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ABSTRACT

This study investigates the diurnal cycle of tropical organized deep convection and the feedback in large-
scale circulation. By considering gravity wave phase speeds, we find that the circulation adjustment into weak
temperature gradient (WTG) balance occurs rapidly (<6 h) relative to diurnal diabatic forcing on the spatial
scales typical of organized convection (=500km). Convection-permitting numerical simulations of self-
aggregation in diurnal radiative—convective equilibrium (RCE) are conducted to explore this further. These
simulations depict a pronounced diurnal cycle of circulation linked to organized convection, which indeed
maintains WTG balance to first order. A set of sensitivity experiments is conducted to assess what governs the
diurnal cycle of organized convection. We find that the ““direct radiation—convection interaction” (or lapse-
rate) mechanism is of primary importance for diurnal precipitation range, while the ‘“‘dynamic cloudy—clear
differential radiation”” mechanism amplifies the range by approximately 30%, and delays the nocturnal
precipitation peak by around 5 h. The differential radiation mechanism therefore explains the tendency for
tropical heavy rainfall to peak in the early morning, while the lapse-rate mechanism primarily governs diurnal
amplitude. The diurnal evolution of circulation can be understood as follows. While nocturnal deep con-
vection invigorated by cloud-top cooling (i.e., the lapse-rate mechanism) leads to strong bottom-heavy cir-
culation at nighttime, the localized (i.e., differential) top-heavy shortwave warming in the convective region
invigorates circulation at upper levels in daytime. A diurnal evolution of the circulation therefore arises, from
bottom heavy at nighttime to top heavy in daytime, in a qualitatively consistent manner with the observed
diurnal pulsing of the Hadley cell driven by the ITCZ.
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1. Introduction

As a leading mode of climate variability, the diurnal
cycle serves as a critical test of validation for both nu-
merical weather prediction and global climate models
(Yang and Slingo 2001; Dai and Trenberth 2004; Dai
2006; Pritchard and Somerville 2009). Even subtle
model errors on this time scale may lead to substantial
biases at longer time scales, owing to nonlinear rectifi-
cation by diurnal processes. Such rectification can arise,
for example, through diurnally modulated moist con-
vection (Ruppert 2016; Ruppert and Johnson 2016), the
upper-ocean convective mixing cycle (Webster et al.
1996; Bernie et al. 2005; Matthews et al. 2014), or diurnal
island-atmosphere and air-sea interaction (Neale and
Slingo 2003; Peatman et al. 2014; Ruppert and Johnson
2015; Cronin et al. 2015). While addressing model de-
ficiencies related to the diurnal cycle is therefore critical,
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open questions on the underlying dynamics hinder such
efforts.

This study investigates the diurnal cycle in organized
tropical deep convection, the governing dynamics of
which have withstood decades of deliberation (Kraus
1963; Gray and Jacobson 1977; Dudhia 1989; Randall
et al. 1991; Chen and Houze 1997). There is mounting
evidence of a pronounced diurnal cycle in tropical cy-
clones, as observed both in cirrus outflow characteristics
(Kossin 2002; Dunion et al. 2014) and precipitation
(Bowman and Fowler 2015). This diurnal cycle is linked
to changes in the shape of the vertical mass flux profile,
which in turn impacts spinup of the cyclone’s primary
circulation (Davis and Ahijevych 2012; Melhauser and
Zhang 2014; Nicholls 2015). Similarly, observations
reveal a characteristic diurnal cycle of deep convection
in the ITCZ, which drives a diurnal pulsing of the
Hadley cell (Deser and Smith 1998; Bain et al. 2010;
Ciesielski et al. 2018).

To explain diurnal cycles in large-scale circulation, hy-
potheses have been advanced that invoke mechanisms
of the diurnal cycle in convection; however, we lack a
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basic understanding of circulation dynamics on this
time scale. Furthermore, the literature reveals a lack of
consensus on what mechanisms govern the diurnal
cycle of organized convection in this regime (Yang and
Smith 2006; Johnson 2011) (section 2b). This study
aims to address these two gaps through theoretical
considerations of tropical circulation dynamics and
numerical model experiments, which will be conduct-
ed in an idealized framework to better disentangle the
effects of convection and radiation on large-scale
circulation.

First, to understand the dynamics of convection—
circulation interaction in the diurnal cycle, the weak
temperature gradient (WTG) approximation is invoked
(Sobel et al. 2001). While a justifiable a priori assump-
tion is that WTG balance is inapplicable on such time
scales (Yano and Bonazzola 2009), an argument to the
contrary is put forth in this study through consideration
of gravity wave phase speeds and the time scales of
WTG balance adjustment.

Second, to further investigate diurnal convection—
circulation interaction, we invoke the idealized numer-
ical modeling approach of self-aggregation in diurnal
radiative—convective equilibrium (RCE). Much has
been learned from self-aggregation concerning the
manners in which moist convection and circulation grow
upscale, and the role of cloud-radiation interaction,
humidity—longwave interaction, and surface fluxes
in this upscale growth (Tompkins and Craig 1998;
Bretherton et al. 2005; Muller and Held 2012; Emanuel
et al. 2014; Wing and Emanuel 2014; Holloway et al.
2017; Naumann et al. 2017; Wing et al. 2017). Yet very
few studies of self-aggregation have included a diurnal
cycle (Hohenegger and Stevens 2016; Wing and Cronin
2016), while none to date have analyzed it in this
framework. This gap is addressed here, where we exploit
the RCE self-aggregation framework to investigate the
diurnal cycle in both disorganized and organized states
of convection. These simulations will demonstrate the
important impact of diurnal variations in shortwave
heating on large-scale circulation, in addition to its im-
pacts on deep convection and precipitation.

In summary, this study aims to improve our un-
derstanding of the diurnal cycle in large-scale circulation
by identifying the specific mechanisms governing the
diurnal cycle of organized tropical deep convection.
WTG theory and the time scales of WTG balance
adjustment are discussed in section 2a, followed by a
review of the pertinent diurnal cycle mechanisms con-
sidered in this specific context (section 2b). Next are the
methodology for the modeling study (section 3), the
modeling study results (section 4), and conclusions
(section 5).
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2. WTG balance and the diurnal cycle
a. WTG balance adjustment

The large-scale heat budget is encompassed by the
apparent heat source Q; of Yanai et al. (1973):

s _ a5
QIIE—’_V.VS—FW&_QR—FQC’ (1)

where s = ¢, T + gz is dry static energy; v is horizontal
velocity; w is vertical wind, Qg is total radiative heating;
Q. is total convective heating, the sum of vertical eddy
heat flux convergence and microphysical heating (e.g.,
Johnson et al. 2016); ¢, is the specific heat of dry air at
constant pressure; 7T is temperature; and g is gravity.
Overbars denote horizontal averaging across an en-
semble of convective elements, and Q. is calculated as
Qc = Ql - QR-

In contrast to midlatitudes, where quasigeostrophic
motions can sustain strong large-scale horizontal tem-
perature gradients, the tropics are characterized by a
lack of geostrophic balance, and hence very weak tem-
perature gradients (Charney 1963). Tropical thermo-
dynamics may therefore be described to first order by

s a5
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the solution to which is a gravity wave. Therefore, in-
stead of horizontal advection, the prevailing mechanism
for large-scale horizontal temperature adjustment is the
rapid spreading and homogenization of buoyancy anoma-
lies by gravity waves (Bretherton and Smolarkiewicz 1989;
Nicholls et al. 1991; Mapes 1993). Gravity waves act by
adjusting vertical circulation, which modulates tempera-
ture through adiabatic compression and expansion of the
statically stable free troposphere.

