20

25

30

A process-oriented analysis of the summertime diurnal cycle of
precipitation and diabatic heating over China in three reanalyses

Yanjie Liu"2, Xiaocong Wang3, Yimin Liu!2, Shuaiqgi Tang*, Hao Miao™ ¢

!State Key Laboratory of Earth System Numerical Modeling and Application, Institute of Atmospheric Physics, Chinese
Academy of Sciences, Beijing, 100029, China

2College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing, 100049, China

3Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing, 100029, China

4School of Atmospheric Sciences, Nanjing University, Nanjing, 210023, China

Nanjing Innovation Institute for Atmospheric Sciences, Chinese Academy of Meteorological Sciences-Jiangsu
Meteorological Service, Nanjing, 210041, China

‘Jiangsu Key Laboratory of Severe Storm Disaster Risk / Key Laboratory of Transportation Meteorology of CMA, Nanjing,
210041, China

Submitted to Atmospheric Chemistry and Physics

Correspondence to: Xiaocong Wang (wangxc@lasg.iap.ac.cn)

Abstract. We conduct a process-oriented analysis of the summertime diurnal cycle of precipitation (DCP) over China by
comparing three widely used reanalyses (ERAS, JRA-55, and MERRA-2) with satellite observations. While all reanalyses
capture the observed nocturnal precipitation peak related to elevated convection, they differ substantially in simulating the
daytime rainfall timing. JRA-55 and MERRA-2 better capture the observed timing, whereas ERAS exhibits a systematic 3-
hour phase advance. The superior performance of JRA-55 is attributed to its gradual development of deep convection,
supported by sustained heating and convective eddy transport. In contrast, ERAS5 develops deep convection too rapidly,
resulting in premature peaks in heating and precipitation. MERRA-2 also produces early-peaking convective rainfall, but with
notably weaker intensity, suggesting that its better diurnal cycle is achieved largely through the suppression of convective
precipitation. Diurnal cloud structures further corroborate these differences. Whereas JRA-55 exhibits a slowly developing,
upward-tilting cloud structure from morning to afternoon, ERA5 and MERRA-2 peak earlier and have a shorter duration. The
role of large-scale forcing, quantified by CAPE and dynamic CAPE (dCAPE), is further tied to the performance of the
convection schemes. Results show the peak timing of dCAPE lags that of CAPE and aligns more closely with the observed
precipitation. While convective precipitation in ERAS and MERRA-2 tracks CAPE more closely, in JRA-55 it aligns better
with dCAPE, thereby yielding a more realistic DCP. This contrast highlights the critical influence of triggering choice on

cumulus convection.
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1 Introduction

The diurnal cycle of precipitation (DCP) is a fundamental mode of precipitation cycles in the climate system. It influences
local evapotranspiration and gross primary productivity, with direct implications for agricultural productivity and economic
outcomes (Yang et al., 2023). Spatially, DCP is shaped by local to large-scale dynamic and thermodynamic processes (Dai,
2001; Trenberth et al., 2003; Bao and Zhang, 2013). Over land, the diurnal cycle is typically dominated by an afternoon-to-
evening convective peak driven by solar heating, as observed over continental interiors and mid-latitude plains (Dai, 2001; Li
et al., 2008; Pradhan et al., 2025). In contrast, on the leeside of mountainous regions, such as the Tibetan Plateau, the Rockies,
and the Andes, nocturnal rainfall dominates due to terrain—circulation interactions (Carbone and Tuttle, 2008; Zhang et al.,
2014). Accurate simulation of DCP is crucial to advancing the precision of the “timing—location—intensity” in fine-scale
forecasting, particularly for extreme precipitation on sub-daily timescales (Trenberth et al., 2003; Dai and Trenberth, 2004;

Chen et al., 2017). However, even state-of-the-art numerical models still show persistent systematic biases, notably a premature

afternoon peak over land and a common failure to capture nocturnal rainfall maxima (Lee et al., 2007; Covey et al., 2016).

In seeking to explain these DCP simulation biases, previous studies attributed the deficiencies to shortcomings in convection
parameterization schemes (e.g., Koo and Hong, 2010). A key factor contributing to these shortcomings lies in trigger
mechanisms. 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). Additionally, the use of fixed entrainment rates and a rigid separation between
shallow and deep convection can produce an abrupt and unrealistic regime transition (Bechtold et al., 2004; Khairoutdinov
and Randall, 2006; Rio et al., 2009; Song et al., 2018). On the other hand, the widespread inability to capture nocturnal
precipitation maxima is often linked to the failure of parameterizations in representing elevated convection originating from
above the planetary boundary layer (Lee et al., 2008; Wang et al., 2015; Xie et al., 2019b). To overcome these limitations in
convection parameterizations, several targeted refinements have been proposed. Xie and Zhang (2000) introduced dynamic
CAPE (dCAPE) triggering, which initializes convection only when the large-scale forcing for CAPE production exceeds a
critical value. The modification resulted in a better-represented thermodynamic structure and more accurate phase and
amplitude in the simulated DCP (Xie and Zhang, 2000; Zhang, 2002; Xie et al., 2019b). Bechtold et al. (2008, 2014)
incorporated moisture-dependent entrainment and accounted for CAPE consumption by boundary-layer turbulence and
shallow convection, which helped reduce spurious morning precipitation peaks over land. To better represent nocturnal rainfall,
Wang et al. (2015) designed a trigger function that allows air parcels to be lifted from above the boundary layer, enabling

successful simulation of elevated nocturnal convection over the central Great Plains (Xie et al., 2019b; Wang et al., 2020).

