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Abstract:

Using a single-column model, we investigate how trigger and closure treatments in ZM,
TDK, and UNICON convection schemes affect the diurnal cycle of precipitation over
China. For late-afternoon rainfall, TDK and ZM schemes with standard CAPE closure
simulate precipitation peaks around noon, substantially earlier than observed. The
UNICON scheme, with cold-pool feedback deactivated, also produces a noontime peak.
For nocturnal rainfall, all schemes spuriously produce a noontime peak, in stark contrast
to the observed nocturnal maximum. These behaviors are closely related to closure
assumptions and the resulting cloud-base mass flux, which is primarily governed by
CAPE in ZM and TDK, and responds more directly to surface fluxes in UNICON. By
accounting for the imbalance between deep convection and boundary-layer production
through specific modifications: adopting the dCAPE trigger in ZM, activating cold-pool
feedback in UNICON, and applying the non-equilibrium closure in TDK, the simulated
afternoon precipitation is delayed and in better agreement with observations. In addition,
allowing elevated convection in ZM and UNICON improves nocturnal rainfall. The
improved diurnal cycle is also evident in the diabatic heating fields. All modifications
lead to a delayed and more pronounced upward-tilting heating structure as a result of
the suppression of early-afternoon convection, with ZM and TDK extending to higher
altitudes, while both intensified and extended in UNICON. These changes alleviate the
upper-level cold bias in TDK and ZM. In UNICON, however, the overly strong
convection reverses the upper-tropospheric bias from cold to warm with stronger

magnitude, thereby worsening the bias.
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1. Introduction

The diurnal cycle of precipitation (DCP), which plays a critical role in modulating the
surface energy budget and hydrology, has long been recognized as a fundamental mode
of variability in the climate system (Trenberth et al., 2003). In addition, DCP also acts
as a building block for the large-scale organization of precipitation systems, including
convectively coupled equatorial waves and the Madden—Julian Oscillation (Mapes et
al., 2006). Therefore, accurate simulation of DCP is not only essential for advancing
the precision of “timing—location—intensity” in fine-scale forecasting (Dai and
Trenberth, 2004; Chen et al., 2017), but also important for improving processes across
a range of temporal and spatial scales—from convective systems to intraseasonal
disturbances (Benedict et al., 2013). Nevertheless, DCP modeling in general circulation
models (GCMs) remains a persistent challenge, as evidenced by a premature afternoon
peak over land and a frequent inability to capture nocturnal rainfall maxima downwind
of major orography (Dai, 2006; Lee et al., 2007; Tang et al., 2022).

Over land, the observed DCP typically peaks in late afternoon during summer,
partly due to the strong diurnal cycle of surface heat flux that modulates convection
(Dai et al., 1999; Li et al., 2008). However, on the leeside of mountainous regions such
as the Tibetan Plateau and the Rockies, the maximum precipitation is often observed in
late night, owing to the propagation of mesoscale convective systems induced by
terrain—forced circulations (Carbone and Tuttle, 2008; Zhang et al., 2014). Because
DCP is closely related to changes in surface temperature and boundary-layer structure

on much shorter timescales, it poses a fundamental challenge to the equilibrium
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assumption commonly used in convection parameterizations (Davies et al., 2013). In
this sense, DCP provides a measure of how well a GCM represents the response of
cumulus convection to large-scale and surface forcing. Many schemes initiate
convection based on convective available potential energy (CAPE), which responds
rapidly to solar heating, resulting in overly frequent and premature triggering of
afternoon convection (e.g., Xie and Zhang, 2000; Lee et al., 2007; Yang et al., 2018).
On the other hand, the failure to capture nocturnal precipitation is often attributed to the
inadequate representation of elevated convection originating above the boundary layer.
(Lee et al., 2008; Wang et al., 2015; Xie et al., 2019). To overcome these deficiencies,
increasing efforts have been devoted to developing improved trigger and closure
treatments. For example, Xie and Zhang (2000) proposed dynamic CAPE (dCAPE)
triggering, which initializes convection only when the large-scale CAPE production
exceeds a critical value. Bechtold et al. (2014) accounted for CAPE consumption by
shallow convection and modified the closure to subtract its contribution from the total
mass flux. Park (2014a) incorporated subgrid mesoscale organized flow and its
feedback into the convection parameterization, enabling the successful simulation of
various convection-related transitional phenomena including DCP. To better simulate
nocturnal rainfall, Wang et al. (2015) allows parcels to be initiated from above the
boundary layer, thereby improving the simulation of elevated nocturnal convection over
the central Great Plains. This triggering concept was later used in Xie et al. (2019) and
Park et al. (2024). While these modifications have mitigated certain DCP biases at the