On time scales far exceeding those of gravity wave
adjustment, the time-tendency term vanishes, and a bal-
ance arises, which is referred to as WTG balance (Sobel
and Bretherton 2000; Sobel et al. 2001):

o5
w£~Q]. 3)

Thus, when gravity waves have done their job of ho-
mogenizing buoyancy, a balance arises between adia-
batic cooling and warming (left-hand side) and diabatic
heat sources and sinks (right-hand side). Observations
demonstrate that WTG balance prevails quite generally

! While s is shown here for consistency with the literature, gravity
waves in fact respond to localized buoyancy anomalies manifest in
virtual (or density) potential temperature.
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FIG. 1. The time scale 7; at which WTG balance hypothetically
applies, as a function of hydrostatic gravity wave mode j and ad-
justment length scale L (km). The corresponding mode half-
wavelength (km), calculated as A/}, is indicated on the right-hand
y axis.

in the tropics, on time scales of several days and greater,
and from the mesoscale up to large-scale equatorial
waves such as the Madden—Julian oscillation (MJO)
(Yano and Bonazzola 2009; Chikira 2014; Wolding
et al. 2016).

The question of whether WTG balance applies to the
diurnal cycle requires special consideration. Time vari-
ations of temperature over 24 h as measured by sound-
ings, for example, are typically of O(1) K in magnitude
[Fig. 4b of Ruppert (2016)]. Such rapid temperature
variations manifest in large magnitude of the local time-
tendency term in Eq. (2), giving the impression that
WTG balance is inapplicable to the diurnal cycle (Yano
and Bonazzola 2009); however, this is a false impression.

To understand the applicability of WTG theory to the
diurnal cycle, we must first understand the time scales of
the WTG balance-adjustment process. As noted earlier,
balance adjustment is achieved by gravity waves, fol-
lowing Eq. (2). The lower limit on the adjustment time
scales is therefore set by the propagation rate of gravity
waves; or more specifically, the time required for gravity
waves to propagate over a distance L, the horizontal
scale of an assumed circulation system. Once they have
done so, we assume that the associated buoyancy
anomaly is homogenized and WTG balance is restored,
to first order.

Following Herman and Raymond (2014), we assume a
series of hydrostatic modes with horizontal phase speed
¢; = Nhljm, where N ~ 0.01 s~ 1 is static stability, h ~
15 km is troposphere depth,andj = 1,2,3, .. .1is the wave
mode. The time scale of balance adjustment (or its lower
limit, strictly speaking) is then 7; = L/c;. Figure 1 depicts
7; calculated for a range of L and j. The value of 7;
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increases systematically with L, with the 1-day contour
situated at L = 4000km for the first baroclinic mode.
The value of 7; also increases with j because of the de-
crease of ¢; with j.

We may therefore take Ly, ~ 10°km (roughly 10° of
longitude or latitude) as a hypothetical upper limit for
diurnal-WTG balance. Tropical cloud clusters, such as
mesoscale convective systems (MCSs) and tropical cy-
clones, are typically of a scale well below L4, (Mapes
and Houze 1993). Circulation adjustment toward WTG
balance is therefore likely an important process in such
systems.

This argument does not rule out the potential impor-
tance of transient, small-amplitude buoyancy anomalies
for convective activity, however. Indeed, for diurnal
forcing on scales L > L4, balance adjustment is a slow
process relative to the diurnal cycle. For example, if
daytime shortwave warming and nocturnal cooling
manifest on a scale of O(10*) km at a given instant (i.e.,
on a hemispheric scale), it takes 2.5 days for the first
gravity wave mode to cover such a distance, and longer
for higher modes (Fig. 1). Therefore, gravity waves
cannot keep up with diurnal diabatic forcing on this very
large spatial scale, yielding

()=, @

where angle brackets denote averaging on scales of L >> L.
Large-magnitude diurnal temperature variations in
observations (Ruppert 2016) are evidence of this very
large-scale, unbalanced diurnal temperature fluctua-
tion. Therefore, balance may exist at smaller scales,
with large-magnitude, unbalanced variations super-
posed at much larger scales.

These arguments provide a new basis for the mecha-
nisms proposed in the literature to explain the diurnal
cycle of deep convection over open ocean, which are
discussed next.

b. Review of mechanisms

The diurnal cycle of precipitation over the tropical
open oceans is characterized by two peaks: a robust peak
overnight—early morning linked to heavy rainfall in or-
ganized deep-convective systems, and a weaker peak in
the afternoon characteristic of more suppressed condi-
tions (Gray and Jacobson 1977; Mapes and Houze 1993;
Chen and Houze 1997; Sui et al. 1997; Wood et al. 2002;
Nesbitt and Zipser 2003; Yang and Smith 2006; Kikuchi
and Wang 2008). Neither of these peaks require the
remote influences from land or solar tides to explain,
although these mechanisms can certainly be important
(Woolnough et al. 2004; Yang and Smith 2006).
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The weaker afternoon peak in tropical rainfall is the
result of daytime convective invigoration by large-
amplitude diurnal sea surface temperature (SST) vari-
ations, which typically reach approximately 2K in
suppressed conditions characterized by shallow con-
vection (Chen and Houze 1997, Sui et al. 1997; Johnson
et al. 2001; Bellenger et al. 2010; Ruppert and Johnson
2015; Johnson and Ciesielski 2017). This afternoon
mechanism has been investigated in past studies, and is
hence not treated here (Bellenger et al. 2010; Ruppert
and Johnson 2015, 2016).

The focus of this study is on the dominant overnight—
early-morning peak. This peak is linked to heavy rainfall
in organized deep convection (Gray and Jacobson 1977),
such as in MCSs (Mapes and Houze 1993; Chen and
Houze 1997; Nesbitt and Zipser 2003), tropical cyclones
(Bowman and Fowler 2015), the ITCZ (Ciesielski et al.
2018), and other large-scale convergence zones (Deser
and Smith 1998; Kikuchi and Wang 2008; Bain et al.
2010). There are two well-supported theories for this
nocturnal precipitation enhancement, both of which
invoke diurnal variations in radiative heating and its
interaction with deep convection. For much broader
reviews, see Yang and Smith (2006), Johnson (2011),
and Nicholls (2015).

