'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

JGR Atmospheres

RESEARCH ARTICLE
10.1029/2023JD040295

Key Points:

e Coherent coupling between cumulus
and planetary boundary layer (PBL)
parameterizations improves the nested
rainfall diurnal cycle forecast

e Increasing cumulus parameterization
frequency reduces the nested morning
and outer-domain evening valley rain-
fall overforecast

e Adjusting PBL parameterization
weakens the rainfall afternoon peak
and daytime total amount
overprediction

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:
X.-Z. Liang and M. Zeng,
xliang@umd.edu;
swordzmj@qq.com

Citation:

Mei, H., Liang, X.-Z., Zeng, M., Yang, Y.,
Sun, C., & Li, X. (2024). Improving
diurnal precipitation forecasts through
coherent coupling of cumulus and
planetary boundary layer
parameterizations. Journal of Geophysical
Research: Atmospheres, 129,
€2023JD040295. https://doi.org/10.1029/
2023JD040295

Received 1 NOV 2023
Accepted 16 MAY 2024

© 2024. American Geophysical Union. All
Rights Reserved.

Improving Diurnal Precipitation Forecasts Through
Coherent Coupling of Cumulus and Planetary Boundary
Layer Parameterizations

Haixia Mei' ©, Xin-Zhong Liang®® ©, Mingjian Zeng', Yang Yang* (©, Chao Sun® ¥, and Xin Li"
"Key Laboratory of Transportation Meteorology of China Meteorological Administration, Nanjing Joint Institute for
Atmospheric Sciences, Nanjing, China, *Earth System Science Interdisciplinary Center, University of Maryland, College
Park, MD, USA, 3Department of Atmospheric and Oceanic Science, University of Maryland, College Park, MD, USA,

“Nanjing Vocational College of Information Technology, Nanjing, China

Abstract This study explores the impact of coupling cumulus and planetary boundary layer (PBL)
parameterizations on diurnal precipitation forecasting during the plum rainy season in Jiangsu Province, China,
using a double grid-nesting approach. Results show that coherent coupling of cumulus (only in the 15 km grid
outer domain [O]) and PBL parameterizations leads to improved forecasting of diurnal variations in the
morning, afternoon, and the evening. Increasing the frequency of the Kain-Fritsch (KF) cumulus scheme in [O]
enhances subgrid precipitation while reducing grid-scale precipitation, resulting in a more accurate
representation of daytime convective activities and a reduction in over-forecasting of evening valley and early-
morning precipitation. Additionally, coupling a suitable PBL scheme mitigates the overpredicted afternoon
peak by facilitating turbulent mixing to penetrate higher altitudes with a thicker layer, thereby reducing
instability energy accumulation. A higher KF frequency in [O] retains less low tropospheric moisture, reducing
moisture convergence into the 1 km grid inner domain [I] and decreasing overpredicted daytime precipitation in
[I]. Various PBL schemes produce distinct vertical distributions of turbulent moisture and heat transport,
impacting convection and precipitation in [I] resolved by cloud microphysics processes. The coherent coupling
of these parameterizations maintains a balanced supply of convective energy and water vapor, significantly
improving diurnal precipitation forecasts in [I]. Isolating these parameterizations between nested grids may
undermine this improvement.

Plain Language Summary Accurate diurnal precipitation forecasting remains a challenge. This
study aims to effectively couple cumulus and planetary boundary layer (PBL) parameterizations to enhance
diurnal precipitation forecasts using a double grid-nesting approach. We showed that coherent coupling of
cumulus and PBL parameterizations improves forecasting of diurnal variations during the plum rainy season in
Jiangsu Province, China. Increasing the frequency of the KF cumulus scheme more accurately represents
daytime convective activities and reduces over-forecasting of evening valley and early-morning precipitation.
Coupling an appropriate PBL scheme that extends turbulent mixing into deeper layers mitigates the
accumulation of instability energy, thereby reducing overpredicting of the afternoon peak. A higher KF
frequency in the 15 km grid outer domain [O] retains less low tropospheric moisture, reducing moisture
convergence into the 1 km grid inner domain [I] and decreasing overpredicted daytime precipitation in [I].
Diverse PBL schemes result in varying vertical distributions of turbulent moisture and heat transport, affecting
explicit convection and precipitation in [I]. Therefore, the cohesive integration of cumulus and PBL
parameterizations across nested grids significantly enhances diurnal precipitation forecasts.

1. Introduction

The ability to realistically predict the diurnal variation of precipitation is widely considered as an essential
requirement for the model performance (Jin et al., 2016). Accurate reproduction of this variation has become a
critical task for model improvement to enhance weather forecast and climate prediction capabilities. However,
most models at relatively coarse grids that require cumulus parameterization (CUP) continue have difficulties to
capture the diurnal variation at regional-local scales (Liang et al., 2004, 2019; Tang et al., 2021). Most simulations
overestimate the diurnal cycle amplitude over land and produce the peak too early (Mooney et al., 2017). It
remains challenging to understand the underlying physical processes and develop effective numerical solutions
for the model deficiencies.
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Precipitation diurnal variation has strong regional dependence due to the combined effects of varying weather
systems and complex surface characteristics. As the hinterland of economically developed and densely populated
regions in China, Jiangsu Province is one of the major precipitation centers during summer as governed by the
East Asian monsoon. It is adjacent to the East China Sea and has a generally flat topography with numerous low
mountains, hills, and lakes. The summer rainfall diurnal variation in this region is characterized by two peaks, in
the early morning and late afternoon, with a comparable intensity (Yu et al., 2007). The afternoon peak is mainly
associated with convective precipitation induced by local thermal instability due to solar radiation heating (Xu &
Zipser, 2011; Yu et al., 2007). The early morning peak is more complex as a result of interactions among the
governing large-scale circulation, mesoscale convection, and multiscale topographic effects. General circulation
models produce an earlier and more intensive afternoon peak (Yuan et al., 2013), and regional weather models
also overestimate the afternoon peak intensity (Xue et al., 2018; Zhu et al., 2018).