Although the aforementioned modifications have mitigated certain biases in DCP simulation, current numerical models still

struggle with a premature afternoon peak and the absence of a nocturnal rainfall signal (Tang et al., 2021, 2022; Tao et al.,
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2024). This limited success may be partially explained by the region-specific nature of these parameterization improvements.
Many previous studies have primarily relied on sites from the Atmospheric Radiation Measurement (ARM) programme,
especially the Southern Great Plains (SGP), to develop and evaluate their schemes (Xie and Zhang, 2000; Wang et al., 2015;
Tang et al., 2022). Findings from these relatively homogeneous regions may not generalize well to areas with markedly
different climatic and topographic contexts. This is particularly relevant for China, where complex terrain—including plateaus,
basins, mountains, and plains—interacts with strong land—sea thermal contrasts and the East Asia monsoon, producing a highly
diverse and regionally distinct DCP (Yu et al., 2007; Li et al., 2008). As a result, even state-of-the-art models often fail to
accurately capture the timing and amplitude of the DCP over China (Yuan, 2013; Lin et al., 2019; Song and Wei, 2021). While
previous studies have often linked these biases to large-scale meteorological conditions or topographic influences, there
remains a lack of systematic efforts to link these errors to specific parameterized physical processes, underscoring the necessity

of process-oriented analysis.

Reanalyses incorporate the most advanced operational parameterization suites; thus, a detailed assessment of their performance
can offer critical insights into how key physical processes are represented and help guide future model development. Moreover,

given their widespread use as benchmarks in model evaluation (Yuan, 2013; Ma et al., 2021; Zhang et al., 2024), it is essential

to rigorously assess how well they can serve as realistic references for diurnal precipitation studies (Wright et al., 2020). To
this end, this study conducts a process-oriented evaluation of the diurnal cycle of precipitation and the associated diabatic
heating over China using three widely-used reanalyses—ERAS, JRA-55, and MERRA-2. We move beyond simple pattern
comparison and instead aim to unravel the physical mechanisms that underlie the differences among the reanalyses. Our
analysis is framed by two guiding questions: 1) How do the reanalyses perform in representing the DCP over China, and where
do they most notably differ? 2) What physical processes are responsible for these divergent behaviors? By linking discrepancies
in precipitation timing to co-evolving physical processes, this study seeks to identify targeted pathways for improving the
simulation of DCP across China. The remainder of the paper is structured as follows: Section 2 describes the data sources.
Section 3 compares the characteristics of the DCP in reanalyses against satellite observations. Section 4 presents a detailed
process-oriented diagnosis of heating, clouds, and eddy-transport fields. Section 5 discusses the role of large-scale forcing on

DCP simulation. Finally, conclusions are summarized in Section 6.

2 Observation and Reanalysis Data

This study employs two complementary satellite-based precipitation products as observational references: the Integrated Multi-
satellitE Retrievals for Global Precipitation Measurement (IMERG) Final Run Version 07B (Huffman et al., 2023) and the
Climate Prediction Center Morphing Technique (CMORPH) Climate Data Record (Xie et al., 2019a). The IMERG dataset,
available from 2000 onward, provides global surface precipitation estimates at a 0.1° spatial resolution and a half-hourly

temporal resolution. It uses the GPM Core Observatory as a calibration reference to unify precipitation measurements from an

QWJK,%T: (Yuan, 2013; Ma et al., 2021; Zhang et al., 2024)
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international satellite constellation through advanced inter-calibration and merging algorithms. The CMORPH product
supplies bias-corrected and reprocessed global precipitation analyses at an 8 km spatial resolution and a 30-minute temporal
cadence, covering the period from January 1998 to the present. Both datasets show good agreement with ground-based

observations and have been widely used in studying the DCP (Shen et al., 2010; Tang et al., 2021).

To evaluate the performance of reanalyses in representing DCP, three widely used reanalyses are selected: the fifth-generation
European Centre for Medium-range Weather Forecasts (ECMWEF) reanalysis (ERA5; Hersbach et al., 2020), the Japanese 55-
year Reanalysis (JRA-55; Kobayashi et al., 2015), and the Modern-Era Retrospective Analysis for Research and Applications,
Version 2 (MERRA-2; Gelaro et al., 2017). ERAS has a horizontal resolution of 0.25° and provides hourly output for surface
and pressure-level variables. JRA-55 has a coarser grid of 1.25°, providing surface fields every 3 hours and pressure-level
fields every 6 hours. MERRA-2 features an intermediate resolution of 0.5° x 0.625°, with surface variables available hourly

and pressure-level variables every 3 hours. We did not interpolate all data to,a common temporal,resolution, as our study does

not involve direct intercomparison between datasets that would require synchronized time steps. ,The analysis focuses on the

QWJ [i% 72 Note that no interpolation to
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boreal summer (June—July—August) during 2019-2023, a period marked by strong diurnal precipitation signals over China.,

3 Diurnal Cycle of Precipitation
3.1 Spatial Distribution of Diurnal Precipitation Phase and Amplitude

The diurnal phase and amplitude of precipitation were calculated using Fourier analysis, with the methodological procedure
described in Appendix A. Figure 1 shows the diurnal peak time (local solar time, LST) of precipitation over China from the
observations and reanalyses. The two satellite products (IMERG and CMORPH) show high consistency. The spatial pattern

displays pronounced regional heterogeneity, with a diurnal cycle dominated mainly by late-afternoon peaks and, secondarily,

by nocturnal-to-early-morning peaks. Specifically, the Tibetan Plateau, southeastern China, and northeastern China typically
peak in the late afternoon or evening due to surface-driven convection. In contrast, adjacent lowlands such as the Sichuan
Basin and the Tarim Basin peak predominantly at night or in the early morning, influenced by mesoscale circulations like
mountain—valley breezes. Such wind systems often propagate convection downwind, yielding transition belts with phase
delaying from afternoon to the following early morning, such as in the upper Yangtze River valley and the northern China
(Bao and Zhang, 2013; Zhang et al., 2014).