testing sites, it remains unclear how well they generalize to regions with markedly
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different climatic and topographic conditions, such as China. The present study is
therefore motivated to assess their effectiveness of DCP simulation over China.
Additionally, despite the documented improvements in DCP simulation achieved by
various approaches, a systematic intercomparison of their performance and underlying
mechanisms has yet to be conducted. Liu et al. (2026) performed a process-oriented
analysis that traces DCP errors over China in three reanalyses to specific parameterized
physical processes, highlighting the critical role of convective trigger in shaping DCP.
This study builds on Liu et al. (2026) by using a single-column model (SCM) to further
explore the sensitivity of DCP to modifications in convective trigger and closure
treatments. Specifically, we assess how precipitation varies diurnally under different
trigger and closure treatments, aiming to elucidate the physical mechanisms behind.
The remainder of this paper is structured as follows. Section 2 describes the case setup,
model configurations, and experimental design. Section 3 presents modifications to the
convection schemes and examines the DCP sensitivity to different parameterization
settings, along with the underlying mechanisms. Section4 analyzes the diurnal
variations of diabatic heating and convective eddy transport of moist static energy
(MSE). Section 5 discusses the implications for temperature and moisture simulations,

and Section 6 summarizes the main findings.

2. Case, Model and Experiments
2.1 Case Description

The three representative regions used in this study are 4°x4° subregions of those in Liu
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et al. (2026): the Tibetan Plateau (TP, 31°-35°N, 90°—94°E), southeastern China (SECN,
24°-28°N, 112°-116°E), and the Sichuan Basin (SCB, 28°-32°N, 103°-107°E).
Among these, TP and SECN are characterized by late-afternoon rainfall regimes, while
SCB features a nocturnal regime. For each region, DCP is simulated and analyzed over
the summer from 1 June to 31 August 2021. The initial and large-scale forcing fields
used to drive SCMs are derived from ERAS5 reanalysis (Hersbach et al., 2020),
facilitated by the open-source Python package named the “Large-eddy simulation and
Single-column model—Large-Scale Dynamics” (van Stratum et al., 2023). Note that
although ERAS5 remains one of the most reliable reanalyses, it carries inherent
uncertainties. However, considering that this study focuses on the sensitivity of
different trigger and closure treatments in influencing DCP, ERAS forcing suffices for

this purpose.

2.2 Model and Experimental Design

We use the single column version of the Community Atmospheric Model (CAM)
for SCM simulations, which features a suite of parameterization schemes for cumulus
convection (Gettelman et al., 2019). In this study, three distinct configurations are
compared: CAM_ZM, CAM_UNICON, and CAM_TDK. In the CAM_ZM setup, deep
convection is parameterized using the Zhang & McFarlane (1995) scheme, whereas
shallow convection is treated with the Park & Bretherton (2009) scheme.
CAM_UNICON employs a unified framework for both shallow and deep convection

(Park, 2014a). In addition to ZM and UNICON, the bulk mass-flux scheme originally
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proposed by Tiedtke (TDK; 1989) and later updated by Bechtold et al. (2014) was also
implemented for comparison, referred to as CAM_TDK. Other parameterizations are
set the same across all configurations. The parameterization of planetary boundary layer
(PBL) turbulence is according to Bretherton & Park (2009). Cloud microphysics is
represented by the double moment scheme of Morrison & Gettelman (2008). Radiative
transfer is calculated with the Rapid Radiative Transfer Model for GCMs (Clough et al.,
2005). For each convection scheme, two simulations are conducted: a control
experiment (CTRL) and a sensitivity experiment (SENS). For CAM_ZM, the
sensitivity experiment adopts the dCAPE trigger of Xie & Zhang (2000) and permits
elevated convection as in Xie et al. (2019). In CAM_UNICON, the control experiment
disables cold-pool feedback, whereas the sensitivity experiment activates cold-pool
feedback and allows elevated convection as described in Park et al. (2024). For
CAM_TDK, the control experiment employs the equilibrium closure, while the
sensitivity experiment applies the non-equilibrium closure as proposed by Bechtold et
al. (2014). Table 1 summarizes the key differences in parameterization components
across various configurations. To reduce model error accumulation, all simulations are
reinitialized daily at 00 UTC from June 1 to August 31 and integrated for 36 hours
without relaxation. The last 24 hours of each 36-hour simulation are retained for

analysis.



