Advances in Atmospheric Sciences

Bias Attribution of the Diurnal Variation of Regional
Precipitation Events over the Middle and Lower Yangtze
River Basin in Summer Predicted by the Shanghai Regional

Dynamical Forecast System

Journal:

Advances in Atmospheric Sciences

Manuscript ID

AAS-2026-0204.R1

Manuscript Type:

Original Article

Date Submitted by the
Author:

04-Aug-2026

Complete List of Authors:

Li, Zigi; School of Atmospheric Sciences, Nanjing University, School of
Atmospheric Sciences, Nanjing University

Huang, Anning; School of Atmospheric Sciences, Nanjing University,
School of Atmospheric Sciences, Nanjing University

Dong, Guangtao ; Shanghai Meteorological Service

Gu, Chunlei; School of Atmospheric Sciences, Nanjing University, School
of Atmospheric Sciences, Nanjing University

Wu, Rongchang; School of Atmospheric Sciences, Nanjing University,
School of Atmospheric Sciences, Nanjing University

rlil SCHOLARONE

MANUSCRIPTS

https://mc03.manuscriptcentral.com/aasiap




Page 1 of 43

\S]

10

11

12

13

14

15

Advances in Atmospheric Sciences

Bias Attribution of the Diurnal Variation of Regional Precipitation
Events over the Middle and Lower Yangtze River Basin in Summer

Predicted by the Shanghai Regional Dynamical Forecast System

Ziqi Li'3, Anning Huang'**, Guangtao Dong>*, Chunlei Gu', Rongchang Wu!

1. School of Atmospheric Sciences, Nanjing University, Nanjing 210023, China

2. Shanghai Climate Center, Shanghai Meteorological Service, Shanghai 200030,

China

3. Key Laboratory of Cities’ Mitigation and Adaptation to Climate Change in Shanghai,

China Meteorological Administration, Shanghai 200030, China

4. Qinghai Lake Comprehensive Observation Research Station, Chinese Academy of

Sciences, Gangcha 812300, China

Corresponding authors: Prof. Anning Huang anhuang(@nju.edu.cn;

Prof. Guangtao Dong gtdong(@163.com

https://mc03.manuscriptcentral.com/aasiap



16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Advances in Atmospheric Sciences

Abstract

Using hourly rain gauge observations and ERAS reanalysis, this study evaluates
the performance of the Shanghai Regional Dynamical Forecast System (WRF_CFSv2)
at lead times of 13-36 h in forecasting the diurnal variation of summer regional
precipitation events (RPEs) over the middle and lower Yangtze River Basin (MLYRB)
and investigates the possible causes related to model biases. The results indicate that
WRF_CFSv2 can well reproduce the diurnal phase of precipitation amount of RPEs
despite the magnitude overestimation throughout the day. The observed occurrence of
RPEs and corresponding atmospheric circulation can also be reasonably captured.
However, the WRF_CFSv2 exhibits -a systematic overestimation of the intensity,
occurrence, and spatial coverage of RPEs. Further analysis attributes these biases
primarily to the overestimation of dynamic factors, with thermal factors playing a
secondary role. Dynamically, the WRF _CFSv2 produces a persistent anomalous low-
level cyclone over the MLYRB which leads to the overestimation of the low-level
southwesterly winds and water vapour flux convergence (WVFC), acting as the
dominant driver for the overestimated nocturnal RPEs. Thermally, a warm bias in the
predicted daytime surface conditions leads to a more unstable lower troposphere and
strengthened convective available potential energy (CAPE). Rather than acting
independently, this overestimated daytime instability combines with strong WVFC and
evaporation, functioning as a synergistic factor that culminates in the overestimated

daytime RPEs. By evaluating the capability in predicting RPEs and elucidating the
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sources of model biases, this study provides a scientific basis for optimizing and

modifying the physical parameterization schemes of WRF_CFSv2 in future.