CUP schemes are often considered to be the largest source of uncertainty in simulating diurnal precipitation
variations (Konduru & Takahashi, 2020; Liang et al., 2004; Mooney et al., 2017; Qiao & Liang, 2015; Yuan
etal., 2013). In coarse grid models that cannot explicitly resolve convection, CUP plays a critical role in capturing
subgrid precipitation (Liang et al., 2019) and different schemes have significant impacts on the amplitude and
phase of the diurnal cycle (He et al., 2015; Liang et al., 2004; Mooney et al., 2017; Pei et al., 2014; Qiao &
Liang, 2015; Sun & Liang, 2023). Modifying CUP's trigger function can improve the diurnal phase (Jin
et al., 2016) and suppress daytime convective activity (Qiao & Liang, 2015). Adjusting CUP's acting time scale
can control the convection growth rate, affecting the diurnal variation or total precipitation amount (Gustafson
et al., 2014). Changing CUP's entrainment rate can also affect the convection diurnal variation (Del Genio &
Wu, 2010), for instance, enhancing the entrainment to detrainment ratio can delay the rainfall peak (Wang
et al., 2007). Furthermore, altering CUP's closure assumption can regulate the diurnal phase and nighttime peak
and greatly affect rainfall geographic distribution, frequency, and intensity (Bechtold et al., 2014; Liang
et al., 2004, 2019; Qiao & Liang, 2016; Sun & Liang, 2023; Wong et al., 2020; Yang et al., 2018).

Many studies have shown that planetary boundary layer (PBL) parameterization also significantly affects the
precipitation diurnal cycle. The afternoon peak over land is sensitive to PBL schemes in East Asia and across the
southeastern and Gulf coastal United States (Koo & Hong, 2010; Mooney et al., 2017). PBL parameterization can
cause excessive nighttime rainfall (Zhang & Chen, 2016) and affect the diurnal phase (He et al., 2015). It transfers
surface turbulent fluxes of heat and moisture upward into the lower troposphere, which directly affects the
accumulation of convective available potential energy (CAPE) and ultimately contributes to convective pre-
cipitation formation (Yang et al., 2018). It also transfers surface turbulent momentum flux upward to change
winds in the boundary layer, alter the location and intensity of low-level jet and convergence zones, and thus
indirectly affect the water vapor convergence (He et al., 2017). The latter ultimately changes the timing of rainfall
onset, the distribution of rain areas, and the location and intensity of precipitation centers (Cai et al., 2006; Shen
et al., 2017; Xu et al., 2013).

Diurnal precipitation variation can be significantly improved by models that explicitly resolve convection over
those using CUP (Liang et al., 2019; Zhang et al., 2016). Due to the limitation of computational resources,
operational forecasting is practically performed through grid nesting from an outer domain [O] using CUP with
horizontal spacing around a few tens of kilometers to an inner domain [I] explicitly resolving convection at a few
km spacing. Since [O] controls the simulation of the environment circulation, including synoptic-mesoscale
advections and vertical motions, the result in [I] will be affected by the CUP scheme used in [O] (Liang
et al., 2019; Warner & Hsu, 2000). Thus, CUP indirectly influences the diurnal characteristics of precipitation in
[I]. In contrast, PBL parameterization is called in both [O] and [I] and typically with the same scheme for
consistency. As such, different PBL schemes can interact with the CUP scheme in [O] to also affect the diurnal
cycle of rainfall in [I] (Wang et al., 2021).

While PBL parameterization acts to generate/accumulate CAPE from surface forcing, CUP acts to consume/
release CAPE through convective precipitation. Together, they form a loop influencing each other to regulate
surface-atmosphere interaction and determine final precipitation. Their coupling effects can propagate across the
nesting domains. Therefore, a joint test based on coupling cumulus and PBL parameterizations is more effective
to address their sensitivities in simulating precipitation diurnal cycle. Studies on this topic are rare.

This study evaluates the individual and combined impacts of cumulus and PBL parameterizations on operational
numerical weather prediction, using precipitation forecast in Jiangsu Province of China as a demonstration. It
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Figure 1. Model domain configuration with double nesting grids used in the forecast experiments, where the black (green)
solid outline bounds the outer (inner) domain with grid spacing of 15 (a) km and red solid outline bounds the Jiangsu
Province.

focuses on forecasting precipitation diurnal variation in a select month-long period of representative weather
systems governing various convections over the region and examines the sensitivity to different CUP calling
frequencies and PBL parameterization schemes. It addresses the ability of the coupling between cumulus (only in
[O]) and PBL parameterizations to represent the diurnal cycle at different stages and determines the most coherent
coupling configuration in the presence of the double nesting domains. The evaluation is concentrated on how they
act jointly to improve forecasting the rainfall diurnal cycle in [I] and how their isolation affects the forcing-
response processes across the nested grids.

2. Methodology
2.1. Domain Configuration and Evaluation Period

The Weather Research and Forecasting (WRF) v3.9.1 model (Skamarock et al., 2008) is applied for the forecast
experiments in this study. Figure 1 shows the computational domains and nesting grid configuration. Through
systematic testing of various nests and resolutions, Liang et al. (2019) found that using 15 km grid spacing in [O]
best captured regional precipitation distributions, and the nesting grid ratio of 15:1 configuration is most cost-
effective to realistically simulate [I] rainfall characteristics, including diurnal variations. Therefore, this double
nesting approach is adopted in this paper. Specifically, the horizontal spacing of [O] is 15 km, with 463 west-east
grids times 342 south-north grids, while the horizontal spacing of [I] is 1 km, with 1,156 times 1,021 grids. The
lateral boundary conditions for [O] are updated at every 6-hr interval using the Global Forecast System (GFS)
analysis at 0.5° (~55 km) grid spacing from the U.S. National Centers for Environmental Prediction (NCEP). We
choose a one-way nesting strategy following the operational forecast procedure (i.e., no [I] feedback to [O]), and
the integration time step is set to 6 s times the grid spacing in km for both domains.

The plum rainy season represents the seasonal northward progression of the East Asian Monsoon (Ding, 1992). It
typically occurs from mid-June to mid-July (Tao & Chen, 1987) with a quasi-stationary west-east oriented
rainband over the Yangtze-Huaihe River Basin of China, including Jiangsu Province (Samel et al., 1999). The
rainy season is a common concern due to its characteristics of long duration, wide coverage, and frequent
occurrence of heavy rainfall and convection. We choose the period from 19 June to 20 July in 2016 for a total of
32 days as the forecast skill evaluation. The total precipitation amount during this period in Jiangsu Province was
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double the climatological average, with a higher frequency of rainy events and a larger intensity range. It received
much attention because of its catastrophic weather characteristics such as long impact time, frequent heavy
rainfall, and outstanding extremes. The model is re-initialized at 12 UTC per day and integrated for 36-hr
forecasts during the evaluation period. By employing the latest GFS analysis with improved accuracy as the
initial state and lateral boundary conditions, this widely used approach (Goines & Kennedy, 2018; Xue
etal., 2018; Yang et al., 2018) minimizes large-scale circulation forcing biases and hence is beneficial to prevent
excessive growth of mesoscale forecast errors. It can not only reduce the synoptic forcing differences among the
forecast sensitivity experiments, but also retain the sub-daily local-mesoscale processes to better capture the
model ability in predicting diurnal variation. The initial period of less than 6 hr is considered as the spin-up, after
which rainfall forecast characteristics are stable (Liang et al., 2019). The forecast skills are evaluated for the
statistics calculated only in Jiangsu Province, comparing both [O] and [I] model results against observations. The
area-averaged diurnal variations are obtained by the composite mean from 32 daily forecasts of 36 hr, including
the first-day (0-24 hr) and the second-day (24-36 hr) after the start at 12UTC.