156 Table 1 Parameterization configurations

Parameterization CAM_7ZM CAM_TDK CAM_UNICON
CAPE-based trigger and closure Equilibrium closure Cold-pool feedback disabled
Deep CTRL Zhang & McFarlane [1995] Bechtold et al. [2014] Park [2014a]
convection dCAPE trigger + elevated convection Non-equilibrium closure Cold pool + elevated convection
SENS Xie & Zhang [2000]; Xie et al. [2019] Bechtold et al. [2014] Park et al. [2024]
Shallow convection Bretherton & Park [2008] Park [2014a]
PBL turbulence Bretherton & Park [2009]
Cloud macrophysics Park et al. [2014]
Cloud microphysics Morrison & Gettelman [2008]
Radiation Clough et al. [2005]
157
158

159 2.3 Composite Analysis

160  To isolate the typical DCP behavior, we performed a composite analysis by selecting
161  precipitation events that represent the characteristic DCP category for each region.
162  Following Liu et al. (2026), we selected afternoon-peaking (12:00-20:00 LST, local
163  solar time) days for TP and SECN, and nocturnal-peaking (20:00—08:00 LST) days for
164  SCB. We also required the daily maximum precipitation to exceed thresholds of 5 mm
165  d! for TP and 10 mm d! for SECN and SCB, consistent with those used by Liu et al.
166  (2026). By doing so, the influence of dry days, light precipitation, and days with diurnal
167  phases inconsistent with the target regime is excluded, thereby enhancing the DCP
168  signal. Unlike Liu et al. (2026) that used different event dates across the datasets, we
169  used the same fixed event dates derived from precipitation observations for all model
170 simulations. Although only one summer (2021) is used, this season still provides a

171  sufficient number of precipitation events for robust composite analysis: 49 days over



172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

TP, 45 over SECN, and 34 over SCB. These sample sizes are comparable to those used

in the observational composites of Liu et al. (2026).

3. Sensitivity of Diurnal Precipitation to Convection Schemes

3.1 Diurnal Precipitation in the Control Experiments

Figure 1 presents the period-averaged and case-composite diurnal variations of
precipitation over the three regions from the control experiment. The observation is the
Integrated Multi-satellitE Retrievals for Global Precipitation Measurement (IMERG)
Final Run Version 07B (Huffman et al., 2023), with ERAS5 precipitation also
superimposed for reference. A comparison between the upper and middle rows reveals
that the composite cycles align closely with the period-mean in phase, and the diurnal
signals are amplified due to the removal of light-precipitation days. Over TP and SECN,
the IMERG precipitation peaks around 18:00 LST, whereas all simulations produce
rainfall peaks notably earlier than observed, with the maximum occurring near noon.
In comparison, the ZM and TDK schemes initiate rainfall even earlier than UNICON
and tend to produce a secondary peak over SECN—at 19:00 LST for ZM and at 17:00
LST for TDK. Note that ERAS also exhibits an early phase bias over TP and SECN
relative to IMERG, though less pronounced than the SCM simulations. The convective
precipitation shown in the bottom closely resembles the total precipitation, suggesting
that deficiencies in convection parameterization are largely responsible for the poor
simulation of DCP. Over SCB, the observed precipitation exhibits a distinct nocturnal

maximum around 03:00 LST, in stark contrast to the late-morning peak simulated by
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CAM_ZM (Figure 1f). While CAM_TDK reasonably captures the nocturnal peak, it
also produces an additional noontime maximum. Similar to ZM and TDK, the UNICON
scheme also produces a noontime peak in convective precipitation (Figure 1i), with

nocturnal rainfall being primarily contributed by large-scale precipitation.
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Figure 1 Period-averaged (a-c) and case-composite (d-i) diurnal precipitation cycles over TP
(left), SECN (middle) and SCB (right) from IMERG, ERAS and the SCM control simulation.
Panels (g—i) show convective precipitation. In each panel, the red, green, and blue lines represent
precipitation simulated by CAM_ZM, CAM_TDK, and CAM_UNICON, respectively.

To understand why SCM simulations produce noontime peaks in convective
precipitation, we show in Figure 2 the cloud-base cumulus mass flux M, and closure-
related quantities in each convection scheme. Note that convective precipitation is

proportional to the product of M, and the updraft rain/snow content, with M, itself