Key words: the middle and lower Yangtze River basin; diurnal variation of

precipitation; summer; regional precipitation events; prediction; bias attribution
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Article Highlights:

® The WRF_CFSv2 can well capture the spatial distribution of summer precipitation
in MLYRB, although it tends to overestimate the magnitude.

® The diurnal cycle pattern of the regional precipitation amount in MLYRB can be
well reproduced by the WRF_CFSv2.

® The overestimation of precipitation is mainly attributed to the overestimated

atmospheric dynamical factors.
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1. Introduction

The diurnal cycle of precipitation is a fundamental component of the Earth's
climate system, primarily driven by solar radiation and influenced by both regional and
synoptic-scale dynamic and thermal conditions (Dai et al., 1999; Sorooshian et al., 2002;
Dai and Trenberth, 2004). Extensive research has been dedicated to understanding the
characteristics, mechanisms, and propagation of the diurnal variation of precipitation
(Zhou et al., 2008; Chen et al., 2009; Chen et al., 2013; Guo et al., 2017; Wu et al.,
2018; Xue et al., 2018; Zhu et al., 2018; Fu et al., 2019; Zhang et al., 2019). It is
generally characterized by a precipitation diurnal peak in the late afternoon over land

and in the early morning over the ocean.

The middle and lower Yangtze River Basin (MLYRB) lies within the East Asian
monsoon region and constitutes a core area of the Yangtze River Economic Belt, where
population and industry are highly concentrated. Its dense urban agglomerations,
agricultural production areas, and transportation infrastructure make the region
particularly vulnerable to persistent heavy rainfall. Persistent heavy rainfall is a primary
cause of secondary meteorological disasters such as summer floods, urban
waterlogging, and landslides, posing significant challenges to socioeconomic
development (Hu et al., 2019; Tang et al., 2021; Zeng et al., 2023; Wu et al., 2025). The
diurnal cycle of summer precipitation in the MLYRB exhibits unique features arising
from complex interactions among surface heating, orography, and the monsoon flow
(Yu et al., 2007a; Yu et al., 2007b). Specifically, it displays a bimodal phase with one

diurnal peak at 08:00 Beijing time (BJT) and the other at 18:00 BJT (Xu et al., 2021;
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Wei et al., 2024). The morning peak is predominantly associated with stratiform
precipitation, whereas the late afternoon peak is linked to convective precipitation
(Chen et al., 2012; Wu et al., 2025). Furthermore, the geographical distribution of the
precipitation diurnal variation along the Yangtze River valley exhibits a distinct
eastward-propagating phase delay in the timing of the precipitation diurnal peak.
Notably, over 60% of the summer precipitation in the MLYRB is contributed by the
RPEs characterized by large spatial coverage and long duration (Wu et al., 2025). Given
that RPEs are the primary drivers of severe regional flooding and involve complex
interactions between synoptic forcing and mesoscale systems, improving the forecast

skill of the RPEs is of high priority for disaster prevention and mitigation.

The accurate simulation of the diurnal variation of precipitation serves as a critical
benchmark for evaluating the performance of numerical weather and climate models
(Dai, 2006). The ability of a numerical model to precisely capture the phase and
amplitude of the precipitation diurnal cycle presents a stringent test of its internal
physical parameterization schemes, including those for convection, planetary boundary
layer (PBL) evolution, and land surface processes (Qiao and Liang, 2016; Yang et al.,
2018; Zhao et al., 2024). Existing model evaluations suggest that convection-
parameterized simulations tend to produce rainfall too frequently, underestimate
rainfall intensity, and shift the diurnal peak too early over the lower Yangtze River,
whereas convection-permitting simulations improve the phase and duration of
precipitation but often remain too wet and may over-amplify early-morning rainfall or

eastward-propagating precipitation signals linked to an overly strong nocturnal low-
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level jet (Guo et al., 2020; Li et al., 2020b; Dong et al., 2022).