The rainfall data are provided by hourly accumulation measurements at the national assessment stations. These
stations boast robust equipment maintenance, ensuring high stability, consistent data continuity, and utmost
authenticity. Additionally, comprehensive quality control procedures are implemented, encompassing accuracy
verification, temporal and spatial consistency check, as well as manual confirmation and correction of abnormal
values. Following Liang et al. (2019), 1,238 stations with no missing records during the entire forecast period are
selected over Jiangsu Province. The spacing among stations in the rain gauge network is approximately 9 km,
which may be insufficient to capture complete rainfall characteristics, especially for evaluating extreme events in
the fine grid. Furthermore, the European Center for Medium-Range Weather Forecasts 5th generation global
reanalysis (ERAS, Hersbach et al., 2020) are used to cross-evaluate precipitation-relevant variables in absence of
direct observations, including CAPE, water vapor supply, and surface latent and heat fluxes. The hourly ERAS
analysis was used to evaluate the coarse-grid forecasts only, as its resolution of 0.25° (~28 km) and use of CUP is
not consistent with the fine-grid (1 km) explicitly resolving convection.

2.2. Physics Parameterization and Experiment Design

The representative schemes of physical processes are kept consistent between the nested domains except that
CUP is not used in [I]. The common parameterization schemes adopted from the operational forecast include
Rapid Radiative Transfer Model longwave (Mlawer et al., 1997) and Goddard shortwave (Chou & Suarez, 1999)
radiation, Thompson microphysics (Thompson et al., 2008), Kain-Fritsch (KF) cumulus (Kain, 2004), and unified
Noah land surface (Tewari et al., 2004). This study explores the sensitivity of forecast skills for precipitation
diurnal variation to altering the frequency calling the KF cumulus scheme and the choice of the PBL parame-
terization scheme, as detailed below.

Jin et al. (2016) found that the KF scheme with an optional trigger function based on water vapor advection can
mitigate excessive precipitation amount and frequency and delay the diurnal afternoon peak over East Asia. On
the other hand, Liang et al. (2019) concluded that two cumulus schemes with scale-aware algorithms (Grell &
Freitas, 2014; Zheng et al., 2016, which is based on KF) may improve average precipitation performance in [O]
but with larger counter errors to degrade overall forecast skills in double nesting [I]. Therefore, the traditional KF
scheme (Kain, 2004) is chosen in this paper to facilitate the sensitivity analysis on its calling frequency.

Four PBL parameterization schemes commonly used in weather forecasts are selected for this sensitivity study.
The control experiment uses the MYJ (Mellor-Yamada-Janji¢) scheme (Janji¢, 1994) as in the operational
forecast. The other three are the YSU (Yonsei University, Hong et al., 2006), ACM (Asymmetric Convective
Model version2, Pleim, 2007), and UW (University of Washington, Bretherton & Park, 2009) schemes. Both
MY]J and UW are 1.5 order turbulence closure schemes that predict turbulent kinetic energy, while YSU and
ACM are nonlocal mixing schemes that use the K-profile model of eddy diffusivity and viscosity. The surface
layer parameterization is based on the Monin—Obukhov similarity, using the Eta algorithm (Janjié, 1996) to match
with MY]J and the revised MM5 method (Jiménez et al., 2012) with other three PBL schemes.

Table 1 lists four groups of forecast experiments, examining effects of varying physics representations on rainfall
diurnal variations in the coarse grid [O] by the first and second groups and in the fine [I] grid by the third and
fourth groups. All groups contain a control experiment that calls KF camulus scheme every 30 min or adopts MYJ
PBL scheme as in the operational forecast. The first group tests the sensitivity of diurnal rainfall forecasts to the
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Table 1
Summary of the Weather Research and Forecasting Model Nested Forecast Experiment Configurations

Outer domain [O] (grid spacing 15 km) Inner domain [I] (grid spacing 1 km)

KF calling time
interval [CT]

Group Experiment name Frequency Minute PBL Group Experiment name PBL

First CT60 Low 60 MYJ Third CT601 MYJ
CT30* 30 CT30r*
CT15 Medium 15 CT151
CT6 High 6 CTel
CT1.5 1.5 CT1.51
Second MYJ* High 1.5 MYJ Fourth MYJIT? MYJ
uw uw UWI uw
YSU YSU YSUI YSU
ACM ACM ACMI ACM
Supplement ACM/CT30 Low 30 ACM ACMI/CT30 ACM
UW_Eta High 1.5 uw UWI_Eta uw

Note. MY]J and CT1.5 are a same test (so are MYJI and CT1.51), using a different name only to depict their respective group of
experiments. “The tests are regarded as the control forecast in each group. The lateral boundary conditions for the third
(fourth) group are derived from the outputs of the first (second) group. The physics schemes in [I] are same as those in [O]
except that KF cumulus is not used.

frequency calling KF in [O]. The call time interval (CT) in [minutes] is changed from 1.5 (equal to the dynamic
integration step) and 6 for the high-frequency, 15 for the medium-frequency, and 30 (as the control) and 60 for the
low-frequency; these experiments are abbreviated as CT1.5, CT6, CT15, CT30, and CT60 respectively. The CT6
is close to the CT5 used in Liang et al. (2019). Shorter CTs mean more frequent calls of CUP and hence more
timely activation of the subgrid convection process when trigger conditions are met. Changes in CT can affect
both cumulus feedback to large-scale thermodynamics and cloud microphysics, and thus alter the propagation,
development, and precipitation of convective activities (Correia et al., 2008).