In comparison, the three reanalyses exhibit distinct behaviours with notable regional discrepancies. JRA-55 reproduces the
observed phase pattern relatively well, capturing both afternoon and nocturnal peaks, although some late-afternoon peaks occur
slightly earlier—for example, over northeast and southeast China. ERA5 broadly reproduces the regional contrasts, yet it
exhibits a systematic phase-lead bias, with precipitation typically peaking 2—4 h earlier, particularly over the Tibetan Plateau,

southern China, and northeast China. MERRA-2 presents the most complicated spatial structure, mixing both leading and
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lagging phases within areas that appear phase-uniform in observations, such as the central Tibetan Plateau and western
southeastern China. Based on the phase characteristics described above, three representative regions with uniform peak times
are selected (marked by boxes in Figure 1): the central Tibetan Plateau (TP, 30°-36°N, 88°-94°E), southeast China (SECN,
22°-28°N, 110°~120°E), and the Sichuan Basin (SCB, 28°-32°N, 103°—~107°E). These areas encompass both nocturnal and

late-afternoon rainfall regimes, making them suitable for analysis of the physical processes represented in reanalyses.
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Figure 1. Diurnal phase (local solar time, LST; the same hereafter) of total precipitation averaged over June-July—August (JJA)
2019-2023 for China from (a) IMERG, (b) CMORPH, (c) ERAS, (d) JRA-55, and (¢) MERRA-2. White boxes mark the three
representative regions: the Tibetan Plateau (TP, 30°-36°N, 88°~94°E), southeastern China (SECN, 22°-28°N, 110°-120°E), and the
Sichuan Basin (SCB, 28°-32°N, 103°-107°E).

The diurnal amplitude of precipitation is presented in Figure 2. IMERG and CMORPH show consistent spatial patterns across

most of China, with pronounced amplitudes (>5 mm d™') predominating along the southeast coast, the Tibetan Plateau, and its



155

160

downstream areas, whereas much weaker values (<1 mm d™') prevail over the northwest. Overall, all three reanalysis datasets
capture this amplitude distribution reasonably well, although underestimation occurs in several regions. For instance, JRA-55
and MERRA-2 underestimate the DCP amplitude over SECN, whereas ERAS underestimates it over SCB. These

underestimations stem largely from the inclusion of days whose diurnal phases deviate from the typical DCP of the target

region.
50°N (a) IMERG 50°N (b) CMORPH
40°N 40°N
30°N 30°N ;
20°N : 20°N
75°E 90°E 105°E\ - 1 2IO°E 135°E 75°E 90°E 105°E 120°E 135°E
(c) ERA5 (d) JRA-55

50°N 50°N

40°N 40°N

30°N 30°N

20°N 20°N

75°E 90°E 105°E 120°E 135°E 75°E 90°E 105°E 120°E 135°E
() MERRA-2

50°N

40°N

30°N

20°N

75°E 90°E 105°E  120°E  135°E

1 2 3 4 5 7 10 15 20

Figure 2. Same as Figure 1, but for diurnal amplitude (mm d™).

3.2 Composite Analysis

To isolate the typical DCP behaviour in the target regions, we performed a composite analysis independently for each dataset

Dby selecting precipitation events that represent the characteristic DCP category for each region. This approach excludes the .

. (ﬂ’]‘”@%T: in each dataset independently
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influence of dry days, light precipitation, and days with diurnal phases inconsistent with the target regime, fhereby capturing,,

each, dataset’s “typical” diurnal events. The year 2021 was chosen for this analysis; results from other years are similar.

(W T+ thus
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According to the China Meteorological Administration (CMA) standard, light rainfall is defined as a daily rate below 10 mm
d!. For the relatively dry Tibetan Plateau (TP), this threshold was lowered to 5 mm d! following Zhang et al. (2021).
Following the approach of Tang et al. (2021), afternoon-rainfall days were selected for TP and SECN (with precipitation peaks
between 12:00 and 20:00 LST), and nocturnal-rainfall days were defined for SCB (peaks between 20:00 and 08:00 LST) to
isolate the dominant diurnal signal. In all cases, the daily maximum precipitation must exceed the corresponding light-rain
threshold. The selection criteria and number of selected events for the three key regions are provided in Table 1. We did not

opt to use the same fixed event dates across datasets, because the synoptic environments in the reanalyses inherently diverge

as reflected in their differing precipitation (Fig. S1) and vertical velocity fields (Fig. S2). Importantly, the overall phase

characteristics remain consistent regardless of the selection method used (Fig. S3),

Table 1. Selection Criteria and Number of Selected Events in the Three Representative Regions

Criteria TP SECN SCB
Peak time range (LST) 12:00 —20:00 12:00 —20:00 20:00 — 08:00
Threshold (mm d™) 5 10 10
GPM 49 42 52
CMORPH 60 36 55
Number of
selected ERAS 72 58 52
events
JRA-55 73 32 59
MERRA-2 20 19 59

Figure 3 compares the five-year JJA-averaged and case-composite diurnal variation of precipitation over the three regions.
The composite cycles align closely with the multi-year mean in terms of phase, and the diurnal signals are amplified due to
the removal of light-precipitation days, confirming that the selected cases dominate the diurnal signal and are representative
for subsequent process analysis. Over TP and SECN, both IMERG and CMORPH exhibit a late afternoon peak near 18:00
LST, whereas SCB exhibits a distinct nocturnal maximum around 03:00 LST. Compared to observations, JRA-55 and

MERRA-2 reproduce these diurnal variations reasonably well over TP but, a slight phase advance of 1~2 hours over SECN.