While previous studies have extensively evaluated these biases, most have relied
on single-site or grid-point based assessments. This traditional approach treats
precipitation as isolated occurrences in space, neglecting the spatiotemporal evolution
of precipitation systems (Guo et al., 2017; Hu and Yuan, 2021). Actual precipitation
systems, especially RPEs, possess specific life cycles, moving trajectories, and spatial
extents. Therefore, to effectively diagnose the key physical deficiencies in models, it is
imperative to shift from single-point statistics to-an RPE evaluation focused on the

entire lifecycle of precipitation events.

To address these limitations and deepen the understanding of model behaviors, this
study utilizes high-resolution  observational data and the forecast results of
WRF_CFSv2 to systematically investigate the ability of WRF_CFSv2 in predicting the
diurnal variation of RPEs over the MLYRB in summer and possible causes related to
the model biases. This study aims to address the following questions: (1) How is the
ability of the WRF_CFSv2 in predicting the diurnal variation of RPEs in summer over

the MLYRB? (2) What are the main sources of the model errors?

The remainder of this study is organized as follows: Section 2 describes the data
sets and methods used in this study. In Section 3, the performance of WRF_CFSv2 in
predicting the diurnal cycle of RPEs over the MLYRB in summer and possible causes
related to model biases are addressed. The summary and discussion are provided in

Section 4.
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2. Data and Methods

2.1 Data

The datasets used in this study are described below:

The study area and rain gauge data: The MLYRB is defined as the region within
28°-33°N and 110°-123°E. The hourly observed rain gauge precipitation data from
1329 stations over the MLYRB (Fig. 1b) in the summers (June—August) of 2020 to 2024
are provided by the China Meteorological Administration (CMA), which have been
quality controlled by National Meteorological Information Center of CMA (Zhang et

al., 2016).

45N @)

35N +

30N -

25N A

20N £ i ! i
100E  110E  A20E  130E

0 50 100 200 500 10002000 3000 4000
Elevation (m)

Fig. 1. (a) Spatial distribution of terrain height over the simulation region in the
WRF_CFSv2. The area enclosed by the dashed line is the MLYRB region (b, 28°-33°N,

110°-123°E) studied in this paper.

This study utilized the ERAS reanalysis dataset from the European Centre for

Medium-Range Weather Forecasts (ECMWF) (Hersbach et al., 2020), which has a
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temporal resolution of one hour, spatial resolution of 0.25° x 0.25° at 37 pressure levels.
Pressure-level variables used in this study include the u- and v-components of wind,
geopotential height, air temperature, vertical velocity, and specific humidity. Single-
level variables include total column water vapour, evaporation, total precipitation, and
CAPE. In addition, the 2m air temperature, surface latent and sensible heat fluxes data
from the ERAS Land reanalysis dataset with a spatial resolution of 0.1° x 0.1° and

temporal resolution of 1 hour are also used in this study.

The global terrain data used in this studyis derived from the 2025 General
Bathymetric Chart of the Oceans (GEBCO 2025). This dataset provides global
coverage of land elevation and ocean bathymetry data in meters (m) with a horizontal
spatial resolution of 15 arc-seconds (GEBCO Bathymetric Compilation Group 2025,

2025).

The forecast data used in-this study were generated by the Shanghai Regional
Dynamical Forecast System (WRF_CFSv2). Initiated in 2013 and developed by the
Shanghai Climate Center based on the WRF-ARW model version 3.9.1 (Skamarock et
al., 2008), the system has been operational since July 2016. The operational
WRF _CFSv2 is a single-member deterministic forecasting system capable of
producing forecasts with lead times of up to 60 days. However, the archived 60-day
operational products do not contain the continuous hourly model output required to
analyze the precipitation diurnal cycle. Therefore, this study uses a dedicated set of
retrospective forecasts for the summers of 2020-2024. The retrospective forecasts were