The second group tests the sensitivity of diurnal rainfall forecasts to the choice among the four PBL schemes
in [O]. It uses the optimal KF call frequency (CT1.5) identified from the first group to minimize precipitation
biases resulted from CUP and thus to better separate the effective influence of PBL parameterization. The
outcome can help determine the best-combined effect of cumulus and PBL parameterizations in [O]. The
third group tests the sensitivity of diurnal rainfall forecasts in [I] to different KF call frequencies in [O] and
explores the underlying mechanisms. It uses the [O] outputs from the five CT experiments in the first group
as the driving conditions to make the [I] forecasts. The fourth group tests the sensitivity of diurnal rainfall
forecasts in [I] to different PBL schemes, each of which is identically adopted in the nested [O] and [I] grids.
It uses the [O] outputs from the respective PBL experiments in the second group as the lateral boundary
conditions driving the [I] forecasts. The outcome can reveal the role of the coherently coupled PBL and
cumulus parameterizations across the nested grids.

Finally, a supplementary group tests the influence of switching the PBL scheme from MYJ to ACM as coupled
with CT30 (vs. CT1.5) and matching the UW scheme with the same Eta surface layer algorithm as in the MYJ
scheme. These two experiments are conducted in both [O] (ACM/CT30 and UW_Eta) and [I] (ACMI/CT30 and
UWI_Eta) to examine the sensitivity of the PBL parameterization contribution to the coupling with different CTs
and surface layer algorithms.

3. Sensitivity to Cumulus Parameterization Frequency in the Coarse Grid

3.1. Compensation Between Resolved and Parameterized Precipitation

Figure 2 compares observed and predicted diurnal variations of total precipitation averaged over all 32 daily
forecasts in Jiangsu. Observations show two peaks in the early morning (O8LT) and early afternoon (14LT)
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Figure 2. Area-averaged diurnal variation (mm/h) of (a) total precipitation (PR), (b) parameterized convective precipitation
(PRC), and (c) resolved large-scale precipitation (PRL) from the forecasts in the coarse grid [O] for different Kain-Fritsch
call frequencies (CTs) as compared with observations (OBS). The same observed total precipitation (OBS PR) is included in
(b) and (c) to provide the diurnal cycle background information for easier interpretation of the resulting PRC and PRL
responses. Included also in (a) is the total precipitation from ERAS for comparison.
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and the valley in the evening (20LT). The control CT30 overestimates the precipitation intensity and shifts
the diurnal phase: the first-day and second-day morning peaks being 35% and 20% higher, the afternoon peak

more than doubled in magnitude
delayed about 2 h. Using CTs of
improves the prediction. In part
significantly reduces the overestim:

and started earlier about 1 h, and the valley enhanced by 2.4 times and
15- and 60-min leads to similar biases. Increasing the KF-call frequency
icular, as compared to CT30, the high-frequency CUP (CT1.5, CT6)
ation of the first-day early morning (04-09LT) peak from 36% to 16%, 22%

and the evening (19-01LT) valley from 140% to 35%, 49%. However, the substantial overestimation of the
afternoon peak and overall daytime (11-18LT) precipitation remains or sometimes is even worsened. The

ERAS-produced precipitation is generally close to observations, albeit with some overprediction during the

Local Time (UTC + 8 hours)

02 08 14 20 02 08
1600 1 1 1 1

1400 4

1200 4

1000

CAPE (J/kg)

800

Forecast Time (hours from the start)

Figure 4. Area-averaged convective available potential energy (J/kg) diurnal
variation from the forecasts in the coarse grid [O], comparing different CTs
with ERAS reanalysis.

early morning (05-07LT) and morning to afternoon (10-15LT) hours; this
assessment is consistent with Jiao et al. (2021) and Zhou et al. (2023).
Thus, the ERAS analyzed environmental variables offer a good proxy of
observations for cross-evaluation of the coarse-grid rainfall forecasts in
Jiangsu Province. As compared to ERAS, the WRF overprediction of
CAPE is improved during the daytime to nighttime hours by calling KF
CUP more frequently. In particular, the CAPE's afternoon peak over-
estimation is reduced from 50% in CT30% to 41% in CT1.5 (Figure 4).

Total precipitation (PR) in [O] consists of parameterized convective precip-
itation (PRC) and resolved large-scale precipitation (PRL). As the frequency
of CUP increases, PRC and PRL have important compensations, but their
changes occur disproportionately. While PRL generally decreases, PRC has
mixed changes in different times. During 04—-10LT and 11-16LT, PRC in-
creases. Increasing the frequency results in more cumulus convections, higher
cloud tops, and deeper cloud systems throughout the day, and hence larger
cloud droplet and ice crystal production rates. Consequently, the convective
rainfall rate increases, while the convective warming and drying zone be-
comes thicker (Figure 3) and the overall CAPE weakens (Figure 4) due to
respectively the enhanced latent heat release and instability energy depletion
by timely triggering more convections. In 04—10LT, PRL decreases are larger
than PRC increases, reducing the PR overestimation. In 11-16LT, opposite
PRL and PRC changes compensate without causing a systematic PR trend,
while the overestimation is sometimes enhanced as compared to the con-
trol run.
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During 17-02LT, PRC changes are mixed in sign and much smaller in magnitude than PRL decreases, leading to
a significant reduction of the PR overestimation from using shorter CTs. Higher-frequency CUP does not bring
more PRC around the evening due to the full consumption of CAPE by enhanced convections during the daytime.
The more effective removal of available energy and water vapor weakens the environmental conditions for the
development of the resolved precipitating cloud systems, the more slowly developing cloud microphysics pro-
cesses produce substantially less precipitation, leading to disappearance of the PRL peak around 17-02LT, and
thus significantly mitigate the overestimation of the PR valley.

Interestingly, increasing the CUP call frequency actually reduces the overall computational cost. On average, the
total CPU time at a 55-teraflop computing power for a 36-hr forecast in [O] is 12, 9, 8.5, 8, and 8 min from CT60,
CT30, CT15, CT6 to CT1.5, respectively. This reduction results mainly from the larger CPU saving in solving
cloud microphysics than the additional cost for more frequent CUP. Timely triggering and full development of
convections deplete more rainwater to eliminate grid-scale supersaturation conditions without the need for
explicitly solving cloud microphysics.