10
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determined by the standard quasi-equilibrium closure as CTA*—PFE , where 7 is the
convective adjustment time scale and F is the CAPE consumption rate per unit mass
flux. As noticed, M}, is generally in phase with PCAPE (density-weighted CAPE) in
TDK, but shows little phase coherence with CAPE in ZM, both being computed within
their respective convection schemes during active convection. Over TP, the ZM M,
peaks near 11:00 LST, well ahead of the CAPE maximum at 18:00 LST, due to the
lower F at that time (Fig. S1 in the Supplement). The phase advance of M;, relative to
CAPE is even more pronounced over SECN (Figure 2b). Higher CAPE is usually
associated with deeper convection and greater vertically accumulated condensate,
which, together with the M, peak, tends to produce dual precipitation peaks in ZM
(Figure 1h). The UNICON scheme does not rely on any equilibrium assumptions;
instead, it initializes the thermodynamic properties of updraft plumes using the input
surface flux. In all three regions, the UNICON M, peaks around 14:00 LST, closely
tracking the evolution of the launching vertical velocity derived from the surface

turbulent kinetic energy (TKE).
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Figure 2 Cloud-base cumulus mass flux M, and closure-related quantities in the control
experiment of (a—c) CAM_ZM, (d-f) CAM_TDK and (g-i) CAM_UNICON over TP (left),
SECN (middle) and SCB (right). The closure-related quantities are CAPE for ZM, PCAPE for
TDK, and perturbations of updraft vertical velocity driven by symmetric turbulent eddies in the
UNICON scheme.

3.2 Modification of Convection Schemes and Their Impact on Diurnal
Precipitation

The cloud-base mass flux in ZM and TDK is based on the standard equilibrium closure,
which assumes that CAPE is consumed at an exponential rate by cumulus convection
with characteristic time scale. Donner and Phillips (2003) and Zhang (2002) pointed
out that, although a CAPE quasi-equilibrium closure is well-suited for the free
troposphere, it does not apply well to the entire troposphere including the boundary
layer, particularly under rapidly varying boundary-layer forcing. Indeed, under weak

large-scale forcing, boundary layer generation of CAPE dominates surface-driven

12
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convection (Bechtold et al., 2014). Hence, the strategy for improvement centers on how
to properly account for the imbalance between deep convection and PBL production.
Xie and Zhang (2000) addressed this by reducing M, when dCAPE is below a

threshold value of 100 J kg™ hr™', with the reduction factor linearly related to dCAPE:

CAPE

if dCAPE > 100
M, = cZ'f;E dCAPE (1)
if dCAPE <100

TF 100

The underlying reasoning is that when large-scale dynamic forcing is weak, i.e., small
positive dCAPE, the convective adjustment time scale is typically larger. Bechtold et
al. (2014) addressed this by subtracting from the total mass flux a fraction of shallow
convective contribution that is supposed to approximately balance the boundary layer
forcing. Park (2014a) attributed the inability to accurately simulate the DCP, in part, to
the absence of plume memory under the diagnostic quasi-equilibrium approximation.
He then developed an approach that incorporates additional plume memory through the
prognostic cold pool and employs this memory to reconstruct convective plumes at
subsequent time steps. Figure 3 presents M, for each scheme in the sensitivity
experiment, with the aforementioned modifications applied. A notable change is that
for both TP and SECN, the M, peak shifts to approximately 18:00 LST across all
schemes, matching the observed precipitation peak much more closely. Each scheme
accomplishes this improvement through a different mechanism. In CAM_ZM, this
improvement primarily stems from dCAPE trigger, as for daytime convection, the
launching level remains near the surface even though the implementation of elevated

convection allows parcels to be launched above PBL. As noticed, dCAPE (dashed lines

13
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in Figure 3a, b) peaks around 18:00 LST and is much smaller near noon, which
suppresses the early M, peak in CTRL and shifts the main maximum toward 18:00
LST. In CAM_TDK, the PBL contribution to PCAPE peaks around 16:00 LST (dashed
lines in Figure 3d, e), accounting for a large portion of the total PCAPE at that time.
After subtracting this contribution, the resulting PCAPE and M,, peaks are delayed to
17:00 LST over TP and 19:00 LST over SECN, approximately 1-2 hours later than in
CTRL. It is worth noting that the dual M, peak in the control experiment of both
CAM ZM and CAM TDK over SECN now merges into a single peak. In
CAM_UNICON, while the updraft perturbations from symmetric turbulent eddies still
peak around noon, the enabled cold-pool-driven mesoscale flow generates pronounced
dynamic uplift forcing around 18:00 LST, ultimately shifting the M, peak toward

18:00 LST.
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Figure 3 Same as Figure 2, but for the sensitivity experiments. The dashed blue lines in each row
denote, respectively: dCAPE in ZM, the PBL contribution to PCAPE in TDK, and perturbations
induced by subgrid cold pools and external mesoscale upflow in UNICON.