7
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KR T+ Although this independent selection method may introduce
varying synoptic backgrounds from sampling differences, we did not
opt to use the same fixed event dates, because the synoptic
environments in the reanalyses inherently diverge across datasets, as
reflected by their differing precipitation fields (Fig. S1) and
noticeably weaker vertical velocities over SECN in JRA-55 and
MERRA-2 (Fig. S2). Even based on fixed dates as observation, the
overall phase characteristics remain consistent with the independent
selection composite despite of the underestimated magnitude over
SECN (Fig. S3). This confirms that our composite analysis is
representative of the typical behaviors of the reanalyses.
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Over both TP and SECN, ERAS initiates rainfall too early, producing a peak around 15:00 LST—about 3 hours ahead of the
observed peak. All three reanalyses reproduce the nocturnal rainfall peak over SCB, yet ERAS shows considerable

underestimation in magnitude. A sensitivity test, in which ERAS and MERRA-2 precipitation were down-sampled to 3-hourly

resolution to match JRA-55, yields an identical diurnal phase distribution (Fig. S4) and a composite diurnal cycle that is largely

unchanged, despite minor shifts in peak timing of about +1 hour (Fig. S5). This further confirms that the observed biases—

such as the premature onset and early termination of ERAS convection over TP and SECN—are robust and insensitive to

differences in temporal sampling. Similar consistency is also observed when the down-sampling is applied to pressure-level

variables. ,
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Figure 3. Five-year JJA-averaged (top row) and case-composite (bottom row) diurnal variations of precipitation over TP (left),
SECN (middle) and SCB (right).

To distinguish the contributions of different rainfall process in models, Figure 4 shows the separate diurnal cycles of convective
and large-scale precipitation. Over TP and SECN, the diurnal variations in both ERAS and JRA-55 are dominated by
convective precipitation, while the large-scale precipitation remains low (<3 mm d'). This suggests that the DCP behaviours
of JRA-55 and ERAS stem largely from their convection parameterization schemes. Over SCB, convective and large-scale
precipitation in these two reanalyses contribute roughly equally to the total precipitation. In contrast, across all three regions,
the diurnal variation in MERRA-2 is driven mainly by large-scale precipitation. Its convective rainfall is notably weaker and
peaks earlier, like ERAS, indicating that MERRA-2 achieves the “right” diurnal cycle primarily through the suppression of

convective precipitation.
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Figure 4 Same as Figure 3, but for convective (solid lines) and large-scale (dashed lines) precipitation.

The diurnal variation of cumulus mass flux, shown in Figure 5, provides further support for the physical interpretations
described above. Because this variable is not archived in ERAS, only results from JRA-55 and MERRA-2 are shown. In JRA-
55, the cumulus mass flux over TP peaks in the afternoon at approximately 30 kg m2 s™! and extends through a depth of 350
hPa. Over SECN, the flux originates from a lower altitude and deepens more markedly, consistent with heavier rainfall there
relative to the TP. Over SCB, the flux peaks nocturnally at a much lower magnitude, around 8 kg m™ s™'. These flux behaviours
align generally with the timing and intensity of convective rainfall in the corresponding regions. Compared to JRA-55, the
cumulus mass flux in MERRA-2 is significantly weaker and shallower, with magnitudes mostly remaining below 12 kg m~
s7!. This limited convective intensity is consistent with the model’s previously noted dependence on large-scale precipitation

to shape the diurnal cycle.
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Figure 5. Diurnal variation of cumulative mass flux (kg m~ s™) for selected cases from JRA-55 (top row) and MERRA-2 (bottom
row) over TP (left), SECN (middle) and SCB (right).

4 Diurnal Cycle of Heating and Clouds

To identify the physical processes responsible for the differences in simulated diurnal precipitation, we conduct a

process-oriented analysis by comparing diabatic heating and cloud structures between different reanalyses.

4.1 Diabatic Heating

Figure 6 presents the diurnal cycle of apparent head source Q1 and moisture sink Q> over the TP, with the diurnal-mean
components removed. In all three reanalyses, the diurnal anomalies of Q1 over TP exhibit a tilting structure extending from
the surface to the mid-troposphere, with a maximum that initially lies in the boundary layer and ascends during the day. In the
morning, heating remains concentrated in the lower layers driven by boundary layer turbulence and shallow convection. This
stage is marked by a distinct negative peak in Q, indicating that moistening from turbulent and convective-scale transport
exceeds condensation. As deep convection develops later, both Q1 and Q. turn positive above the boundary layer.
Comparatively, ERAS shows a particularly rapid and deep development of Qi, which peaks around 15:00 with a heating
anomaly of 0.2 K h™! extending to 200 hPa. Concurrently, Q> reaches its maximum, though its magnitude remains substantially
lower than that of Q1—a difference linked to contrasting subgrid-scale transport of heat and moisture. JRA-55, by contrast,

exhibits a weaker and more gradual evolution, with mid-level heating anomalies persisting until 21:00 LST, consistent with