3.2. Weaker Afternoon Precipitation by High Frequent Cumulus Parameterization

Local convections are most active in the afternoon. In general, increasing the frequency of CUP from CT60,
CT30, CT15 to CT6 enhances afternoon convective rainfall (Figure 2b). On the contrary, CT1.5 produces smaller
PRC than CT6 during 13—18LT. In the morning to noon (08—13LT), CT1.5 generates more and earlier convective
activities, with more frequent deep convections than CT6. In the afternoon (13-18LT), the convection devel-
opment in CT1.5 is less sufficient, causing thinner clouds by 178 m on average and less drying but larger cooling
below the cloud base (Figure 3a). The quicker CAPE consumption and more cloud raindrop evaporation lead to
significantly weaker afternoon precipitation in CT1.5 than CT6.

The convective to total precipitation ratio is often inappropriately modeled (Tan et al., 2013; Wang et al., 2013).
The high-frequency KF call in CT1.5 is conducive to the timely production of adequate PRC and the weakening of
excessive PRL during the daytime, leading to a more appropriate partitioning between PRC and PRL. This
benefits the improved prediction of total precipitation diurnal variation, for which the CT1.5 forecast is overall
most realistic among all CTs. Therefore, CT1.5 (calling KF at each dynamic integration step) is considered as the
optimal configuration for subsequent experiments.

4. Sensitivity to PBL Parameterization in the Coarse Grid
4.1. Daytime Precipitation Reduction From Weaker CAPE Generation

Daytime precipitation is dominated by cumulus convections. The KF scheme consumes most of CAPE within a
short time after convections are triggered (Fritsch & Kain, 1993). The optimal CUP configuration, CT1.5, still
substantially overestimates the afternoon peak and overall daytime (10-16LT) precipitation, mainly due to
overpredicting PRC (Figures 2a and 2b). The latter is driven by the significant overprediction of CAPE since the
KF closure parameterizes convective precipitation directly with the CAPE release. On the other hand, the
moisture supply overprediction contributes little to the PR overestimation during the afternoon peak hours. This
results primarily from inadequate generation of grid-scale supersaturation conditions and phase changes to rain
droplets and hence PRL, indicating the lack of suitable dynamic environment that enables precipitating cloud
microphysics to develop. PBL parameterization transports turbulent heat and moisture fluxes upward as the main
contributor to the CAPE generation (Yang et al., 2018). Thus, different PBL schemes can significantly affect the
formation of convection and precipitation by altering the CAPE accumulation (Mooney et al., 2017). Figure 5
compares [O] precipitation forecasts among four PBL schemes as coupled with the KF cumulus CT1.5 config-
uration. Compared with the control MYJ, the other PBL schemes generally weaken the afternoon peak and
daytime precipitation. Especially, ACM reduces the overprediction of the afternoon peak from 135% to 74%,
rendering its rainfall forecast closest to observations. The daytime precipitation reduction results mainly from
smaller PRC due to weaker CAPE produced by other PBL schemes (than MYJ). The CAPE generated from
different PBL schemes can be consumed quickly by KF with high frequent cumulus convections and thus has little
effect on PRL.

The PBL turbulent transport produces significant heating and moistening mainly in the lower troposphere
(Figure 6). During the daytime, the moistening penetrates higher and thicker layers using other PBL schemes than

MEI ET AL.

8 of 18

ASU20IT suowwo)) aAnear) a[qedtjdde ayy £q paurasoF ae sa[d1Ie Y s JO sa[nI 10J KIvIqIT AUIUQ K3[TAY UO (SUONIPUOI-PUB-SWLID) W0 KM’ KIeIqi[aur[uo//:sdny) suonipuo) pue sWwd ], ay) 38 *[+70¢/L0/80] uo Areiqiy auruQ Ka[ip ‘puellieiy JO Ansiaatun £q $6Z0Y0AETOT/6201 01/10p/wod Kapim Kreiqiautfuo sqndnJey/:sdny woly papeojumo( ‘11 ‘40T ‘9668691C



. ¥eld ,
M\I Journal of Geophysical Research: Atmospheres 10.1029/2023JD040295
AND SPACE SCIENCES
Local Time (UTC + 8 hours) MY]J. This reduces the moistening peak significantly, for example, by 40% in
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generation, which in turn suppresses convection and precipitation. As a result,
the overall convective heating and drying effects are weakened. Among the
four PBL schemes tested, ACM produces the most significant reduction, with
the peak convective heating and drying weakened by respectively 28% and
12% (Figure 7). Thus, using ACM allows slower CAPE generation, which
favors convection to occur in later times and release the instability energy
more gradually. This decreases rainfall around the afternoon peak but in-
creases that in later hours.

The CAPE is considerably weakened, approaching closer to ERAS, during the
daytime to nighttime hours by using other PBL schemes than MYJ. In
particular, the peak overestimation is reduced from41% in MYJ to 16% in YSU
and 15% in UW, and even to become a 6% underprediction in ACM (Figure 8).
The thicker moistening layer resulted from the PBL turbulent mixing leads to
slower CAPE generation and weaker convection development and conse-
quently lower precipitation. For example, UW and YSU have very similar PBL
turbulent mixing tendencies and hence also generate almost same CAPE and
convective precipitation. In contrast, ACM has the thickest moistening layer
and consequently the weakest CAPE and lowest precipitation. The PBL
mixing results in the accumulation of CAPE, which subsequently fuels the
development of convection as it consumes the stored CAPE.

Recall that the experiments using the MYJ and other PBL schemes differ also
in their matching surface layer parameterization, using the Eta (Janji¢, 1996)
versus revised MMS (Jiménez et al., 2012) algorithms, which may cause
surface forcing contrasts in addition to PBL turbulent mixing effects. Figure
S1 in Supporting Information S1 compare precipitation partitions (PR, PRC,
PRL), CAPE, and surface sensible and latent heat fluxes between UW and
UW_Eta that is coupled with the Eta instead of MMS5 surface layer algorithm.
While sensible heat flux differs little, latent heat flux during the daytime is
systematically larger in UW_Eta than UW by 14 [W rn_z] (5%). Thus,
UW_Eta produces larger CAPE between 10 and 02LT by 56 [J kg™'] (6%),
showing a sustained effect over a longer duration. The resulting total pre-
cipitation in the daytime between 09 and 16LT is slightly higher in UW_Eta
by 0.05 [mm/hr] (5%), due mostly to the convective rainfall enhancement. As
compared to the spread among different PBL (mixing) schemes, these dif-
ferences from surface layer parameterization are less significant.