For elevated convection over SCB, Figure 4 compares the time-pressure cross-sections
of the launching level frequency and updraft mass flux between the control and
sensitivity runs. In all control simulations except CAM_TDK, afternoon convection
prevails, whereas nocturnal convection remains very weak. Both CAM _ZM and
CAM_UNICON restrict the launch level to near the surface, inhibiting convection
initialization during nighttime because of the strong nocturnal inversion that develops
above the PBL. CAM_TDK, however, is not subject to this restriction. It produces
significant updraft mass during nighttime and early morning, frequently triggering
elevated convection below 800 hPa (Figure 4b). Notably, sporadic launching-level
peaks occur at levels ever higher than 600 hPa, directly related to the TDK’s treatment
of mid-level convection. Removing the boundary-layer origin constraint in ZM and
UNICON leads to stronger nocturnal convection, weaker afternoon convection, and a
markedly raised launch level relative to the control runs (Figure 4d, f). This
improvement is also manifested in the diurnal variation of M, (rightmost column of
Figure 3), with a maximum at night and a minimum around midday. Most strikingly,
CAM_TDK also yields stronger nocturnal convection in the sensitivity run (Figure 4e),
likely because the exclusion of PBL-contributed PCAPE (Figure 3f) suppresses

daytime convection, thereby favoring subsequent nocturnal development.

15



297

298
299
300
301

302

303

304

305

306

307

308

309

310

311

312

313

314

CAM_ZM CAM_TDK CAM_UNICON

200 1(@)
&
% 400 »
s z
3 600 (8
£ 0
a 800

200 {(d)
F
& 400 »
e 5
3 600 b
17
(]
* 80 F——J-—ﬁ——!g |

L

00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00

Local Time Local Time Local Time

JE N s [ I S S
2 4 6 8 10 15 20 25 30 35 40 45 50 60 70

Figure 4 Time-pressure cross-sections of launching-level frequency (shaded, units: %) and
updraft mass flux (contour, units: g m? s') over SCB for the control (top) and sensitivity (bottom)
experiments. From left to right, the panels show results from CAM_ZM, CAM TDK, and
CAM_UNICON, respectively.

Figure 5 compares the DCP simulation between CTRL and SENS experiments. As
anticipated, all modifications result in improved diurnal precipitation cycles when
compared with the control runs. For all three schemes, the premature afternoon
precipitation over TP and SECN is substantially delayed, aligning better with
observations. This delayed response is largely attributable to the delay in simulated
convective precipitation (dashed lines). Note the stronger precipitation in the
CAM _UNICON sensitivity experiment is due to positive perturbations in updraft
vertical velocity, temperature, and moisture, driven by mesoscale organized flow (Park,
2014b; Wang et al., 2026). Over SCB, the excessive afternoon rainfall and insufficient
nocturnal precipitation in the control experiments of CAM_ZM and CAM_UNICON
are substantially improved in the sensitivity experiments. Although no explicit

modification is made for elevated convection in CAM_TDK, nocturnal precipitation is
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also enhanced in the sensitivity experiment (Figure 5f), presumably due to the reduced
afternoon convective stabilization resulting from the removal of shallow convective
contribution in the closure. A similar daytime-to-nocturnal convective interaction has
also been documented by Xie et al. (2019) and Park et al. (2024), who found that

suppressing daytime convection can strengthen nocturnal precipitation.

We note that each sensitivity experiment for ZM and UNICON modifies two factors
simultaneously. For example, in CAM_ZM, the M, scaling that primarily tagets
afternoon convection also influences nocturnal convection. To address this confounding
issue, we performed additional isolated experiments and examined the individual
contributions. The trigger-only experiment behaves similarly to CTRL and does not
improve nocturnal precipitation (purple curves in Figs. S2a and S2b). In contrast, the
elevated-convection-only experiment captures the nocturnal precipitation peak but
overestimates daytime precipitation. Only the combined experiment, which includes
both the dCAPE trigger and elevated convection, reproduces the nocturnal precipitation
peak as well as the daytime precipitation minimum well. For UNICON, we conducted
a similar set of experiments but did not isolate the elevated-convection-only case,
because elevated convection is intrinsically coupled to the cold-pool-driven mesoscale
flow in this scheme. The cold-pool feedback alone substantially enhances convective
precipitation relative to CTRL (Fig. S2d). However, total nocturnal precipitation is
slightly lower than in CTRL (Fig. S2c). Therefore, the improvement in nocturnal

precipitation is achieved only when elevated convection is included.
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Figure 5 Diurnal cycles of total (solid) and convective (dashed) precipitation over TP (left),
SECN (middle), and SCB for the control (blue) and sensitivity (red) runs of each convection
scheme. From top to bottom, the panels show DCP simulated by CAM_ZM, CAM_TDK, and
CAM_UNICON, respectively.