10
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its prolonged precipitation into the evening. MERRA-2 produces strong low-level heating and moistening in the morning,
followed by an early upper-tropospheric heating peak around 13:00 LST. After 15:00 LST, precipitation-induced evaporation
causes pronounced low-level cooling—a signature typical of stratiform clouds—suggesting an increasing contribution from
stratiform precipitation in the afternoon. These contrasts are further manifested in the vertical eddy transport of moist static
energy (Q1—0x—0rnd). In JRA-55, subgrid-scale transport is initially confined to the boundary layer in the morning by
turbulence, and later extends upward to 200 hPa by 15:00 LST and lasts into the evening by convection, in line with its
sustained cumulus mass flux (Figure 5a). In ERAS5, convective eddy transport rapidly reaches the upper troposphere by 12:00
LST and forms a center between 200-250 hPa around 15:00 LST, resulting in an earlier precipitation peak. In MERRA-2,
subgrid-scale eddy transport is mostly limited to below 400 hPa and peaks as early as 13:00 LST, a shallow, early structure
indicative of suppressed convection (Figure 5d). These results demonstrate that the relatively gradual deepening of convection
in JRA-55 yields precipitation timing closer to observations, whereas the overly rapid convective development in ERAS yields
earlier, stronger peaks. In MERRA-2, active boundary-layer turbulence and shallow convection promote premature convective
rainfall and largely inhibit the full development of deep convection.
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Figure 6. Diurnal variations of O, 0 and Q1—0>—0Qr.q anomalies over TP from ERAS (top), JRA-55 (middle) and MERRA-2 (bottom).
Units: Kh'.



The discrepancies among the three reanalyses are more pronounced over SECN (Figure 7). Although the diurnal evolution of
275 heating and drying is similar to that over TP, convective systems penetrate more deeply in SECN. The heavier precipitation
generated by these deep systems increases the role of condensational heating relative to subgrid-scale eddy transport. As a
result, the vertical profiles of Q1 and Q> become more alike above 700 hPa and their diurnal phases align closely. Only JRA-
55 maintains an obviously tilted heating structure, with deep convection developing gradually, peaking near 17:00 LST, and
persisting until about 21:00 LST. As over TP, ERAS5 exhibits overly rapid development of deep convection over SECN, leading
280 to premature peaks in heating and subgrid-scale transport above 500 hPa and thus an earlier precipitation phase around 14:00
LST. Although the moister SECN environment is conducive to deep convection, MERRA-2 continues to exhibit overly strong
low-level heating and moistening while suppressing deep convection. Its subgrid-scale transport (>0.05 K h™') remains mostly
below 500 hPa, markedly shallower than in ERAS or JRA-55, consistent with the model’s weaker convective rainfall
contribution.
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Figure 7. Same as Figure 6, but for SECN.

The evolution of diabatic heating over SCB differs markedly from that over TP and SECN (Figure 8). All three reanalyses

exhibit a consistent nocturnal pattern, with heating in the mid-troposphere and cooling in both the lower and upper levels. The

12
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low-level negative Q1 anomaly originates mainly from evaporative and radiative cooling, while the upper-level anomaly is a
consequence of the larger daytime upward heat flux. Meanwhile, Q- exhibits a column-wide negative anomaly during the day,
driven by moisture transport associated with turbulence and convection, and turns positive at night when condensation
dominates. Consequently, the vertical eddy-transport structure over the SCB is distinct. While boundary-layer turbulent and
convective eddy transport coincide during the day over the TP and SECN, they are temporally separated over SCB, with
convective eddy transport from elevated convection peaking at night. Among the three reanalyses, JRA-55 exhibits the most
coherent nocturnal evolution, with peaks in heating and convective eddy transport around 04:00 LST that align with its
strongest nocturnal convective precipitation. In comparison, ERAS produces earlier nocturnal peaks, particularly in eddy
transport above 500 hPa, which maximizes after sunset and is accompanied by positive anomalies near 300 hPa during the
daytime. This structure indicates that ERAS also triggers weak free convection after noon, consistent with its dual-peak
structure in convective precipitation. Although MERRA-2 generates the strongest nocturnal heating, its associated convective
eddy transport is the weakest, in line with its suppressed convection.
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4.2 Cloud Vertical Structure

The aforementioned differences in physical processes are also reflected in cloud structures. Figures 9 and 10 present the vertical
distribution of cloud fraction and cloud hydrometeor content. Over TP and SECN, both ERAS and JRA-55 exhibit a slowly
developing, upward-tilting cloud structure from morning to afternoon, with low-level clouds deepening progressively through
alayer of about 200 hPa above the boundary layer. The deepening occurs in tandem with increasing cloud hydrometeor content,
suggesting well-coordinated cloud macro- and microphysical representations in both reanalyses. In ERAS, the development of
low-level cloud fraction and cloud water peaks earlier and is shorter in duration, consistent with its faster eddy transport and
earlier precipitation maximum. In MERRA-2, however, cloud water shows a tilting vertical structure that is not mirrored in
cloud fraction. Moreover, its cloud water content extends beyond 250 hPa, substantially deeper than in the other two datasets.
In the upper troposphere, high-level clouds in both ERAS and JRA-55 peak after deep convection decays. During the
shallow-to-deep convective transition, ERA5 produces a notably larger cloud ice content, accompanied by a continuous band
of high ice values ascending from lower levels in the afternoon. JRA-55 also shows increased cloud ice, but its ice content
remains much lower than in ERAS, likely due to overly strict liquid-to-ice conversion criteria in its host model (Wright et al.,
2020). MERRA-2 exhibits weaker diurnal variation in high-level clouds, yet its cloud ice content varies markedly. Given the
excessively weak deep convection noted earlier, such substantial ice amounts cannot be explained solely by convective
transport. Instead, they probably result from an overestimation of high-topped clouds in the model (Miao et al., 2019), a
compensation designed to reduce the overly high outgoing longwave radiation that would otherwise arise from overly shallow
convection and low detrainment heights (Molod et al., 2015). This compensating mechanism favours stratiform over
convective precipitation, further supporting the view that stratiform processes dominate in MERRA-2. Over SCB, all three
reanalyses exhibit a bimodal cloud fraction structure, with peaks near 175 hPa and 600 hPa. Again, ERA5 maintains good
consistency between cloud hydrometeor and cloud fraction. Compared to ERAS, JRA-55 remarkably underestimates high-
topped clouds, whereas MERRA-2 underestimates low-topped clouds, in consistency with the findings of Miao et al. (2019).
These results underscore that while all three reanalyses reproduce basic cloud features, their physical coherence varies