4.2, Precipitation Regulation by Combined Cumulus and PBL
Parameterizations

Since PBL and cumulus parameterizations determine respectively CAPE's
accumulation and consumption, their combined effects regulate precipitation
formation and diurnal variation. As coupled with the MYJ PBL parameteri-

zation, the KF CUP called at a high frequency (CT1.5) ensures timely CAPE release and proper PRC and PRL
partition, avoids daytime precipitation delay, and reduces early morning and nighttime low-rainfall over-
prediction (Figure 2). The MYJ/CT1.5 coupling, however, still substantially overpredicts daytime precipitation.
This daytime overprediction is significantly reduced by coupling the ACM PBL scheme with low frequent CUP

(ACM/CT30), which results in an improved daytime precipitation peak but worsened nighttime low-rainfall
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Figure 6. The parameterized planetary boundary layer (PBL) turbulence tendency for (a) temperature (K day™") and (b) water vapor mixing ratio (107> kg kg™' day™")
from the forecasts in the coarse grid [O] averaged in 11-16LT, comparing different PBL schemes.
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overprediction with a false weak peak around the observed valley (Figure S1a in Supporting Information S1). The
opposite daytime versus nighttime result occurs because PRL increases during the afternoon to evening hours as
lagged compensation to reduced PRC from low frequent CUP.

When coupling with high frequent CUP (CT1.5), the ACM PBL parameterization based on the ACM replacing
MY scheme significantly improves the precipitation diurnal variation forecast throughout the entire period. The
ACMY/CT1.5 coupling also avoids the false nighttime peak in ACM/CT30. These results demonstrate the critical
role of coherent coupling between cumulus and PBL parameterizations on precipitation diurnal cycle forecast.
There remains a large room for optimizing the coupling to improve the forecast of the daytime peak.

5. Fine-Grid Forecast Sensitivity to Cumulus Parameterization Frequency

Different CUP schemes in the outer grid [O] have a significant effect on diurnal rainfall forecast in the inner grid
[1] through the driving mesoscale circulation changes (Liang et al., 2019). Calling KF at a lower frequency results
in overall higher rainfall (Figure 9), especially in the first day from the early morning to early afternoon (02—
15LT). For example, CT60I, as compared to CT1.51, alters the first-day morning peak from a 4% underprediction
to a 9% overestimation and enhances the afternoon peak overprediction from 32% to 42%.
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Figure 7. Same as Figure 3 except for comparing different planetary boundary layer schemes.
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Local Time (UTC + 8 hours) The water vapor supply for precipitation consists of atmospheric moisture
horizontal convergence and surface evapotranspiration (Figure 10). There is a
02 08 14 20 02 08 .. . . . .

1600 ) ) ) . net atmospheric inflow of water vapor to Jiangsu, with nighttime values
——RAS ranging from 8.0 to 24.8 [mm day~']. This inflow peaks at 04—05LT and
:mj gradually decreases during the daytime, reaching near-zero levels at 18LT. In
1400+ contrast, surface evapotranspiration primarily contributes during the daytime,
varying from 0.3 to 11.1 [mm day™'] and reaching its peak around noon at
o~ 1200+ 13LT. Thus, moisture convergence outside Jiangsu dominates the nighttime
§ to morning water vapor supply, with its maximum occurring approximately
& 10004 2 hr before the early morning rainfall peak at 06—07LT. On the other hand,
% evapotranspiration becomes the major contributor from noon to early evening

800+
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Forecast Time (hours from the start)

Figure 8. Same as Figure 4 except for comparing different planetary
boundary layer schemes.

(12-18LT), with its maximum occurring approximately 2-3 hr before the
afternoon rainfall peak at 14—16LT. Both sources contribute with a similar
magnitude during the quick transition around 10-11LT.

Among the forecasts using the same MYJ PBL and surface layer parame-
terization schemes, evapotranspiration changes little under the same repre-
sentation of surface-atmosphere interaction, while moisture convergence
differences among varying cumulus treatments in [O] are significantly large
(up to a 36 hr-mean of 2.6 kg m™~> day™"). This indicates the dominant role of
the coarse-grid forecasts, providing the mesoscale circulation to drive the
development of the precipitation processes in the inner domain. Therefore,
precipitation enhancement in the inner grid [I] from decreasing the frequency

calling KF in the outer grid [O] is primarily contributed to increases in moisture convergence rather than changes

in evapotranspiration. CT60I, as compared to CT1.51, increases moisture convergence by 9% and 45% during

nighttime and afternoon peaks, respectively. Reducing frequency of KF calls leads to insufficient convective

activity, causing the buildup of CAPE and the retention of moisture, particularly in the lower troposphere of [O].

The increased instability and moisture in [O] then propagate into [I], providing additional energy and water vapor

for enhanced precipitation.
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Figure 9. Area-averaged diurnal variation of total precipitation (mm/h) from
the inner grid [I] forecasts at different frequencies calling Kain-Fritsch (CTs)
in the outer grid [O] as compared with observations.

6. Fine-Grid Forecast Sensitivity to PBL Parameterization
6.1. Daytime Precipitation Link to Turbulent Mixing Transport

Recall that both the coarse outer [O] and fine inner [I] grids use a same PBL
scheme. The control run using the MYJ scheme overall overestimates the
daytime [I] precipitation, which is consistent with the result of Schwartz
et al. (2010). The sensitivity runs using other PBL schemes generally reduce
the over-forecast for the daytime (08-21LT) rainfall and its afternoon peak
(Figure 11). UW, ACM, and YSU produces systematically weaker daytime
precipitation than MYJ, reducing the overprediction of the afternoon peak
from 32% to 11%, 16%, and 31%, respectively.

Such precipitation weakening is associated with changes in vertical moisture
transport and CAPE generation due to PBL turbulent mixing differences. As
compared to MYJ, UW, ACM, and YSU transport water vapor to higher
layers (Figure 12), leaving less water in near-surface layers and thus
discouraging CAPE accumulation (Figure 13a). YSU produces a deeper
moistening layer extending up to 800 hPa, but its peak is about third from
MYIJ. ACM further elevates the moistening layer. In contrast, UW has a
moistening layer similar to MYJ but with a peak reduced by 60% near the
surface layer. Both ACM and UW have a secondary moistening layer between
700 and 400 hPa, peaking around 600 hPa. The ACM water vapor tendency
shows negative values near the surface with a drying effect, which results
from a stronger turbulent mixing along with transport to higher layers. A
similar phenomenon is present in the coarse grid (Figure 6b) albeit less
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Figure 10. Same as Figure 9 except for water vapor supply terms

(kg m™2 day™"): atmospheric moisture net horizontal convergence (hollow
markers) and surface evapotranspiration (solid markers).

pronounced. In addition, the result at 1,000 hPa may be discounted due to the
average excluding some grids with lower surface pressures.