The ““direct radiation—convection interaction” mecha-
nism (or simply, the lapse-rate mechanism) invokes
a one-dimensional argument that emphasizes diurnal
changes in lapse rate or static stability resulting from di-
urnal radiative heating in deep convection. Specifically,
shortwave absorption by upper-level clouds (Webster
and Stephens 1980) results in a top-heavy daytime cloud—
radiative forcing (CRF) structure with upper-level
warming in convective regions, which in turn stabilizes
the column and suppresses moist convection (Kraus 1963;
Randall et al. 1991; Xu and Randall 1995; Liu and
Moncrieff 1998). At night, shortwave warming is absent,
and convective activity is enhanced in association with
the upper-level cooling because of longwave emission
from cloud tops [the diurnal cycle of Qg and CRF in deep
convection is depicted in Fig. 17 of Ciesielski et al.
(2018)]. Diurnal changes in the vertical profile of tem-
perature are consistent with the lapse-rate mechanism, as
found in both observations (Ruppert 2016) and models
(Randall et al. 1991; Xu and Randall 1995; Liu and
Moncrieff 1998). Specifically, temperature exhibits warm
diurnal anomalies in the afternoon that increase in am-
plitude with height through the cloud layer, and cool
anomalies overnight-early morning that similarly in-
crease with height. These temperature anomalies maxi-
mize around the level of cloud top, that is, 12-15km in
deep convection [Fig. 9 of Randall et al. (1991)], and
4-7 km in congestus convection [Fig. 4b of Ruppert (2016)].

JOURNAL OF CLIMATE

VOLUME 31

There has been more disagreement, however, re-
garding the importance of the “dynamic cloudy—clear
differential radiation” mechanism proposed in the ob-
servational studies of Ruprecht and Gray (1976) and
Gray and Jacobson (1977). According to this hypothesis,
the diurnal variation of Qx within an organized con-
vective system is weak because of the presence of clouds,
while in the cloud-free region, subsidence is nocturnally
enhanced by strong radiative cooling, and suppressed
during the day with reduced cooling. Through mass
continuity between the cloud-free and convective re-
gions, ascending motion is enhanced in the convective
region at night, and reduced during the day, leading to a
nocturnal peak in convective activity.

A key assumption of Gray and Jacobson (1977) is that
lapse rate and temperature do not change much, there-
fore implying WTG balance, following from which are
the dynamic arguments encompassed by their hypoth-
esis. As discussed in section 2a, WTG balance adjust-
ment occurs rapidly relative to the diurnal cycle on
scales typical of organized convection (Fig. 1). In this
sense, the assumption of Gray and Jacobson (1977) is
valid, and diurnal changes in differential radiation
should therefore drive circulation changes. Neverthe-
less, unbalanced diurnal temperature fluctuations likely
manifest on much larger spatial scales (Randall et al.
1991; Xu and Randall 1995; Ruppert 2016) in accor-
dance with Eq. (4).

Many prior studies, claiming that the differential
radiation mechanism is a small-order effect, have im-
portant caveats. Randall et al. (1991) conducted global
model simulations on a grid of approximately 500-km
spacing. This grid was inadequate to resolve convec-
tion, although parameterized convection responded
diurnally to unbalanced temperature fluctuations mani-
festing on very large scales, and the associated changes
in lapse rate. While convection was explicitly simulated
in several other studies, these were conducted in only
two dimensions, which inherently limits the dynamic
response to diurnal diabatic forcing (Dudhia 1989; Tao
et al. 1996; Liu and Moncrieff 1998). Furthermore,
only highly transient convection in the form of fast
squall lines was treated, where circulation balance is
likely inapplicable. In a recent study by Nicholls (2015),
the differential radiation mechanism was indeed ar-
gued to be highly important in three-dimensional sim-
ulations of a developing tropical cyclone, consistent
with the arguments presented in section 2a. The pres-
ent study will build upon the findings of Nicholls (2015)
by comparing convection in organized and disorga-
nized states, and exploring mechanisms of the diur-
nal cycle in the context of organized convection in
nonrotating RCE.
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Motivated by the above discussion, a new hypothesis
is posed in this study—that diurnal changes in both lapse
rate and differential radiative heating are critical to the
diurnal cycle of organized tropical deep convection. This
study will provide evidence through numerical model
simulations of how both diurnal mechanisms indeed
cooperate in organized convection. The results will ad-
ditionally demonstrate the high degree to which circu-
lation maintains approximate WTG balance owing to
rapid circulation adjustment.

3. Modeling methodology

Model simulations are conducted with the Icosahedral
Nonhydrostatic (ICON) model, developed jointly by the
Max Planck Institute for Meteorology and the German
Weather Service (DWD). ICON was developed as a
unified model, catering to applications ranging from
climate prediction down to large-eddy modeling (LEM).
ICON employs a geodesic Delaunay (triangular) grid
system, with C-type staggering. The prognostic variables
are virtual potential temperature 6,,, w, density, triangle
edge—normal horizontal velocity, and the specific masses
and number densities of water vapor and condensate.
The dynamics are described in more detail by Zingl
et al. (2015), while implementation of the LEM frame-
work is described by Dipankar et al. (2015).

For the LEM framework employed in this study, a
simplified flat geometry is assumed on a doubly periodic
domain of (900 km)?, made up of triangles of 3-km edge
length. Earth’s rotation is excluded. A Smagorinsky
turbulence scheme is employed that accounts for ther-
mal stratification (Dipankar et al. 2015). Also employed
are the two-moment microphysics scheme of Seifert
and Beheng (2006), and the Rapid Radiative Transfer
Model (RRTM) scheme (Mlawer et al. 1997; Clough
et al. 2005; Iacono et al. 2008). Solar zenith angle is
calculated assuming a latitude of 19.5°N with equinox
conditions, and including the diurnal cycle, which is
the same at all columns. This zenith angle yields daily
mean top-of-atmosphere insolation of 413.6Wm 2,
which approximates the annual mean at the equator
(Wing and Cronin 2016). CO, volume mixing ratio is
fixed to 348 ppm. Ozone is prescribed using a fixed
vertical profile following Popke et al. (2013). Surface
fluxes are calculated interactively from the bulk-
aerodynamic formulae assuming the drag-law formu-
lation (Dipankar et al. 2015), with fixed sea surface
temperature of 300 K.

The model is discretized in the vertical using a
stretched grid of 75 vertical levels, with spacing in-
creasing smoothly from 30 m near the surface to around
700m near model top (27km). A sponge layer is
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implemented from 19km and above using the Klemp
et al. (2008) scheme in which only vertical motion
is damped.

Similar to the procedure of Bretherton et al. (2005),
model output is coarsened by interpolation onto a reg-
ular Cartesian grid of approximately (75km)?® spacing,
yielding 144 new grid cells. Each new grid cell represents
averages across approximately 600 native model grid
cells, such that convective motions are averaged out and
only mesoscale motion is retained. This interpolation is
conducted with the first-order conservative remapping
function remapycon of the Climate Data Operators
(CDO) software (version 1.9; https://code.mpimet.mpg.
de/projects/cdo). Analysis will invoke model output
both on this new coarser grid and on the native grid. All
analysis is conducted with hourly model output.

RCE model framework

Similar to past studies of self-aggregation, tempera-
ture and humidity profiles used to initiate the model are
generated from a preliminary simulation conducted with
the identical model framework, but on a smaller domain
of (150km)* where RCE is achieved without aggrega-
tion (Muller and Held 2012; Wing and Emanuel 2014;
Wing and Cronin 2016). These profiles are taken from
space and time averages over 70-90 days of the small-
domain simulation. Small-amplitude noise of =|0.3| K
and =<[0.1) ms~' is added to 6, and w, respectively, in
the lowest three model levels of the initial state to
break symmetry. The initial profile has no wind. With
this RCE initialization procedure, the primary large-
domain simulation exhibits little mean change until self-
aggregation begins.

