wind. This is consistent with the diurnal transverse cir-
culation discussed previously. Since the radial advection 
of radial wind is positive in this region, this suggests that 
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Fig. 13   Time-mean vertical profiles of radial velocity VR budget 
terms at a R < 100 km , b 100 < R < 250 km , c 250 < R < 350 km , 
and d 350 < R < 500 km measured at m s−2 . RADV stands for radial 
advection, VADV stands for vertical advection, VTURB stands for ver-

tical diffusion, AGR​ stands for agradient force (which is defined as the 
sum of the pressure gradient force, centrifugal force, and the Coriolis 
force), and HTURB stands for horizontal diffusion. For each plot, the 
time-mean occurs from day 100 to day 120 of the simulated TC
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radiational cooling locally generates radial outflow near 
the cloud base. From a balanced dynamics perspective, 
this outflow helps to enhance radial inflow below the cloud 
base (Ruppert and Hohenegger 2018).

5 � Sensitivity to cloud microphysics 
and radiation scheme

To test the robustness of our previous results, we will show 
two additional model simulations with different combina-
tions of cloud microphysics and radiation parameterizations. 
Each case is summarized in Table 2.

The control simulation, which is run with the Thomp-
son microphysics parameterization and the RRTM-G radi-
ation scheme, has been discussed in detail in Sect. 2. The 
Morrison parameterization refers to the three-ice class, 
double moment parameterization from Morrison et al. 
(2009). Unlike the Thompson parameterization, the Mor-
rison parameterization predicts mixing ratios and number 
concentrations of all ice species, which improves the rep-
resentation of the particle size distribution. For Case 1 
and 2, graupel was used as the large ice category and the 
specified cloud droplet concentration was set to 100 cm−3 , 
which is consistent with typical maritime environment. 
The NASA-Goddard radiation scheme refers to the long-
wave and shortwave radiation schemes that have been 
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Fig. 14   Vertical profiles of radial velocity VR budget terms meas-
ured in ms−2 . a–b Correspond to the radial advection term 
(RADV) at 250 < R < 350 km and 350 < R < 500 km , respec-
tively. c–d Correspond to the vertical advection term (VADV) at 
250 < R < 350 km and 350 < R < 500 km , respectively. e–f Corre-
spond to the vertical diffusion term (VTURB) at 250 < R < 350 km 
and 350 < R < 500 km , respectively. g–h Correspond to the agradi-

ent force term (AGR) at 250 < R < 350 km and 350 < R < 500 km , 
respectively. The blue contours correspond to the 0–6 LST compos-
ite, the green contours correspond to the 6–12 LST composite, the 
red contours correspond to the 12–18 LST composite, and the black 
contours correspond to the 18–24 LST composite. For each plot, the 
time-mean occurs from day 100 to day 120 of the simulated TC
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developed at NASA-Goddard for use in regional models 
(Chou and Suarez 1999, 2001).

5.1 � Results from case 1

Figure 15 shows the radius-height plots of azimuthal veloc-
ity and radial velocity within the TCBL for the night com-
posite (0–6 LST) and the afternoon composite (12–18 LST) 
from day 100 to day 120 for Case 1. By comparing Fig. 15 
to Fig. 4, we see that there are many similarities in the kin-
ematic structure of the TCBL between the control experi-
ment and Case 1. Just as in the control experiment, the radial 
wind speed shows a clear difference between the evening and 

afternoon periods. Within the outer core of the TC, there 
is a statistically significant difference in the radial inflow 
between the two composites with a deeper and stronger 
inflow layer in the evening in the outer core of the simulated 
TC. However, the inflow layer for Case 1 extended radially 
further than for the control experiment, and the azimuthal 
wind on the inner edge of the eyewall is stronger for Case 1.

Figure 16 shows the radius-height plots of relative humid-
ity, equivalent potential temperature, and virtual potential 
temperature gradient within the TCBL for evening (0–6 
LST) and afternoon (12–18 LST) from day 100 to day 120 
for Case 1. First, we note that thermal structure of the TCBL 
for Case 1 is consistent with the control experiment. We see 

Table 2   A summary of the 
microphysics parameterization 
and the radiation scheme used 
for each simulation

See the text for a description of each parameterization and radiation scheme

Case Microphysics parameterization Radiation scheme

Control Thompson parameterization RRTM-G radiation scheme
Case 1 Morrison parameterization RRTM-G radiation scheme
Case 2 Morrison parameterization NASA-Goddard radiation scheme