On the other hand, the temperature tendency due to PBL turbulent mixing
produces a relatively shallow heating layer, peaking near the surface layer
around 1,000 hPa. As compared to MYJ, YSU, and UW, ACM transports heat
to somewhat higher layers and the heating peak intensity decrease from MY]J,
UW, ACM to YSU, with a daytime (11-16LT) average from 35.3,29.7,29.2
to 26.3 (K day™ ).

This trend is different to the decreasing trend in surface sensible heat flux
(Figure 13b) from MYJ, YSU, UW to ACM, with a daytime average from
75.3,72.3,70.2 to 64.9 (W m72). A similar decreasing trend occurs in surface
latent heat flux, with a daytime average from 159.0, 150.2, 149.2 to 147.1
(W m™2). The CAPE diurnal variation and its decreasing trend from MY]J,
YSU, UW to ACM follows closely with those of both surface fluxes, indi-
cating the dominant role of PBL parameterization in providing surface
sources for CAPE. However, total precipitation has a different trend,
decreasing from MYJ, YSU, ACM to UW, with a daytime average from 0.61,
0.60, 0.57 to 0.53 (mm day™"). The result suggests that precipitation in the
inner grid [I] explicitly resolved by cloud microphysics processes is discon-
nected from CAPE accumulation but driven more by vertical distributions of
PBL turbulent moisture and heat transport.

Figure S2 in Supporting Information S1 compares precipitation partitions
(PR, PRC, PRL) between UW and UW_Eta that is coupled with the Eta
instead of MMS5 surface layer algorithm. The resulting absolute differences of

PR between UW and UW_Eta in the daytime (09—16LT) are small, by 0.01 [mm/hr] (2%). This is similar to the
result of the coarse gird that the differences from surface layer parameterization are less significant as compared to
the spread among different PBL (mixing) schemes.
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Figure 11. Same as Figure 9 except for comparing different planetary
boundary layer schemes.

6.2. Daytime Incoherence Between Precipitation and CAPE

Recall that there exists a strong correspondence during the daytime between
differences in precipitation (Figure 2) and CAPE (Figure 4) among the
forecasts in the coarse outer grid [O] from varying CUP frequencies (Figure 2
vs. Figure 4) or using different PBL schemes (Figure 5 vs. Figure 8). Such
correspondence results from the KF closure that parameterizes convective
precipitation directly with CAPE release. The correspondence is broke down
among the forecasts in the fine inner grid [I] from different PBL schemes
(Figure 11 vs. Figure 13a), where convection and precipitation are explicitly
resolved as a coupled system by cloud microphysics processes. The charac-
teristics of CAPE diurnal variation and its contrast among PBL schemes in [I]
(Figure 13a) follow closely with those in [O] (Figure 8) except for a sys-
tematic reduction in magnitude. Thus, PBL parameterization remains the
same source for CAPE generation: MY]J is the largest, ACM the lowest, while
UW and YSU fall in the middle. The accumulated CAPE, however, is no
longer consumed proportionally by precipitation in [I]. While MYJ still ex-
hibits the highest values for both rainfall and CAPE, ACM shows greater
rainfall but smaller CAPE compared to UW, thereby reversing the rainfall-
CAPE correspondence.

On average, ACM exhibits a larger area with weaker intensity of upward
motion and condensation compared to UW (Figure 14). This suggests that
ACM's turbulent mixing is likely to drive more widespread and relatively
weaker cloud systems, thereby depleting CAPE more promptly. Precipitation
resulting from microphysical processes aims to eliminate grid-resolved
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supersaturation rather than depleting CAPE completely through CUP. Compared to UW, ACM produces higher
rainfall through a stronger net production by phase change alongside a smaller atmospheric storage due to a

sufficient conversion of cloud to rain droplets (Figure 15). As a result, the correspondence between rainfall and
CAPE is much weaker in [I] when using explicit convection compared to [O] utilizing CUP.

6.3. Coherent Coupling of Cumulus and PBL Parameterizations

The coarse outer grid [O] represents the synoptic and mesoscale circulation processes that provide the

lateral boundary conditions driving the coupled and explicitly resolved convection and precipitation fore-

casts in the fine inner grid [I]. More frequent CUP in [O] releases CAPE more promptly through convective
precipitation, depleting moisture from the atmosphere and reducing water vapor transport into [I]. Conse-
quently, CT1.5 alleviates over-forecasting of precipitation in [I], particularly in the morning, although the

daytime over-forecast remains substantial. Different schemes of PBL parameterization alter the vertical

distributions of turbulent heat and moisture mixing as well as surface fluxes for CAPE accumulation,
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Figure 13. Area-averaged diurnal variations of (a) convective available potential energy (J/kg) and (b) surface latent (LH) and sensible (SH) heat fluxes (W m™2) from
the forecasts in the fine grid [I], comparing different planetary boundary layer schemes.
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Figure 14. Percentage area (blue) and intensity (red) of (a) condensation (10~ kg kg™' day™") and (b) ascending motion (m s~") from the forecasts in the fine grid [I]
planetary boundary layer (PBL) parameterization averaged in 11-16LT, comparing PBL schemes UW and ACM.

directly affecting the daytime precipitation intensity parameterized by the KF closure in [O]. When nested
with [O] using a lower CUP frequency (CT30), selecting a different PBL scheme ACM, compared to MYJ,
reduces over-forecasting in the early afternoon but intensifies it in the first-day morning and the first half of
the second-day night (Figure S2 in Supporting Information S1). Thus, changing the PBL scheme alone has
limited improvement on the forecast of diurnal precipitation variation in [I]. Conversely, when coupled with
a high CUP frequency (CT1.5) in [O], using the same PBL scheme ACM significantly reduces the over-
forecast in the first-day daytime (10-17LT) and evening (19-21LT) compared to MYJ.