The primary large-domain simulation (CTL) is ini-
tialized as described above, and integrated for 90 days.
This simulation is characterized by an approximate
10-day period of scattered deep convection, followed
by the self-aggregation of convection into one singular,
stationary system by 40 days (Fig. 2). CTL is employed to
investigate the diurnal cycle of convection and circulation
in both disorganized and organized periods. Several
sensitivity simulations are conducted to isolate the rela-
tive impact of the diurnal cycle mechanisms in both dis-
organized and organized convection. These simulations
are described in the main text alongside the results.

4. Results

The results section is composed as follows. Provided
first is an overview of self-aggregation in CTL (section 4a).
Next, the diurnal cycle of convection in CTL is described in
detail in both disorganized and organized states, with
emphasis on identifying the relationships between Qg, O,
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FIG. 2. (a) Histogram of PW (shaded; % of grid cells), domain-mean PW (solid), and do-
main area fraction of column-integrated ascending motion (dashed) in CTL. Maps of PW at
(b) 6 and (c) 55 days. The letters M and D refer to the moist patch (convective region) and dry
region, respectively, distinguished by areas of upward and downward column-integrated mass
flux on the 75-km grid (dividing point is situated approximately at the 30-mm contour in PW,
and is indicated by crosses in Fig. 7). PW variables are from the native model grid, while
ascent area fraction is calculated from the coarsened (75 km) grid and smoothed with a 3-day

running average.

and diurnal circulation changes and the validity of the
WTG approximation (section 4b). Described last is a set of
sensitivity simulations conducted to quantify the relative
role of diurnal changes in lapse rate and differential radi-
ation (section 4c).

a. Self-aggregation in CTL

The occurrence of self-aggregation in CTL is depicted
by the time-evolving histogram of precipitable water
(PW; Fig. 2a). Beginning from the homogeneous initial
state with PW around 30 mm, a widening of the histo-
gram is clear by 10 days. While the dry and moist ex-
tremes both intensify, the domain-mean PW decreases,
as noted in prior RCE studies (Bretherton et al. 2005;
Muller and Held 2012; Wing and Emanuel 2014; Muller

and Bony 2015; Hohenegger and Stevens 2016; Wing
et al. 2017). This domain-mean drying is associated with
the expansion of dry regions, which leads to an aggre-
gation of humid regions and convective activity (Wing
and Emanuel 2014; Hohenegger and Stevens 2016).
Expansion of the dry subsiding regions is demonstrated
by the decreasing area fraction of column-integrated
ascending motion (Fig. 2a). Area fraction reaches a
minimum of about 20% and persists there from 40 to
60 days, which is reflected in the PW histogram by in-
creased frequencies in the dry extreme.

In the horizontal plane, PW exhibits weak variance at
6 days, with convective cells, visible as small points of
increased PW, randomly distributed throughout the
domain (Fig. 2b). The pattern at 55 days, in contrast,
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TABLE 1. Mean and diurnal amplitude of domain-mean precipitation (second column; mm day'; in parentheses the percentage of the
mean), that averaged over the moist patch M (third column), and area fraction of M (fourth column) for each simulation. Sampling periods
are 2-9 days for CTL (disorganized), 50-59 days for CTL (organized), 2-9 days for H-RAD, and 10-19 days for P-RAD, DC-MPATCH,
and HRAD-MPATCH (date ranges are inclusive). Amplitude is calculated by subtracting daily mean values, then compositing and taking
half the difference between maximum and minimum composite values (and as a percentage of the sample-period mean).

Simulation Mean and diurnal amplitude (%) Averaged over M Area fraction of M
CTL (disorganized) 2.65 and 0.94 (35.5) 3.59 and 1.13 (31.5) 431%
CTL (organized) 3.20 and 1.22 (38.2) 19.1 and 7.33 (38.3) 16.7%
H-RAD 2.65 and 0.91 (34.4) 2.67 and 0.92 (34.5) 52.1%
P-RAD 3.28 and 1.73 (52.8) 15.5 and 8.30 (53.6) 20.1%
DC-MPATCH 3.27 and 1.14 (35.0) 16.3 and 6.04 (37.0) 19.4%
HRAD-MPATCH 3.28 and 1.26 (38.5) 19.0 and 7.41 (39.0) 16.7%

indicates a high degree of organization, with deep con-
vection in the moist patch (M) and subsidence in the
surrounding dry region (D) (Fig. 2c). This pattern ex-
emplifies the quasi-stationary system that persists from
around 35 days to the end of the simulation. This system
is of scale L ~ 500 km. Although this scale is sensitive to
the domain size (Muller and Held 2012; Wing and
Cronin 2016), it approximates organized convection as it
occurs in nature (Mapes and Houze 1993; Chen and
Houze 1997).

Prior RCE studies have indicated a number of feed-
back processes that can cause self-aggregation, which
relate to cloud-radiation interaction, longwave—water
vapor interaction, and interactive surface fluxes
(Tompkins and Craig 1998; Bretherton et al. 2005;
Muller and Held 2012; Emanuel et al. 2014). Mounting
evidence points to the particular importance of a cloud—
longwave instability mechanism for driving self-aggregation,
whereby enhanced radiative cooling from the boundary
layer and shallow clouds in slightly drier regions increases
local subsidence, both amplifying the spatial differences
and expanding the dry regions (Muller and Held 2012; Wing
and Emanuel 2014; Muller and Bony 2015; Hohenegger and
Stevens 2016; Wing and Cronin 2016; Naumann et al. 2017;
Wing et al. 2017).

b. The diurnal cycle in CTL

Henceforth in the study, the disorganized period will
refer to the period from 2 to 9 days (inclusive) in CTL,
while the organized period will refer to the period from
50 to 59 days (Fig. 2). This distinction is based on the
narrow distribution of PW in the early period, as com-
pared to later times, which is associated with widespread
convection.

Mean- and diurnal-amplitude values of domain-
averaged and M-averaged precipitation are provided
in Table 1 for each simulation, while the diurnal cycle of
domain-averaged precipitation for these two periods
is depicted through composites in Fig. 3a (sensitivity

simulations are discussed in section 4c). Domain- and
time-mean precipitation is 3.2mmday ' in the orga-
nized period, compared to 2.65mmday " in the disor-
ganized period. While the M-averaged values are similar
to the domain-averaged values in the disorganized
period, since precipitation is randomly distributed
throughout the domain, precipitation is almost fully
confined to the moist region M in the organized period.
Separation of the standard deviation bars between the
diurnal extrema indicates that they are statistically
significant.

Peak and minimum are at 0400 and 1700 local time
(LT) in the disorganized period, with very little day-to-
day variability in this diurnal cycle. The diurnal cycle in
the organized period is greater in amplitude by about
0.3mmday ' (Table 1), and is characterized by much
greater day-to-day variability. The amplitude difference
is mainly caused by a higher maximum in the organized-
period composite, as minima are similar. The diurnal
cycle in the organized period is also shifted earlier in
phase by 2 h, with peak and minimum at 0200 and 1400 LT.
While the large day-to-day variability in the composite
implies possible variability in the timing of the peak, sep-
aration between standard deviation bars indicates that the
amplitude and phase differences between the two periods
are significant.