Fig. 15   Same as Fig. 4, except for the simulated storm for Case 1
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that the time-mean virtual potential temperature gradient 
for Case 1 possesses a near-surface superadiabatic layer, a 
mixed layer, and a stable layer. Moreover, we see that �e is 
approximately constant with height within the eyewall and 
strongly increases towards the eye of the storm with values 
above 360 K. Second, we see that the relative humidity (and 
thus �e ) is larger at evening than in the afternoon in the outer 
core of the TC (i.e., in the 350–500 km region) near the top 
of the inflow layer, similar to the control experiment. Third, 
the virtual potential temperature gradient d�v∕dz is weaker 
in the evening hours than in the afternoon composite near 
the top of the inflow layer in the outer regions of the TC, 
similar to the control experiment. By comparing Fig. 16 to 
Fig. 6, we note the diurnal difference in d�v∕dz is consist-
ently larger above the inflow layer for Case 1, and the diurnal 
difference in �e is consistently larger in the inflow layer for 
Case 1. A budget analysis of water vapor mixing ratio (not 
shown) indicates that the radial moisture advection is larger 
throughout the inflow layer for Case 1 than for the control 
experiment, which helps to explain the diurnal difference of 
�e in Case 1 compared to the control experiment.

Figure 17 shows the radius-height plots of temperature 
tendency due to longwave radiation (LWTEN), temperature 
tendency due to shortwave radiation (SWTEN), and cloud 
fraction (CLDFRA) within the TCBL for evening (0–6 LST) 
and afternoon (12–18 LST) from day 100 to day 120 for 
Case 1. Like the control experiment, we note that the cloud 
fraction and the temperature tendency due to longwave radi-
ation is significantly larger at evening than in the afternoon, 
whereas the temperature tendency due to shortwave radia-
tion is significantly larger during the afternoon hours. Thus, 
there is significant longwave cooling at the cloud top in the 
morning hours and shortwave radiative warming in the even-
ing hours, just as in the control experiment. By comparing 
Fig. 17 to Fig. 8, the main differences between the control 
experiment and Case 1 are that the evening cloud fraction 
is larger for Case 1 and the evening cloud cover extends 
further radially for Case 1. A budget analysis of potential 
temperature (not shown) indicates that the increased cloud 
cover causes more radiative cooling near the cloud top, 
which affects the thermal stability of the TCBL for Case 1.

Fig. 16   Same as Fig. 6, except for the simulated storm for Case 1
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Table 3 presents the results of the cross-correlation 
analysis and the time lags between latent heating tendency 
and radial inflow from day 100 to day 120 for Case 1, 
using the same procedure as in Sect. 4. Just as in our con-
trol experiment, we see that the latent heating tendency are 
negatively correlated with radial inflow. Furthermore, we 
note that latent heat tendency and cloud fraction possess 
a positive time-lag with the radial inflow in the outer core 

of the TC storm, consistent with the control experiment. 
This indicates that, statistically, changes in radial inflow 
precede changes in latent heating tendency.

5.2 � Results from case 2

Figure 18 shows the radius-height plots of azimuthal veloc-
ity and radial velocity within the TCBL for evening (0–6 
LST) and afternoon (12–18 LST) from day 100 to day 120 
for Case 2. Just as in the control experiment and in Case 
1, the radial wind speed shows a clear difference between 
the evening and afternoon periods. Within the outer core of 
the TC, there is a statistically significant difference in the 
radial inflow between the two composites with a deeper and 
stronger inflow layer in the evening within the outer core of 
the simulated TC. However, the inflow layer for Case 2 is 
shallower and weaker than the control experiment and for 
Case 1. This will have implications for the thermal structure 
for the TCBL.

Figure 19 shows the radius-height plots of relative humid-
ity, equivalent potential temperature, and virtual potential 

Fig. 17   Same as Fig. 8, except for the simulated storm for Case 1

Table 3   The cross-correlation analysis associated with the inner-core 
latent heating tendency 𝜃̇

COND,Inner , the outer-core latent heating ten-
dency 𝜃̇

COND,Outer , and the radial inflow for the simulated TC in Case 
1 from day 100 to day 120

The variables are defined and calculated in the same manner as dis-
cussed in Table 1