considerably, which in turn impacts the fidelity of the simulated diurnal cycle.
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5 Impact of Large-Scale Forcing on DCP

The preceding sections have focused on how DCP relates to model physical processes. Large-scale forcing also plays a key
role in modulating precipitation characteristics through direct or indirect interactions with these processes. This section

therefore analyses several key large-scale forcing variables that influence DCP.

5.1 Vertical Velocity

We first present the diurnal evolution of vertical velocity in Figure 11. Over TP, the evolution is broadly similar among the
three reanalyses, with the weakest upward motion around sunrise and the strongest near sunset. The vertical structure in
MERRA-2 is more bottom-heavy, with the ascent peaking near 450 hPa, lower than 350 hPa in ERAS and JRA-55. Over
SECN, these inter-model differences become more pronounced. Although all three reanalyses develop with a tilting structure
and peak around 15:00 LST, the tilting degree varies markedly. ERAS exhibits a relatively upright structure, in line with its
prematurely developed convection. In comparison, JRA-55 and MERRA-2 exhibit a pronounced tilt, though the ascent in

MERRA-2 is noticeably shallower. These tilting structures are consistent with those seen in diabatic heating, demonstrating
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that vertical velocity and diabatic heating are well coupled. Over SCB, the strongest ascent in all three reanalyses occurs
uniformly around midnight near 700 hPa, coinciding with the nocturnal precipitation maximum and reflecting the region's

elevated-convection regime.

simulated gonvective precipitation_and observed, precipitation are also plotted. Over TP, dCAPE peaks at a similar time

: the observed precipitation

(~18:00 LST) in all three reanalyses despite amplitude differences. Larger dCAPE in ERAS5 and MERRA-2 corresponds to
their stronger ascent (Fig. 11). Op

: and

served precipitation aligns more closely with JCAPE and,)

. lags the CAPE peak, which typically occurs soon after noon.
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Difterences in vertical velocity then modulate the vertical advection of dry static energy and moisture (not shown). To quantify o %
: IMERG
how these differences relate to friggering assumptions in convection parameterization, Figure 12 presents the evolution of - Figure )
355 dynamic convective available potential energy (dCAPE), a measure of the large-scale CAPE generation rate (Xie and Zhang, / : The )
2000; Wang and Zhang, 2013). For reference, the corresponding CAPE, calculated following a reversible moist adiabat, : dCAPE peak )
: that of )

360 by 4.5 hours in ERAS. 6.5 hours in JRA-55, and 3.5 hours in MERRA-2. Convective precipitation in MERRA-2 is nearly

concurrent with CAPE Joffset = 0.5 hour), whereas in JRA 55 it aligns more closely with dCAPE (offset = 1.5 hours) than (
1 (MHER T While ¢

o (MR 1+ in MERRA 2

with CAPE (offset =—4.5 hours). In ERAS, convective precipitation falls between the two metrics, lagging CAPE by 1.5 hours
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and leading dCAPE by 1.5 hours, Over SECN, the lag of dCAPE behind CAPE is less pronounced than over TP, and the  ..-{ F# 7T [2]: Therefore, convective precipitation in ERA5 and
. . i . . o . . . . MERRA-2 follows CAPE more closely, whereas in JRA-55 it tracks
influence of triggering choice on precipitation timing is not as obvious as over TP.,Over SCB, where rainfall is dominated by JACAPE better.

mid-level elevated convection, ERA5 and MERRA-2 generate daytime convective rainfall peaks that coincide with the

#IB% T in ERAS and MERRA-2 follows CAPE more closely, in
JRA-55 it tracks dCAPE better

iy (W T : Over SECN, the phase differences between lag CAPE and
Therefore, convective precipitation in ERA5 and MERRA-2 follows CAPE more closely, whereas in JRA-55 it tracks dCAPE ' ' | dCAPE are relatively small (0.5-3 hour). The peak time of

g convective rainfall in MERRA-2 still aligns more closely with CAPE
(offset = 0.5 hour) than with dCAPE (offset = —2.5 hour), while in
ERAS it falls between the two

#HIBR T : of dCAPE behind CAPE is less pronounced than over TP,
and the influence of triggering choice on precipitation timing is not as
obvious as over TP

(w7 )

% T2 For SCB, where rainfall is dominated by mid-level elevated
convection, convective precipitation in ERAS and MERRA-2 aligns
closely with CAPE, whereas in JRA-55 it remains better
synchronized with dCAPE and matches observations more closely

increase in CAPE, whereas JRA 55 exhibits nearly synchronized rainfall with dCAPE and matches observations more closely.