Observations over the open ocean suggest a peak in
precipitation around 0600 LT (Gray and Jacobson 1977;
Sui et al. 1997; Kikuchi and Wang 2008; Yang et al.
2008). The timing of peak simulated precipitation in
CTL is 2-4 h earlier than that depicted in observations.
While the cause of this time bias is unknown, one hy-
pothesis is that it relates to the idealized nature of the
model framework employed here. Specifically, diurnal
tides and equatorial waves are both neglected, both of
which may be important to the phasing of the diurnal
cycle in nature (Chen and Houze 1997; Woolnough et al.
2004). Despite this time bias, the simulation ade-
quately simulates the nocturnal intensification of deep
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FIG. 3. Diurnal composites of domain-mean precipitation with sample means removed, repeated for detail. The
vertical bars indicate the sample standard deviation (i.e., day-to-day variability) for a given hour. (a) CTL (dis-
organized period; dashed) and CTL (organized period; solid); (b) CTL (disorganized period; dashed) and H-RAD
(magenta); (¢) CTL (organized period; solid) and P-RAD (dotted); and (d) P-RAD (dotted), DC-MPATCH (red
solid), and HRAD-MPATCH (blue dashed). See Table 1 for mean- and diurnal-amplitude values and composite
time periods. The sensitivity simulations H-RAD, P-RAD, HRAD-MPATCH, and DC-MPATCH are described in
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section 4c.

convection in response to cloud-radiation interaction, as
in nature.

The diurnal cycle of convection and circulation cannot
be completely understood without assessing both Qg
and Q. as will be demonstrated later. Since Qp is the
fundamental impetus for diurnal changes in convection
and circulation, however, the radiative forcing is de-
scribed first—namely, diurnal lapse-rate changes re-
sulting from top-heavy shortwave CRF, and diurnal
variations in differential Qg, which relate to the dynamic
cloudy—clear differential radiation mechanism.

To identify diurnal lapse-rate changes in CTL, the
diurnal cycle of horizontally averaged Bf , that is, the
deviation of 6, from the daily mean, is shown in both
the disorganized and organized periods (Fig. 4). Since
the horizontal average of w must be zero for mass con-
servation in the model domain, Eq. (4) is strictly obeyed
in the domain mean. In consequence, changes in
domain-mean temperature arise, which cannot be offset
by circulation changes (i.e., the differential radiation
mechanism), although they can modulate convective
activity (via the lapse-rate mechanism). In the disorga-
nized period, the diurnal range of Oj is approximately
0.3K in the lower troposphere and 0.6K in the upper
troposphere, with an evolution qualitatively resembling
that in prior studies (Randall et al. 1991; Liu and
Moncrieff 1998). During the organized period, the di-
urnal range is lower in magnitude in the free tropo-
sphere, and is greater in the boundary layer. To
understand this difference between the organized and

disorganized period, Qg is depicted for the organized
period averaged over the dry and moist regions D and M
(Fig. 5). Comparison of Qg between D and M indicates
that diurnal Qg variations in the free troposphere are
substantially greater in magnitude in M because of
greater midday shortwave warming, while they are
greater in the PBL in D because of greater nocturnal
cooling. Enhanced Qg cooling in the PBL of D owes to
the dry, cloud-free conditions above the PBL, given that
subsidence prevails. In M, a moister, cloudier tropo-
sphere leads to greater shortwave absorption through
much of the troposphere, while reducing the magnitude
of PBL cooling. The pattern of Bj in the organized period

Domain-mean 67
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P ;\_,“
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organized
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I
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FI1G. 4. Domain-mean 9? (diurnal anomaly; shaded and con-
toured every 0.1 K) for the (left) disorganized and (right) organized
composite periods in CTL.
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FIG. 5. The diurnal cycle of Qg (shaded and contoured every
0.5K day ') averaged over (left) D and (right) M (cf. Fig. 2) in the
organized period in CTL.

is therefore largely due to the much greater area of D,
which dominates the domain average (Fig. 4).

Despite the differences in the diurnal variation of 6,
between the two periods, this evolution is qualitatively
consistent with the lapse-rate mechanism: specifically,
the morning is characterized by cold anomalies that in-
crease in magnitude with height through the tropo-
sphere, whereas warm anomalies increase with height in
the afternoon because of top-heavy shortwave CRF
(Kraus 1963; Randall et al. 1991; Xu and Randall 1995).
These patterns tend to promote convection in the
morning hours and suppress it in the afternoon—
premidnight hours (Fig. 3a). The lapse-rate mechanism
is likely not the entire story, however, as diurnal changes
in differential radiation may also play an important role
in modulating convection.

The diurnal cycle of differential Qg between the moist
and dry regions is shown in Fig. 6. The pattern of dif-
ferential QO in the disorganized period is very weak,
owing to very little circulation and spatial humidity
variation (Figs. 2a and 6a). Nevertheless, the signature
of daytime upper-level warming as a result of shortwave
CREF in more moist (i.e., cloudy) regions is evident. The
much more pronounced differential-Qx pattern in the
organized period exemplifies the diurnally varying CRF
resulting from deep convection and the abundance of
optically thick clouds throughout the column of the
convective region (Fig. 6b). The clear-air effects of or-
ganized water vapor, such as locally reduced longwave
cooling in the convective region where humidity is
greatest, are also included in this differential-Qx pat-
tern; such effects cannot be distinguished from CRF
through this perspective. This differential-Qg pattern is
characterized by top-heavy differential warming in
daytime (0600-1800 LT) owing to shortwave CRF, such
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FIG. 6. Differential Qr (shaded and contoured every 0.5 K day )
for (a),(b) both composite periods in CTL and (c)—(f) for the sen-
sitivity simulations, calculated as Qgl|y — Orl|p. Where the sub-
scripts M and D denote averaging over the moist and dry patches,
respectively. The sensitivity simulations H-RAD, P-RAD, HRAD-
MPATCH, and DC-MPATCH are described in section 4c.

that the warming increases with height from the PBL to
the midtroposphere, with peak warming at around
10km. At night, in contrast, differential warming is
bottom heavy because of longwave CRF and longwave—
water vapor interaction, with peaks in warming in the
PBL and from 2 to 4 km, and reduced warming at higher
levels. Nocturnal peaks in differential cooling are evi-
dent between 6 and 8 km and from 10 to 12km, both of
which are caused by Qg in the moist region (Fig. 5).
These cooling peaks are likely situated at the top
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FIG. 7. PW-sorted vertical cross sections at (left) 0200 and (right) 1400 LT in the 50-59-day composite of CTL,
with total O (shaded), streamfunction (solid) calculated from PW-sorted w (contoured every 0.1 kgm >s™ !, with
only negative values appearing), cloud liquid plus ice water content (dashed; mg kg™1), and precipitation at the
bottom of the panels. The crosses indicate the dividing point between M and D.

of cloud layers and/or humid layers (Webster and
Stephens 1980).