4. Diurnal Variation of Diabatic Heating

To examine the impact of modified convection schemes on diabatic heating, Figure 6
presents the diurnal cycles of apparent heating @; and moisture sink @, over TP for
both control and sensitivity experiments. These quantities are computed as the sum of
tendencies from individual parameterizations. A common feature is the upward-tilting
Q1 structure, which extends from PBL in the morning to mid-tropospheric levels later
in the day. This evolution features an early stage with positive @, and negative Q, in
the lower troposphere, followed by a transition to positive values for both Q; and Q,

aloft once deep convection develops. Although all SCMs reasonably reproduce this
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upward-tilting structure, they differ notably in the timing and height of the peak heating.
Relative to their control experiments, CAM_TDK and CAM_UNICON delay and
elevate the heating peak, resulting in a more pronounced upward-tilt structure (Figure
6e, f). Moreover, CAM_UNICON exhibits a stronger heating amplitude, consistent
with its intensified convection. While the ZM heating center shows no clear phase shift
between the control and sensitivity experiments, it tends to extend upward to higher
altitudes over time in the sensitivity run (Figure 6d). Notably, the noontime @, peak
near 400 hPa is strongly suppressed in all sensitivity experiments, thereby alleviating
the overly strong early-afternoon precipitation in the control. The lower positioning of
the @, peak relative to Q; is indicative of pronounced subgrid-scale MSE transport,
which is presented in the bottom two rows of Figure 6 as the term Q; — Q3 — Qrqa>
where Q,,4 denotes radiative heating. After sunrise, Q1 — Q, — Q,qq 1s initially
positive and continues to rise due to subgrid-scale transport from turbulence and
shallow convection. As the cycle progresses, a characteristic dipole structure emerges
in its vertical profile—negative anomalies dominate below 400 hPa, while positive
anomalies prevail aloft—a typical signature of well-organized deep convection. All
three schemes show a more pronounced upward-tilting structure in the sensitivity

experiment than in the control, owing to the delayed onset of deep convection.
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Figure 6 The diurnal cycles of (a—f) apparent heating Q; (shaded), moisture sink @, (contour)
and (g-1) subgrid-scale MSE transport Q; — Q; — Q44 over TP for both control and sensitivity
experiments. From left to right, the panels show results from CAM ZM, CAM_TDK, and
CAM_UNICON, respectively. In the upper two panels, solid lines are for contours greater than
or equal to zero and dashed lines for contours less than zero. Units: K h™!.

Similar discrepancies between control and sensitivity runs are also evident over SECN
(Figure 7). All sensitivity runs exhibit a suppression of the early @, peak,
accompanied by a delayed and elevated Q; peak and a more pronounced
upward-tilting structure in subgrid-scale MSE transport. It is worth noting that

CAM _UNICON exhibits more coherent vertical organization in subgrid-scale MSE
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transport than CAM ZM and CAM TDK, particularly during the transition from
shallow to deep convection, underscoring the benefit of UNICON’s unified convection
framework. Figure 8 presents the diurnal cycles of diabatic heating over SCB, where
a notable difference from TP and SECN is the dominance of nocturnal heating. This
nocturnal heating in the control runs of CAM_ZM and CAM_UNICON is primarily
due to large-scale condensation, as indicated by the relatively weak subgrid-scale MSE
transport at night (Figure 8g, 81). In contrast, the stronger MSE transport in CAM_TDK
(Figure 8h) suggests that convection contributes substantially to its heating. All
sensitivity experiments exhibit enhanced nocturnal convection, with both Q; and
subgrid-scale MSE transport strengthened during nighttime. Conversely, the diabatic
heating at noontime is substantially suppressed, in line with the reduced precipitation

at that time.
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Figure 8 Same as Figure 6, but for SCB.