better. The distinct pehaviours among the reanalyses are intrinsically linked to the convective parameterizations of their ;

underlying forecast models. ERAS employs a Tiedtke mass-flux scheme with a buoyancy-based (CAPE-like) trigger and a

closure that scales the cloud-base mass flux to CAPE (ECMWEF, 2016). Although the revised closure introduced by Bechtold

et al. (2014) removes boundary-layer generated CAPE and thereby delays the convective response relative to CAPE, rainfall

in ERAS still peaks ahead of dCAPE. This indicates that the modification remains insufficient to correct the premature

development of convection, particularly over TP. The convective scheme in MERRA-2 is a modified Arakawa-Schubert

formulation (Molod et al., 2015). It constrains convective intensity via relaxation of the cloud work function—an

i | (ﬂ’]ﬂ BT 1, with a peak offset of approximately 1.5 hours

. (BmTEM
prognostic Arakawa-Schubert scheme, but incorporates a dCAPE-based trigger mechanism proposed by Xie and Zhang (2000) [%JB,%T: =

instability-based analogue of CAPE—so that rainfall peaks are tightly linked to CAPE evolution,JRA-55 employs a similar

e

rather than relying solely on the absolute value of CAPE (JMA, 2013; Kobayashi et al., 2015), This explains why convective

AN NN

(ﬂ’]‘JB@T: behaviors

{ fiB% T ERAS utilizes a Tiedtke mass-flux scheme with a
buoyancy-based (CAPE-like) trigger and a closure that scales cloud-
base mass flux to CAPE (ECMWF, 2016). By removing the
boundary-layer-generated CAPE, the new closure introduced by
Bechtold et al. (2014) delays convective response after CAPE,
however, the rainfall still peaks ahead of dCAPE. This indicate that
this modification remains insufficient to correct the premature
development of convection over TP and SECN. MERRA-2 uses a
modified Arakawa-Schubert scheme (Molod et al., 2015), which
constrains the convective intensity by the relaxation of the CIOW

; [}WJ [% 7 : JRA-55 employs a similar prognostic Arakawa-Schubert
[2]

scheme, but it incorporates a dCAPE-based trigger mechanism[™__

precipitation in JRA-55 is better synchronized with dCAPE, The above analysis, underscores how critically the frigger and

closure assumptions, influence, convective timing, highlightin,

_that more comprehensive metrics integrating the relevant

physical processes, e.g., entraining-plume buoyancy measures that jointly account for lower-free-tropospheric stability and

subsaturation (Ahmed & Neelin, 2018; Emmenegger et al., 2024), are essential for improving diurnal cycle simulations,

QWH‘,%T: design aligns with our analysis that JRA-55
(S 7 the
»LQWJ %7 : metric
(ﬂ’]ﬂ [ 7 : This contrast
! (’WJF‘»%T: choice of

(M'J [% 7+ and closure
_‘-‘_’-‘QWJ [ 72 metrics
| (3

"_QWJ F% T @ simulated

(ﬂ’]ﬂ% 71, especially over TP and SCB
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(mBT:.
MER 7 ¢ highlighting that more prehensive metrics that integrates
associated physical processes are essential for constraining 3
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Figure 12. Diurnal variations of simulated convective precipitation, CAPE and dCAPE over TP (left), SECN (middle) and SCB
(right) from ERAS5 (top), JRA-55 (middle) and MERRA-2 (bottom), with triangles marking the peak time. Dashed blue lines and
stars represent the observed IMERG precipitation and its corresponding peak time, respectively. The numbers at the top of each

anel indicate the peak time lead (—) or lag (+) in hours relative to the convective precipitation peak (values in brackets denote offsets

relative to IMERG peak).

5.2 Surface Sensible and Latent Heat Fluxes

The second large-scale forcing examined is surface sensible and latent heat fluxes (Figure 13). In general, surface fluxes in all
three datasets peak around noon, although their magnitudes differ substantially. Over TP, ERAS and JRA-55 show comparable
sensible and latent heat fluxes, whereas MERRA-2 produces the strongest sensible heat flux but the weakest latent heat flux,
implying a higher Bowen ratio. Over SECN and SCB, the reanalyses exhibit similar sensible heat fluxes, but latent heat flux
varies noticeably: strongest in MERRA-2, intermediate in ERAS, and weakest in JRA-55. Since the peak timing of surface
fluxes does not coincide with that of precipitation, surface fluxes are unlikely to directly control precipitation timing. Instead,
they are more likely to influence convection indirectly by gradually moistening the free troposphere though boundary layer

turbulence and shallow convection. Moreover, the magnitude of surface fluxes does not show a clear relationship with
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convective precipitation. For instance, smaller latent heat flux in JRA-55 is associated with larger convective precipitation
over SECN and SCB, while larger latent heat flux in MERRA-2 corresponds to smaller convective rainfall there. These
findings reveal that for deep convection, large-scale forcing within the boundary layer plays a minor role relative to the forcing

above the boundary layer.
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Figure 13. Diurnal variations of sensible (solid) and latent (dashed) heat flux over TP (a), SECN (b) and SCB (c) from ERAS, JRA-
55 and MERRA-2.