An important misconception in the hypothesized
mechanism of Gray and Jacobson (1977) must be ad-
dressed here. Specifically, Gray and Jacobson (1977)
argued that the diurnal variation of Qg is minimal within
convective regions, and that the diurnal cycle is pri-
marily driven by Qg variations in the cloud-free sur-
roundings. Figure 5 indicates that the diurnal cycle of Qg
is in fact larger within the convective region through
much of the column as a result of shortwave CRF and
water vapor effects. Nevertheless, an important, original
aspect of the hypothesis of Gray and Jacobson (1977)
will be further considered in this study—namely, that
diurnal changes in differential Qz cause important
changes in circulation, and hence precipitation.

Diurnal circulation changes are described next. Circu-
lation is shown through PW-sorted vertical cross sections
in the organized period at 0200 and 1400 LT, that is,
the times of precipitation extrema (Fig. 7). Circulation is
depicted through an effective streamfunction W, calcu-
lated following Bretherton et al. (2005) according to
W (z2) =V +p(2)Wi—12 (2), where i = 1,2, ..., 144
refers to each grid column on the coarsened grid sorted by
PW, and beginning from ¥, = 0.

At 0200 LT, circulation exhibits a pronounced
bottom-heavy structure in association with enhanced
precipitation in the convective region. Radiative cooling
prevails, with enhanced cooling from deep-convective
cloud tops around 12 km, shallow cloud tops near the top
of the boundary layer between columns 80 and 120, and

from the moist boundary layer in the drier columns.
Layers of enhanced cooling originating from the con-
vective region around 4 and 7km are also apparent, in-
dicative of thin cloud layers or vertical humidity
gradients, which slope downward because of subsidence.
Cooling is substantially weaker from the surface to
around 4km within the convective region, because of
both increased water vapor and the prevalence of deep
clouds. This pattern of reduced cooling relative to the dry
region is consistent with the nocturnal low-level warming
structure in differential Qg (Fig. 6b). This cross section
provides cursory evidence for the nocturnal invigoration
of convection through both cloud-top radiative cooling
and differential Q. In this sense, the diurnal mechanisms
related to lapse-rate changes and differential Qx are
difficult to isolate in organized convection.

The circulation at 1400 LT is much weaker at low
levels, yet with enhanced circulation in the upper tro-
posphere coinciding with top-heavy shortwave warming
in the convective region (Figs. 5 and 6b). A very shallow
circulation linked to boundary layer clouds and radiative
cooling is also apparent (Muller and Held 2012;
Naumann et al. 2017). The diurnal minimum in pre-
cipitation implies much weaker convection at this time,
as corroborated by reduced deep circulation and re-
duced cloud water content through much of the column
compared to 0200 LT.

These diurnal changes in circulation are qualitatively
consistent with those of the local Hadley cell linked to
the ITCZ in the Indian Ocean described by Ciesielski
et al. (2018). Specifically, Ciesielski et al. (2018) noted a
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FIG. 8. Domain-averaged streamfunction in the organized com-

posites of CTL, calculated from w (“‘actual”), compared with that
from the WT'G-balanced motion for Qg, O., and Q1 (Total).

transition within the ITCZ region from bottom-heavy
upward motion overnight, when deep convection is
strongest, to top-heavy upward motion by midday.
These diurnal changes were found to be associated with
analogous changes in the subsidence roughly 10° of lat-
itude to the north, indicating that these diurnal signa-
tures in the ITCZ are linked to large-scale diurnal
changes in the Hadley circulation.

The WTG approximation is now exploited to attribute
these diurnal circulation changes to the diabatic forcing
terms. Specifically, Eq. (3) is first rearranged to diag-
nose vertical motion from strict WTG balance,
Wtg = Ql/(aﬁ/az)fl, calculated at heights of 1.5km and
above. This calculation is performed with both O and
Q. in place of Q. The domain-averaged values of Qg
and Q. do not affect overturning circulation, as Eq. (4) is
strictly obeyed in the domain average. These averages
are therefore subtracted prior to the calculation. The
value of V¥ is then calculated for each term in the same
manner as described earlier. This calculation therefore
characterizes the circulation forcing by differential
heating from each source.

Overall, WTG balance is a good approximation for
the circulation at both 0000 and 1200 LT, as the gross
features of the ‘‘actual” streamfunction profiles are
well replicated by the WTG-deduced streamfunction
(Fig. 8). The nighttime bottom-heavy circulation signa-
ture shown in cross sections (Fig. 7) is apparent in both
profiles, along with the daytime top-heavy signature
coinciding with weaker low-level circulation. The
streamfunction profiles deduced from the individual
heat sources indicate that, in the case of the nocturnal
bottom-heavy profile, O, dominates in terms of the
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FIG. 9. (a) Diurnal time-height series of Q. (shaded and con-
toured every 2 K day ') averaged over M for the organized period
in CTL, repeated for detail; (b) 6. (horizontal anomaly; shaded; K)
averaged over M and domain-averaged actual (solid) and WTG-
balanced (dashed) streamfunction (10" kgm ?s™'); and (c) Asin
(b), but for the simulation HRAD-MPATCH.

magnitude of circulation forcing. The diurnal composite
of Q. is shown in Fig. 9a. Here, Q., or more accurately
the differential heating resulting from Q. is much
greater in magnitude than differential Qx (Fig. 6b).
During daytime, the magnitudes of these circulation
profiles are similar. In fact, circulation forcing by dif-
ferential Qg in association with the top-heavy shortwave
heating is evidently critical to the upper-tropospheric
circulation signature at 1200 LT. This radiatively driven
circulation may be important for sustaining thick high
clouds in conjunction with the local destabilizing effects
of radiation (Webster and Stephens 1980).

There are two plausible interpretations concerning
the bottom-heavy nocturnal circulation (Fig. 8). On one
hand, the dominance of Q. over Qg in the magnitude of
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TABLE 2. Description of sensitivity simulations, including the motivating science question (second column) and the method for conducting
them (third column).

Simulation Question

Method

H-RAD (10 days)
in a regime of scattered convection?

P-RAD (20 days)

convection retained?

DC-MPATCH
(20 days)

the diurnal cycle?

HRAD-MPATCH

(20 days) critical to the diurnal cycle?

Is the differential radiation mechanism important

Can the diurnal cycle of organized convection be
reproduced using imposed radiative forcing
based on CTL, with the pattern of organized

Is the diurnal variation of radiation in the dry
region surrounding convection important to

Is the diurnal variation of differential radiation

Radiation is homogenized at each time step.
Simulation is initialized from homogeneous
base state.

A repeating diurnal cycle of shortwave forcing is
imposed in a restart from day 50 of CTL,
using the 50-59-day composite and with longwave
fixed to daily mean.

As in P-RAD, but with shortwave radiation fixed
to daily mean outside of the moist patch.

As in P-RAD, but with diurnal cycle of
shortwave heating homogeneously imposed
using that averaged over the moist patch.

circulation forcing may be taken to indicate that lapse-
rate forcing is critical for the direct invigoration of
convection. On the other hand, differential-Qg forcing
may hypothetically strengthen low-level circulation
initially, and convection in consequence, which then
strongly amplifies circulation through Q.. There is
indeed a low-level peak in WTG-deduced circulation
from Qg from 1 to approximately 4 km, which relates to
the nocturnal differential-Q g warming pattern resulting
from reduced (enhanced) longwave cooling in the moist
(dry) region (Figs. 6b and 7).