Variables Normalized correlation Lag (hours)
�
𝜃̇
COND,Inner

�
, ⟨V

R
⟩ − 0.6179 3.0�

𝜃̇
COND,Outer

�
, ⟨V

R
⟩ − 0.6729 2.0



	 G. J. Williams Jr 

1 3

58  Page 22 of 26

temperature gradient within the TCBL for evening (0–6 
LST) and afternoon (12–18 LST) from day 100 to day 120 
for Case 2. Just as in the control experiment and Case 1, 
the thermal structure of the TCBL for Case 2 possesses a 
near-surface superadiabatic layer, a mixed layer, and a sta-
ble layer. Moreover, we see that �e is approximately con-
stant with height within the eyewall and strongly increases 
towards the eye of the storm with values above 360 K, just 
as in Case 1. Second, we see that the relative humidity (and 
thus �e ) is larger at evening than in the afternoon in the outer 
core of the TC, consistent with the control experiment and 
Case 1. However, since the inflow layer is shallower for 
Case 2 than for the other cases, the diurnal differences in 
the variables are shifted vertically downward. By comparing 
Fig. 19 to Fig. 6, we note the diurnal difference in d�v∕dz 
is consistently larger above the inflow layer for Case 2, and 
the diurnal difference in �e is consistently larger in the inflow 
layer for Case 2.

Figure 20 shows the radius-height plots of temperature 
tendency due to longwave radiation (LWTEN), temperature 
tendency due to shortwave radiation (SWTEN), and cloud 

fraction (CLDFRA) within the TCBL for evening (0–6 LST) 
and afternoon (12–18 LST) from day 100 to day 120 for 
Case 2. We note that the cloud fraction and the temperature 
tendency due to longwave radiation is significantly larger 
at evening than in the afternoon, whereas the temperature 
tendency due to shortwave radiation is significantly larger 
during the afternoon hours. Thus, there is significant long-
wave cooling at the cloud top in the morning hours and 
shortwave radiative warming in the evening hours, just as 
in the control experiment. However, there is significantly 
less cloud cover for Case 2 than for the control experiment 
and for Case 1. The decrease in morning cloud cover leads 
to enhanced shortwave radiative warming and decreased 
longwave radiative cooling in the morning hours. Further-
more, the overall decreased cloud coverage leads to a smaller 
diurnal difference in cloud cover for Case 2. A budget analy-
sis of potential temperature (not shown) indicates that the 
decreased radiative cooling near the cloud top reduces the 
lapse rate near the cloud base, which tends to make the top 
of the inflow layer more stable than in the control experi-
ment and Case 1.

Fig. 18   Same as Fig. 4, except for the simulated storm for Case 2
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Table 4 presents the results of the normalized cross-cor-
relation analysis and the time lags between latent heating 
tendency, cloud fraction, and radial inflow. Just as in our 
control experiment and in Case 1, we see that the latent heat-
ing tendency are negatively correlated with radial inflow. 
Even though the time-lag has decreased in comparison to 
Case 1, it still should be noted that there is a positive time-
lag between latent heat tendency cloud fraction and cloud 
fraction with the vertically integrated radial inflow in the 
outer core of the TC storm.

In conclusion, we note that all major features of the TC 
diurnal cycle are replicated (including the positive time-
lag between radial inflow and latent heating tendency) for 
Case 1 and Case 2. This indicates that our previous analysis 
regarding the statistical relationship between convection and 
radial inflow is not an artifact of the microphysical param-
eterization or radiation scheme that has been used.

6 � Discussion and conclusions

In this study, the diurnal variation of the TCBL has been 
examined using the non-hydrostatic, axisymmetric cloud 
model of Bryan and Fritsch (2002). From a statistical cross-
correlation analysis, it was found that diurnal changes in 
radial inflow lag changes in latent heating tendency, which 
suggests that enhanced radial inflow drives enhanced even-
ing convection within the TCBL. To examine the physical 
processes that generate the enhanced radial inflow, budget 
analyses of radial velocity, potential temperature, and water 
vapor mixing ratio were performed. From the radial velocity 
budget, it was found that longwave radiative cooling lags the 
vertical advection of radial velocity, which suggests that the 
radiational cooling near the cloud base may act to initiate 
an overturning circulation during the evening hours. Fur-
thermore, as the cooling by longwave radiation diminishes 
and the warming by shortwave radiation increases, the radial 
inflow weakens as well. From the potential temperature anal-
ysis, it was found that the combined effects of cooling by 
cloud evaporation and longwave cooling reduces the static 

Fig. 19   Same as Fig. 6, except for the simulated storm for Case 2
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stability near the top of the inflow layer, generating convec-
tion outside of the inner core of the TC. This suggests that 
cloud formation within the TCBL induces an anomalous sec-
ondary circulation through cloud vs. cloud-free differential 
heating. From the moisture budget, it was shown that cloud 
condensation and evaporation processes obtain their maxi-
mum amplitude during the evening hours. It was noted that 
the region of maximum radiational cooling near the cloud 
base is co-located with the maximum radial moisture advec-
tion in this region, and the combined effect of radial and 

vertical moisture advection during the evening is to increase 
relative humidity in the outer regions of the TC near the top 
of the inflow layer. The idealized simulations illustrate that 
the relationship between convection and radial inflow during 
the TCDC, along with the physical processes that govern the 
enhanced inflow and convection, are not merely artifacts of 
microphysics parameterizations or radiation schemes.