5. Impact of Convection Scheme Modifications on Thermodynamic
Fields

While the modified convection schemes improve the diurnal phase of precipitation and
associated diabatic heating, they also tend to produce deep and/or stronger convection,
particularly in CAM_UNICON. To assess whether these changes have an adverse
impact on temperature and moisture biases, we examine the model's thermodynamic

performance in this section.
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5.1 Diurnally Averaged @, and Q;: Simulation vs. ERAS

Figure 9 compares the simulated diurnally averaged @, and @Q, profiles against
ERAS-derived ones, along with their deep convective contributions in each SCM. The
Q; and Q, derived from ERAS reanalysis are calculated as residuals of the
thermodynamic equation and moisture continuity equation, following Yanai et al.
(1973). Relative to ERAS, the CAM_TDK control run over TP exhibits a positive Q;
bias of approximately 2 K d'! throughout the troposphere and a negative Q, bias of
approximately 2 K d! between 400 and 450 hPa (Figure 9d). While these biases are
considerably alleviated in the sensitivity experiment below 450 hPa, a positive @ bias
is exaggerated aloft, largely a consequence of convection penetrating to higher altitudes.
The CAM_UNICON control run exhibits a bias pattern similar to that of CAM_TDK
(Figure 9g), yet the biases are further amplified in the sensitivity run, as a result of the
strengthened deep-convective component. The ZM scheme shows a notably smaller Q;
bias than TDK and UNICON above 450 hPa, yet exhibits a pronounced positive bias of
up to 6 K d! near 500 hPa (Figure 9a). While the Q; and Q, profiles remain broadly
comparable between the control and sensitivity experiments, the convective component
is notably weaker in the latter, implying that other physical processes (e.g., large-scale
condensation) compensate for the reduced convective heating (Wang and Zhang, 2013).
Over SECN, the @Q; simulations from all SCMs show better overall performance than
over TP, with biases remaining mostly within +1 K d'!. Compared with ERAS5, all
simulations systematically overestimate @, in the lower troposphere and

underestimate it in the upper troposphere. As over the TP, the convective component in
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the sensitivity runs of CAM_TDK and CAM_ZM extends to higher altitudes, while in
CAM_UNICON it is both intensified and extends further upward. For nocturnal
convection over SCB, the ZM scheme performs satisfactorily for Q,, yet exhibits a
positive @Q; bias below 500 hPa and a negative bias above. In contrast,
CAM_UNICON simulates Q;well, but substantially underestimates @, across the
entire troposphere. In comparison, CAM_TDK exhibits overall good agreement with
ERAS for both Q; and @Q,. While the modifications substantially improve @, in
UNICON, they yield no marked improvement in Q for ZM. It should be noted that
the ERAS reference used here carries inherent uncertainties associated with its
convection scheme. By definition, Q; and @, are derived as residuals of the
thermodynamic and moisture continuity equations, both of which involve vertical
advection terms. Vertical advection depends on vertical velocity, which is itself
strongly influenced by the model’s physical parameterizations—especially convection.
For example, if convection is under-represented in ERAS, the associated vertical

velocity would be weaker, leading to an underestimation of Q; and Q,.
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Figure 9 Simulated profiles of Q; (red) and Q, (orange) compared with ERAS (black for Q;,
gray for @Q,), along with the deep convective component of Q; (blue) and Q, (green) in each
SCM. Dashed and solid lines denote the control and sensitivity experiments, respectively. From
top to bottom, the panels show results from CAM ZM, CAM_TDK, and CAM_UNICON,
respectively. Units: K d.

5.2 Temperature and Moisture Biases

Figures 10 and 11 show the temperature and moisture differences, respectively, between
the control run and ERAS reanalysis (shaded), overlaid with the sensitivity-control
differences (contours). Over TP, all three schemes exhibit a band of cold bias of up to

2 K in the upper troposphere during the late afternoon, as well as cold biases of similar
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magnitude near the surface at noon. Note that the surface cold bias is accompanied by
a dry bias of —1 g kg™, reflecting excessive subgrid-scale MSE transport at noon. A dry
bias is also found around 400 hPa after 18:00 LST in CAM_ZM and CAM_TDK, which
is consistent with their excessive precipitation relative to ERAS (Figure 1d). In the
sensitivity experiments, the upper-level cold bias in CAM_TDK and CAM_UNICON
is substantially reduced (Figures 10d, g), consistent with the enhanced @Q; above
250 hPa (Figures 9d, g). The ZM scheme exhibits no significant differences, owing to
the close resemblance in Q; between the two runs (Figure 9a). The late-afternoon dry
bias is also alleviated in the modified TDK and ZM schemes (Figures 1la, d). In
CAM _UNICON, the delayed onset and enhanced intensity of convection in the
sensitivity run cause the original mid-to-lower tropospheric wet bias into a dry bias
(Figure 11g, Fig. S3g). The bias patterns over SECN are broadly analogous to those
over TP, characterized by a cold bias above 200 hPa, a cold and dry bias near the surface
at noontime, and a negative moisture bias in the lower troposphere during the late
afternoon. Moreover, a warming bias between 200 and 700 hPa around noon is present
in all three schemes, which is linked to excessive early-afternoon convection. This bias
is largely alleviated in the modified runs, as reflected by the negative SENS-CTRL
differences (dashed lines in the middle column of Figure 10), owing to the suppression
of early convective activity. As over the TP, the lower-tropospheric dry bias after 18:00
LST is also reduced in the modified TDK and ZM schemes (Figure 11 b, e). In
CAM_UNICON, the temperature differences between sensitivity and control runs are