6 Concl

v

CMW%T: and discussion

This study evaluates the performance of three widely used reanalysis datasets—ERAS5, JRA-55, and MERRA-2—in simulating

the summertime diurnal cycle of precipitation over China. The main conclusions are summarized as follows:

Compared with satellite observations (IMERG and CMORPH), JRA-55 reproduces the spatial patterns of DCP phase and
amplitude most realistically across China. ERAS exhibits a systematic phase advance of 2—4 hours, especially in regions
dominated by afternoon convection, such as the Tibetan Plateau and southeastern China. MERRA-2 shows pronounced spatial
heterogeneity that mixes both leading and lagging phases within areas that appear phase-uniform in observations. Focusing on
three representative regions—TP, SECN, and SCB, which represent typical afternoon and nocturnal rainfall regimes, all three
reanalyses capture the nocturnal precipitation over SCB, but diverge markedly in simulating afternoon convective rainfall over
TP and SECN. Whereas JRA-55 and MERRA-2 reproduce the observed DCP over the TP but show only a slight phase advance
(1-2 hours) over SECN, ERAS5 exhibits a phase lead of about 3 hours in both regions. Analysis of precipitation partitioning
indicates that the early peak in ERAS is due to its convective component. Like ERAS, MERRA-2 also produces weaker and
earlier-peaking convective rainfall, yet much weaker in magnitude, implying that its correct diurnal cycle is achieved largely

a result of suppressed convective rainfall.

We further examine diabatic heating and cloud structures to identify the physical processes that shape the simulated DCP.
Over TP and SECN, JRA-55 exhibits a gradual development of deep convection, accompanied by a tilted heating structure
and subgrid-scale transport of moist static energy that persists into the evening. By contrast, ERA5 develops deep convection

too rapidly, producing premature peaks in diabatic heating and convective eddy transport and thus an earlier rainfall peak.
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MERRA-2 initiates excessively strong low-level heating and moistening through boundary layer turbulence and shallow
convection, which suppresses deep convection and thereby advances the convective rainfall peak. Over SCB, all three
reanalyses capture the characteristic elevated-convection by generating nocturnal mid-level heating. Regarding cloud vertical
structure, both ERAS and JRA-55 show a coordinated, upward-tilting growth of cloud fraction and cloud hydrometeor content
over TP and SECN, reflecting a realistic transition from shallow to deep convection that aligns with their eddy transport
evolution. In MERRA-2, however, only cloud water exhibits a developing tilted structure, while cloud fraction does not. These
results indicate that while all three reanalyses reproduce basic heating and cloud features, their internal coherence differs

considerably, thus shaping the fidelity of the simulated diurnal cycle.

Variations in large-scale forcing are also recognized as a contributor to the simulated discrepancies in DCP. Contrasting
vertical velocities modulate the vertical advection of dry static energy and moisture, leading to differences in the large-scale

production of CAPE (i.e., dCAPE). Observed precipitation aligns more closely with dCAPE and lags behind CAPE, a

discrepancy that is more pronounced over TP, with lags of 4.5 hours in ERAS, 6.5 hours in JRA-55, and 3.5 hours in MERRA-2,

While convective precipitation in ERAS and MERRA-2 tracks CAPE more closely due to their instability-based closure

assumptions, in JRA-55 it aligns better with dCAPE owning to an explicit dCAPE frigger, thereby yielding a more realistic

#K% T : The peak timing of dCAPE lags that of CAPE and aligns
more closely with the observed precipitation, especially over TP and
SCB where dCAPE shows less offset by 3—11 hours than CAPE.

QWJK»% 1t by employing

DCP. This contrast highlights the critical influence of triggering choice on cumulus convection. Surface fluxes do not translate

into discernible impacts on convective precipitation, suggesting that boundary-layer forcing is subordinate to above-

boundary-layer forcing in driving deep convection.

v

The findings of this study underscore the persistent difficulties in accurately representing DCP over China in current reanalyses.
The results not only identify key sources of DCP simulation errors, but also outline practical pathways for improving physical
parameterizations in numerical models. Priorities for refinement include trigger mechanisms in convection parameterizations,

the transition from shallow to deep convection, and the integrated coupling of boundary layer, convective, and cloud processes.

Appendix A: Fourier Analysis Procedure

The mean diurnal cycle of precipitation during June-July-August (JJA) is first calculated to obtain a mean diurnal time series

with a sample size of N=24 /At, where At is the native temporal resolution of gach dataset (je., 1-hourly for ERAS5 and

MERRA-2, 3-hourly for JRA-55). Fourier analysis is then applied to decompose the mean diurnal series and extract the diurnal

phase and amplitude. The decomposition is expressed as:

P = Py+ Pyty+ Pyty + -+ Py (ty, (AaD

21

CCRETHER: ik i

: QWIJB,% 1t -based
) Q}J]'”K»% 7't and closure

QM‘J [% 1 : metrics in convection scheme )
)
)
)

K% T : Considering that the varying temporal resolution of the three
reanalyses, we conducted a sampling sensitivity test by down-
sampling ERAS and MERRA-2 to match the 3-hourly (surface) and
6-hourly (pressure-level) sampling of JRAS5. Key results are shown
in Figs. S4-S6. The diurnal phase distribution after down-sampling
remains virtually unchanged (Fig. S4). For composite precipitation,
the peak timing shifts by £1 hour due to the coarser temporal
sampling, but the characteristic premature onset and termination of
ERAS convection over TP and SECN persist (Fig. S5). The CAPE
and dCAPE relationships also remain robust: over TP, dCAPE
continues to lag CAPE as observed at native resolution (Fig. S6).
Over SECN, CAPE and dCAPE tend align closely, consistent with
the behaviour seen in native resolution. This confirms that while
coarser sampling can introduce minor quantization effects, the key
conclusions regarding phase lead relationships are unaffected.
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2 .
Py(ty = A, cos (Vn (it— (pi)), (A2)
570 where Py is the daily mean precipitation, ¢ is the time, Pty is the i-th harmonic component, and A; and ¢; are its
corresponding amplitude and phase. In this study, the first harmonic component (i=1) is adopted to represent the diurnal cycle

for analysis.
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