The model simulations, along with the budget analyses, 
give a conceptual picture of the physical processes associ-
ated with the diurnal variation within the TCBL. The results 
given here suggests a top-down approach to diurnal variation 
within the TCBL outside of the inner core. Starting at 12 LST, 
warming by shortwave radiation near the top of the inflow 
layer gradually stabilizes the TCBL and increases CIN until 
sunset. During this time, upward moisture flux continues to 
moisten the TCBL. At sunset, the warming due to shortwave 
radiation vanishes, and cloud formation continues. At the 
cloud base, the cooling due to longwave radiation increases in 
magnitude, and this gradually weakens CIN through the late 
evening to early morning hours. In response to this destabiliza-
tion process, radial outflow is promoted at the cloud base, and 

Fig. 20   Same as Fig. 8, except for the simulated storm for Case 2

Table 4   The cross-correlation analysis associated with the inner-core 
latent heating tendency 𝜃̇

COND,Inner , the outer-core latent heating ten-
dency 𝜃̇

COND,Outer , and the radial inflow for the simulated TC in Case 
2 from day 100 to day 120

The variables are defined and calculated in the same manner as dis-
cussed in Table 1

Variables Normalized correlation Lag (hours)
�
𝜃̇
COND,Inner

�
, ⟨V

R
⟩ − 0.8050 2.0�

𝜃̇
COND,Outer

�
, ⟨V

R
⟩ − 0.8142 1.0
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compensating radial inflow and upward vertical motion are 
generated below the cloud base. For this reason, the strongest 
updraft in the outer core was generated during 0–6 LST, as 
shown in Fig. 5. The net effect of this destabilization process 
is to produce a broader wind field and a stronger secondary cir-
culation, consistent with the results from Bu et al. (2014). The 
stronger secondary circulation increases surface moisture and 
enthalpy fluxes, which enhances convection within this region. 
During sunrise, warming by shortwave radiation diminishes 
radial inflow at the cloud base, and through a balanced vortex 
response, the radial inflow weakens.

The results of this study are consistent with the differen-
tial radiation mechanism of diurnal circulation adjustment 
as proposed in Gray and Jacobson (1977) and Ruppert and 
Hohenegger (2018). According to this hypothesis, the diurnal 
variation in total radiative heating within an organized con-
vective system (such as the TC inner core) is weak because 
of the presence of clouds, while in the cloud-free region, 
subsidence is nocturnally enhanced by strong radiative cool-
ing, and suppressed during the day with reduced cooling. 
Through mass continuity between the cloud-free and convec-
tive regions, ascending motion is enhanced in the convec-
tive region at night, and reduced during the day, leading to a 
nocturnal peak in convective activity. In the current study, it 
has been shown that the differential radiation pattern created 
by clouds in the outer core of the TCBL during the evening 
is virtually reversed during daytime by shortwave heating. In 
response, this reversal drives changes in circulation as shown 
in Fig. 5. According to Ruppert and Hohenegger (2018), the 
differential radiation mechanism delays the nocturnal peak 
precipitation by about 5 h and is therefore important for 
heavy precipitation in TCs to peak in early morning.

Based on the simulations presented here, there are addi-
tional questions that can be asked to further this study. First, 
the simulation in this paper assumed a constant sea surface 
temperature (SST). However, at outer radii from the TC 
center, it is possible that SST varies diurnally. Future work 
will examine the role of SST in influencing diurnal varia-
tions in TCBL structure. Second, the analysis in this paper 
primarily addresses the diurnal changes in TCBL structure 
through a balanced vortex framework. However, previous 
studies on diurnal transverse circulation show that the unbal-
anced components of the response may be manifested as 
outward‐propagating gravity waves (Evans and Nolan 2019). 
Future work will investigate the relationship between TCBL 
structural changes to unbalanced changes in the middle‐ and 
upper‐level structure associated with the TCDC.
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