Therefore, the PBL and cumulus parameterizations in the coarse grid [O] respectively control the generation
of CAPE that supports convection and the consumption of CAPE through convective precipitation, which, in
turn, determines the moisture convergence into the fine grid [I]. The same PBL parameterization in [I]
transports surface heat and moisture fluxes into the lower troposphere. Different PBL schemes simulate
varying depths, peak altitudes, and intensities of the heating and moistening layers due to differences in
turbulent mixing. When the PBL and cumulus parameterizations are coupled coherently, they can jointly
organize the mesoscale circulation, maintaining an appropriate balance of convective energy and water vapor
supply that significantly improves forecasting the diurnal variation of precipitation in [I]. Isolating or dis-
jointly implementing these parameterizations between the nested grids may
discount such improvements.
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This study aims to determine and understand the effects of coupling cumulus
and PBL parameterizations on forecasting diurnal precipitation variation
through the double grid nesting approach. It is demonstrated by reinitialized

14.75 L

r 36-hr forecasts during the plum rainy season, 19 June-20 July 2016, in
Jiangsu Province in China. The main findings are summarized below.

Cloud Droplet Budget (kg m2 day_l)
=

31 i 1. In the outer domain at 15 km grid [O], the control run coupling the MY]J
0.84 0.200:94 PBL scheme with the KF cumulus scheme called at a time interval of
01 2042 04 02377 0.19 30 min (CT30) predicts the two precipitation peaks in early morning and
early afternoon as observed, but significantly overestimates their in-

ACM Uw ACM-UW

Figure 15. Cloud droplet budget (kg m~> day™") and difference in the fine
grid [I] planetary boundary layer (PBL) parameterization averaged in 11—
16LT, comparing PBL schemes UW and ACM.

tensities. While the afternoon peak is twice higher, both the evening valley
and early morning peak are also significantly overpredicted.

2. In [O], the PBL and cumulus parameterizations affect respectively the
accumulation and consumption of instability energy, jointly governing

MEI ET AL.

14 of 18

ASU20IT suowwo)) aAnear) a[qedtjdde ayy £q paurasoF ae sa[d1Ie Y s JO sa[nI 10J KIvIqIT AUIUQ K3[TAY UO (SUONIPUOI-PUB-SWLID) W0 KM’ KIeIqi[aur[uo//:sdny) suonipuo) pue sWwd ], ay) 38 *[+70¢/L0/80] uo Areiqiy auruQ Ka[ip ‘puellieiy JO Ansiaatun £q $6Z0Y0AETOT/6201 01/10p/wod Kapim Kreiqiautfuo sqndnJey/:sdny woly papeojumo( ‘11 ‘40T ‘9668691C



MN\\JI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20231D040295

subgrid convective precipitation. Increasing the KF call frequency allows timely triggering and full develop-
ment of convective activities during the daytime. Consequently, subgrid convective rainfall increases while
grid-scale resolved precipitation decreases, alleviating the delay of the daytime cycle and thus reducing the
over-forecast of the low valley and early-morning precipitation. Further coupling a proper PBL scheme that
allows turbulent mixing to penetrate into a thicker layer reduces the CAPE accumulation and hence weakens the
overprediction of the daytime precipitation and afternoon peaks. In particular, the ACM PBL scheme coupled
with KF scheme at a high-frequency (CT1.5) predicts the thickest moistening layer and the weakest CAPE and
consequently the most realistic precipitation diurnal variation in the coarse grid [O].

3. Intheinnerdomain at 1 km grid [I], precipitation is explicitly resolved by cloud microphysics processes as driven
by lateral boundary conditions from the coarse grid [O] coupling the PBL and cumulus parameterizations. The
same PBL parameterization in [I] transports surface heat and moisture fluxes into the lower troposphere and
contributes to precipitation formation. Increasing the KF frequency in [O] reduces the water vapor excess
remaining in the low troposphere and thus provides less water vapor supply across the boundaries to weaken
daytime [I] precipitation over-forecast. Meanwhile, different PBL schemes produce different vertical turbulent
mixing with varying depths, peak altitudes, and intensities of the heating and moistening layers and consequently
affect the CAPE accumulation rate and drive the convection and precipitation explicitly resolved as a coupled
system by cloud microphysics processes in [I]. When the PBL and cumulus parameterizations are coupled
coherently, the mesoscale circulation can be jointly represented alongside the appropriate balance of convective
energy and moisture convergence. As a result, the precipitation diurnal cycle forecast in [I] could be greatly
improved. In particular, the UW PBL scheme, when coupled with KF cumulus scheme at CT1.5, most realis-
tically predicts the daytime precipitation peak.

Optimizing the KF frequency in [O] alone may lead to substantial over-forecast of the afternoon peak for both
coarse and fine grids, while coupling a proper PBL scheme with a low KF frequency may worse the over-
prediction of the evening valley in [O] and the morning and nighttime precipitation in [I]. Liang et al. (2019)
argued that the convective instability or CAPE once generated in [O] needs to be consumed in certain rthythm,
otherwise, it would be transported to release at unrealistic places and times, causing wrong rainfall spatiotemporal
distribution. Our result above supports their argument. Therefore, in the double nesting approach, a coherent
coupling between the cumulus and PBL parameterizations is essential to capture accurately the mesoscale cir-
culation that drives consistent convective energy and water supply to determine correctly the diurnal precipitation
variation in different stages.

In conclusion, the coherent coupling between the cumulus and PBL parameterizations significantly improves the
forecast of Jiangsu precipitation diurnal cycle and daily variation. However, there is large room for further im-
provements. For example, the afternoon peak in [O] is still about 60% higher than observations. Refinements in
CUP such as trigger functions and closure assumptions may help reduce overestimation (Sun & Liang, 2023). In
addition, the precipitation peak time in the early morning for the second day forecast is generally 25 hr earlier
than observations in both the coarse and fine grids. The early morning peak time during the plum rainy season
typically lags the moisture convergence by about 3—4 hr (Xue et al., 2018), where large-scale circulation forcing
errors are a major source of systematic biases (Guo et al., 2019). While some attempts have been made to
attenuate these forcing errors through spectral nudging methods (Tang et al., 2010; Yang et al., 2019), a more
robust approach is to incorporate accurate lateral boundary conditions across the [O] buffer zones (Liang
et al., 2001) from directly improved global forecasts over the NCEP GFS used in this study.

Data Availability Statement

The WRF V3.9.1 model could be downloaded at https://www2.mmm.ucar.edu/wrf/users/download/get_sources.
html (Skamarock et al., 2008). The European Center for Medium-Range Weather Forecasts reanalysis (ERAS)
data could be downloaded at https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5 (Hersbach
et al., 2020). The observational data and model simulations used in this study are available from https://pan.baidu.
com/s/1YAogl58hZ-rrthyFmpscEhQ. They can be accessed but their usage may be restricted by pertinent Chinese
government rules and regulations that are beyond the control of the authors.
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