To better demonstrate the relationships between di-
urnal circulation adjustments and Q., the diurnal evo-
lution of domain-averaged streamfunction, including
the WTG-deduced counterpart, is depicted with ¢ av-
eraged over the moist region in Fig. 9b. The notation
with a prime indicates an anomaly with respect to the
domain average; 6/ therefore indicates localized buoy-
ancy anomalies, and the gravity waves that in turn drive
circulation adjustment. This depiction clearly demon-
strates the diurnal switch between bottom-heavy and
top-heavy circulation. Comparison between Figs. 9a and
9b reinforces the notion that the magnitude of nocturnal
Q.-heating is important for the strength of the bottom-
heavy circulation; however, warm anomalies in 6] al-
ways appear preceding the peaks in streamfunction by
several hours, demonstrating the subtle yet potentially
important influence of gravity waves in adjusting circu-
lation. For example, a warm anomaly from 2 to approx-
imately 4km increases through the afternoon. This
localized warming is consistent with the aforementioned
low-level differential radiative cooling pattern, and may
therefore imply the importance of differential Qx for
the evening increase in low-level circulation and con-
vective invigoration. Additionally, a larger-magnitude 6/,
anomaly appears centered at around 11 km shortly after

1200 LT, preceding the increase in upper-level circula-
tion. This anomaly is evidence of circulation adjustment
driven by daytime top-heavy shortwave heating (Fig. 8).
Sensitivity tests presented in the next section will allow
for the testing of these claims.

The replication of diurnal circulation changes by
the WTG-deduced counterpart in Fig. 9b is remark-
able, which further corroborates the notion that WTG
balance is maintained to first order through the diurnal
cycle.

¢. Diurnal cycle mechanisms

Several sensitivity simulations are conducted in order
to better isolate the relative impacts of the diurnal cycle
mechanisms in both disorganized and organized con-
vection. These simulations and their motivation
are summarized in Table 2. To isolate the role of the
two diurnal mechanisms in disorganized convection, a
10-day simulation is conducted called homogenized
radiation (H-RAD). H-RAD is initialized in an identi-
cal manner to CTL, but with radiation homogenized at
each time step. Homogenizing radiation disables self-
aggregation (Bretherton et al. 2005; Wing and Emanuel
2014; Muller and Bony 2015; Wing et al. 2017), and
disables the dynamic differential radiation mechanism.
Differential Qg is indeed zero in H-RAD (Fig. 6¢), as
compared to the weak pattern in CTL (Fig. 6a). Com-
parison between H-RAD and the disorganized state of
CTL will therefore indicate the importance of this di-
urnal mechanism in disorganized conditions.

Both the mean and diurnal amplitude of domain-
averaged precipitation in H-RAD are virtually identical
to that in the disorganized composite of CTL (Fig. 3b;
Table 1). The daytime-evening evolution of pre-
cipitation in H-RAD is shifted 2h earlier than that in
CTL, however. This comparison therefore implies that
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the amplitude of the diurnal cycle in disorganized con-
ditions is governed by the lapse-rate mechanism to
first order.

An additional set of sensitivity simulations is con-
ducted to investigate aspects of the diurnal mechanisms
in organized convection. In these simulations, we need
to keep the daily mean differential radiative forcing that
sustains the organization unmodified. To do so, radiative
forcing is prescribed using a periodic diurnal compos-
ite that includes this differential pattern, that is, Q, =
0O,(x, y, z, t), where Q, is prescribed longwave plus
shortwave heating. The variable Q, is calculated by
taking the diurnal composite of Qg from 50 to 59 days of
CTL. Moreover, we expect that the diurnal cycle of
longwave cooling is not important to the diurnal cycle.
The longwave tendency is therefore set to its daily mean
at each model grid point to simplify interpretations. We
call this simulation prescribed radiation (P-RAD), and
use it as a proof of concept to demonstrate that the
above changes do not impact the diurnal cycle to first
order. The model is restarted from the 50-day state of
CTL, and is integrated for 20 days with the forcing Q,,.
The first 10 days undergo changes resulting from spuri-
ous effects and are therefore discarded.

The differential-Q pattern in P-RAD, shown in
Fig. 6d, closely resembles that in the organized period of
CTL (Fig. 6b). Differences solely relate to the neglect of
diurnal variations in longwave heating. Domain-
averaged precipitation from 10 to 19 days in P-RAD is
328 mmday !, comparing well with 3.20mmday ! in
the organized period of CTL (Table 1). The diurnal
amplitude is 1.73mmday ' in P-RAD, compared with
1.22mmday ' in CTL. The amplified diurnal cycle in
P-RAD is due to a larger, sharper nocturnal peak com-
pared to CTL, which is also shifted 2h later than CTL,
peaking at 0400 LT (Fig. 3c). These differences may owe
to the neglect of cloud-radiation interaction, or from
neglect of the diurnal cycle of longwave heating. Despite
these differences, P-RAD successfully replicates the
gross features of the diurnal cycle in CTL.

Described next are two sensitivity experiments, which
are conducted identically to P-RAD, though with
modified diurnal cycle characteristics. The daily mean
shortwave heating at all model grid points is unchanged
in both experiments.

The first sensitivity experiment, diurnal cycle in moist
patch (DC-MPATCH), is conducted to test the specific
hypothesis of Gray and Jacobson (1977)—that the di-
urnal cycle of radiative heating outside of the convective
region drives the diurnal cycle of the deep convection.
Specifically, this effect is disabled in DC-MPATCH by
fixing shortwave heating to its daily mean at all points in
the dry region, while retaining the diurnal cycle within
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the convective region (M). Comparison of the differ-
ential-Qg pattern between CTL and DC-MPATCH
demonstrates the impact of this change (Figs. 6b,f): the
diurnal variation of differential heating is substantially
reduced in the layer extending from the boundary layer
to 4km. Most importantly, differential warming within
this layer is greatest at noon in DC-MPATCH. There-
fore, if the differential radiation mechanism is of first-
order importance for the diurnal cycle, precipitation
should instead peak during the day when differential
warming is greatest.

The diurnal cycle of precipitation in DC-MPATCH is
reduced by 34% relative to P-RAD, from 1.73 to
1.14mmday ' (Table 1), although the phasing remains
very similar to that in P-RAD (Fig. 3d). The amplitude
reduction is caused by both a reduced peak and a quasi-
flattened minimum. The small relative maximum at 1700 LT
likely owes to increased daytime differential warming in
the surface—4-km layer, as noted above (Fig. 6b). These
results indicate that diurnal changes in radiation in the dry
region are, at most, of second-order importance to the
diurnal cycle.

The second sensitivity experiment, homogenized ra-
diation based on moist patch (HRAD-MPATCH), is
conducted to quantify the total impact of the differen-
tial-Qr mechanism. While DC-MPATCH isolates this
mechanism in relation to diurnal Qf forcing specifically
in the dry region, diurnal changes in differential Qg are
disabled entirely in HRAD-MPATCH. This is achieved
by imposing a horizontally homogeneous diurnal cycle
of radiative heating, which is set to be the diurnal cycle
averaged over the convective region of CTL, that is, that
shown in Fig. 5, right. The pattern of differential Qg
in HRAD-MPATCH therefore has no diurnal cycle
(Fig. 6¢). Rather, it depicts the daily mean differential-
QOr forcing that sustains the organization.