generally opposite in sign to the control bias, largely offsetting the bias (Figure 10h).
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Nevertheless, the magnitude of these differences is so large that the sign is reversed
completely, leaving a residual warm bias aloft and a cold bias in the lower troposphere
(Fig. S4h). Over SCB, the mid-tropospheric warm and dry bias in CAM_ZM is
substantially alleviated in the sensitivity run (Figure 10c; Figure 11c), owing to the
suppression of overly active early-afternoon convection. Isolated experiments indicate
that the dCAPE trigger helps mitigate the late-afternoon warm and dry biases in CTRL,
with active nocturnal convection over SCB further reducing them (Figs. S5a and S6).
In the UNICON sensitivity run, the overly strengthened convection warms the upper
troposphere, yielding a positive bias of up to 2.5 K (Figure S31), similar to that over TP
and SECN. The Q, profiles (Fig. S5b), together with the temperature biases in Fig. S7
indicate that the warm bias seen in the UNICON sensitivity run is attributable to
cold-pool feedback. This raises a caveat for the UNICON scheme: while enabling
cold-pool feedback may improve the diurnal cycle, the overly strong intensity,
stemming from positive perturbations in plume initialization, may adversely affect

thermodynamic fields.
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504  Figure 11 Same as Figure 10, but for specific humidity (units: g kg™).
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6. Conclusions

Using a single-column model, this study investigates the impact of convective
trigger and closure treatments on the summertime diurnal cycle of precipitation over
China, with a focus on three convection schemes: ZM, TDK, and UNICON. The
analysis targets two regions characterized by late-afternoon rainfall (TP and SECN) and
one region with a nocturnal regime (SCB). Over TP and SECN, the TDK and ZM
schemes with the standard CAPE closure simulate precipitation peaks that are
substantially earlier than the observed. The UNICON scheme, with cold-pool feedback
deactivated, also exhibits a noontime peak, albeit with a somewhat delayed initiation
relative to ZM and TDK. Over SCB, both ZM and UNICON produce a pronounced
noontime precipitation peak, in stark contrast to the observed nocturnal maximum.
TDK reasonably reproduces the nocturnal peak, yet it also produces an additional
noontime maximum. These SCM precipitation behaviors are closely related to closure
assumptions and the resulting cloud-base mass flux. While convective precipitation in
ZM and TDK is more closely tied to CAPE, in UNICON it aligns more directly with
the surface fluxes.

Modifications were then applied to each scheme: adopting the dCAPE trigger and
permitting elevated convection in ZM; activating cold-pool feedback and allowing
elevated convection in UNICON; and applying the non-equilibrium closure in TDK. A
notable improvement is evident for both late-afternoon and nocturnal rainfall. Over TP

and SECN, the precipitation peak shifts to approximately 18:00 LST across all schemes,
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aligning much more closely with the observation. Each scheme achieves this
improvement through a distinct mechanism. In ZM, the dCAPE constraint suppresses
the early peak at 10:00 LST and redirects the main peak toward 18:00 LST. In TDK,
subtracting the boundary-layer contribution to PCAPE delays the precipitation peak to
19:00 LST. In UNICON, the cold-pool-driven mesoscale flow generates pronounced
dynamic uplift forcing around 18:00 LST, ultimately shifting the peak toward that time.
Over SCB, permitting convection to be launched above PBL in ZM and UNICON
enhances nocturnal convection while suppressing afternoon convection. Although no
explicit modification is made for elevated convection in TDK, applying the
non-equilibrium closure also enhances nocturnal precipitation, due to the reduced
convective stabilization in the afternoon.

The improved diurnal cycle is manifested in the diabatic heating fields as well. All
modifications lead to a delayed and more pronounced upward-tilting @Q; heating
structure. Subgrid-scale MSE transport is likewise delayed and more upward tilted, with
ZM and TDK extending to higher altitudes, while in UNICON it is both intensified and
extends further upward. These changes alleviate the upper-level cold bias in TDK and
ZM and largely reduce the late-afternoon dry bias in the lower troposphere. However,
the overly strengthened convection in UNICON yields a warm bias of up to 2.5 K in
the upper troposphere, as the positive perturbations in plume properties induced by

mesoscale organized flow are too strong and deteriorate the thermodynamic fields.
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