The diurnal amplitude of precipitation in HRAD-
MPATCH is also reduced relative to P-RAD, by 27%
from 1.73 to 1.26 mmday ' (Fig. 3d). More noteworthy
is a remarkable phase shift, with the peak in HRAD-
MPATCH preceding that in P-RAD by 5 h. This shift is
also apparent in the streamfunction, which is charac-
terized by peak circulation in the lower troposphere
from 1800 to 0000 LT (Fig. 9¢). A consistent, albeit less
dramatic, phase shift can also be noted in H-RAD, in
comparison to the disorganized period of CTL (Fig. 3b).

This phase shift can be understood as follows. In both
CTL and DC-MPATCH, the top-heavy temperature
changes resulting from diurnal changes in CRF within the
convective region are damped by gravity waves, which
spread localized buoyancy anomalies from the convec-
tive region into the dry region. Since the diurnal cycle of
Qg is horizontally homogenized in HRAD-MPATCH,
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however, its direct impact on temperature is also hori-
zontally homogeneous. Gravity waves and changes in
circulation are therefore not directly driven by Qg in
HRAD-MPATCH [cf. Eq. (4)]. In consequence, the di-
urnal changes in temperature and lapse rate are greater in
magnitude as compared to those in CTL and DC-
MPATCH (not shown). Convection responds earlier in
the day to these amplified diurnal lapse-rate changes.
Furthermore, in CTL the diurnal cycle of differential
Qr between the surface and about 4 km favors a diurnal
cycle in circulation that invigorates convection beginning
in the late evening, around 1800-2100 LT (Fig. 9b).
Since diurnal changes in differential Qg are disabled in
HRAD-MPATCH, circulation instead increases quite
immediately in the afternoon as shortwave heating de-
creases and convection intensifies (Fig. 9¢).

This finding indicates that the diurnal circulation ad-
justment process driven by gravity waves and caused
fundamentally by differential Oy is critical to the timing
of the diurnal cycle, whereas its impacts on the diurnal
range of precipitation are secondary (driven primarily
by the lapse-rate mechanism). The differential radiation
mechanism therefore explains the tendency for orga-
nized deep convection to peak in the early morning,
instead of the middle-overnight period, over much of the
tropical and subtropical oceans (Mapes and Houze 1993;
Nesbitt and Zipser 2003; Kikuchi and Wang 2008).

Additionally, the signature of top-heavy circulation
apparent in CTL is absent from HRAD-MPATCH
(Fig. 9c). This confirms the importance of gravity
waves and circulation adjustment in association with

localized top-heavy shortwave heating over the con-
vective region for this feature.

5. Conclusions

This study has investigated the diurnal cycle of trop-
ical organized deep convection and the response in
large-scale circulation. Considerations of weak temper-
ature gradient (WTG) theory aid the interpretation of
diurnal convection—circulation interaction. Given the
finite phase speed of gravity waves, we find that the time
scale of circulation adjustment into WTG balance in-
creases with increasing horizontal scale, though with a
short time scale of <6h for spatial scales typical of or-
ganized convection (=500km). This short time scale
implies that diurnal changes in the localized diabatic
heating associated with organized convective systems
drive pronounced changes in the large-scale circulation
they are coupled to. This finding is supported by com-
paring the diurnal cycle of circulation in a numerical
simulation that deduced through WTG balance, which
match remarkably well.

This study has examined the specific hypothesis that
diurnal changes in both lapse rate and cloudy—clear
differential radiative heating are vital to the diurnal
cycle of organized tropical deep convection. Support for
this hypothesis has been provided through convection-
permitting model simulations of self-aggregation in
diurnal RCE. The principal findings from these simula-
tions are depicted schematically in Fig. 10. At night,
longwave cooling from cloud top in the absence of
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shortwave warming invigorates convection (the lapse-
rate mechanism), which in turn strengthens bottom-
heavy circulation through convective heating Q.. As a
secondary effect, the differential longwave cooling be-
tween the dry and moist regions when shortwave
warming is absent bolsters this circulation, and hence
the convection (the differential radiation mechanism).
Shortwave warming during daytime reduces the differ-
ential radiative warming of the convective region at low
levels, but enhances it at upper levels because of the top-
heavy shortwave absorption in areas of deep convection.
Although this top-heavy warming suppresses deep
convection, it strengthens circulation at upper levels.

Sensitivity experiments further indicate that the di-
urnal range of precipitation in organized convection is
governed to first order by the lapse-rate mechanism,
while the differential radiation mechanism amplifies this
range by approximately 30%. The differential radiation
mechanism delays the nocturnal peak by around 5h,
however, and is therefore important for the tendency for
heavy precipitation in tropical organized convection to
peak in the early morning. Sensitivity experiments ad-
ditionally indicate that the top-heavy pattern of short-
wave warming in deep convection is critical to the
development of an enhanced upper-level circulation
during daytime hours (Fig. 10).

In the context of the growing body of work on RCE
simulations of self-aggregation (Wing et al. 2017), this
study is the first of such studies to describe the diurnal
cycle in convection and circulation. This study has
demonstrated that the differential radiation pattern re-
sulting from longwave—cloud and longwave—water va-
por interactions, which is critical to self-aggregation on
multiday time scales, is virtually reversed during day-
time by shortwave heating. This reversal, in turn, drives
pronounced changes in circulation (Fig. 10). An im-
portant future step is investigating the consequences of
this pronounced diurnal cycle on the multiday evolution
and equilibrium state of self-aggregation.

Diurnal changes in the character of large-scale circu-
lation simulated herein through the idealized RCE ap-
proach are qualitatively similar to diurnal changes in the
Hadley cell driven by the ITCZ. Specifically, Ciesielski
et al. (2018) found that the nighttime invigoration of
convection in the ITCZ leads to enhanced bottom-heavy
upward motion in that region, with enhanced deep
subsidence displaced by approximately 10° of latitude,
that is, in the descending branch of the Hadley cell.
During daytime, upward motion in the ITCZ evolves
to a distinctly top-heavy profile, with similarly top-heavy
subsidence in the descending branch. This daytime en-
hancement of top-heavy circulation may explain some
observations that have to date puzzled investigators.
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Namely, Bain et al. (2010) found that the eastern Pacific
ITCZ is characterized by two peaks in high clouds—one
in the early morning, and another in the midafternoon,
while Gupta et al. (2018) extended this finding to mul-
tiyear satellite observations across the tropics using
CloudSat radar. A similar afternoon peak in the outflow
cirrus of tropical cyclones has been found, despite the
primary early-morning peak in precipitation (Dunion
et al. 2014; Leppert and Cecil 2016). The results of this
study suggest that the circulation at upper levels is
driven distinctly from deep convection, specifically by
the localized top-heavy shortwave warming in convec-
tive regions. At night, in contrast, longwave—cloud in-
teraction may support a more bottom-heavy mass flux
profile, and hence enhanced low-level convergence and
cyclone spinup (Davis and Ahijevych 2012; Nicholls
2015). The circulation and gravity wave dynamics in the
rotating environment of tropical cyclones are distinct
from those described here, however (O’Neill et al.
2017). This notion must therefore be examined in a
separate study.
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