produced on the native 9-km WRF_ CFSv2 grid. The model domain covers Eastern
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China (Fig. 1a) with 265 x 265 horizontal grid points and 38 vertical levels. The
physical parameterization schemes used include the WSM3 microphysics scheme
(Hong et al., 2004), the Yonsei University (YSU) planetary boundary layer scheme
(Hong et al., 2006), the Noah land surface model (Chen and Dudhia, 2001), the RRTMG
schemes for short- and long-wave radiation (Iacono et al., 2008), and the Grell-Freitas
(GF) cumulus parameterization scheme (Grell and Freitas, 2014). The initial and lateral
boundary conditions for the WRF _CFSv2 were derived from the 6-hourly NCEP
Climate Forecast System Version 2 (CFSv2) forecasts at a horizontal resolution of 0.5°
x 0.5° (Saha et al., 2014). The retrospective forecast initialized at 00:00 UTC of each
day in summer was run with a rolling forecast of future 36 hours. Following Cai et al.
(2021), to avoid the impact of the initial spin-up period, we utilized the results during

the forecast period of 13-36 h for analysis.

2.2 Methods

In this study, a threshold of 0.1 mm h™" is applied to define valid precipitation for
each hour. Following Zhou et al. (2008) and Wu et al. (2018), the climatic mean
precipitation amount is calculated as the accumulated valid precipitation divided by the
total hours during the summers of 2020-2024, the climatic mean precipitation
frequency is the percentage of the total precipitating hours to the total hours of the 5
summers, and the climatic mean precipitation intensity equals the climatic mean
precipitation amount divided by the climatic mean precipitation frequency. We use
Beijing time (BJT) to reveal the diurnal variation of precipitation characteristics and

large-scale atmospheric circulation in our analysis.

https://mc03.manuscriptcentral.com/aasiap
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In this study, to directly evaluate the model's performance at station locations while
avoiding spatial smoothing, we used the nearest neighbor method to match the model
grid point values to station coordinates for analyzing the precipitation. Atmospheric
circulation and moisture variables on pressure levels were bilinearly interpolated onto
the 0.25° x 0.25° ERAS grid, whereas near-surface variables, including 2-m air
temperature and surface sensible and latent heat fluxes, were bilinearly interpolated

onto the corresponding 0.1° x 0.1° ERAS5-Land grid.

An RPE is defined as the persistent occurrence of widespread precipitation within
a given region (Li et al., 2020a; Hu and Yuan, 2021). For observational data, we first
created a time series of the number of stations with simultaneous precipitation (>0.1
mm h™) for each hour during the summers of 2020-2024. Following the approach of
Guo et al. (2017), an hour is classified as an RPE hour if the precipitation spatial
coverage equals or exceeds 20% of the total number of stations in the MLYRB. No
additional minimum-duration criterion is imposed: consecutive RPE hours constitute a
single RPE, whereas two RPE periods separated by at least one non-RPE hour are
treated as two independent events. An hour that meets the valid-precipitation threshold
but has a spatial coverage below 20% is defined as an LPE hour. Table 1 summarizes

the differences between RPEs and LPEs.

Table 1. Definitions of regional precipitation events (RPEs) and local precipitation

events (LPEs)

https://mc03.manuscriptcentral.com/aasiap
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Valid- Spatial- e .
Event e e . Temporal criterion and event
type precipitation co.verz.tge separation
threshold criterion
Percentage of | Consecutive RPE hours constitute a
Hourly station | stations with single event. Two RPE periods
RPE | precipitation > | valid separated by at least one non-RPE
0.1 mmh™ precipitation > | hour are treated as two events. No
20% minimum duration is imposed.
0%
Hourly station ;I;fosliii; of A valid-precipitation hour that does
LPE | precipitation > . not meet the spatial-coverage
0. mmh™ Vahq oy criterion for an RPE.
precipitation <
20%

Based on this criterion, we detected 2299 RPE occurrence hours in the summers
of 2020-2024. An individual RPE is defined by a period of continuous RPE hours, a
total of 122 RPEs are obtained. For evaluating the WRF_CFSv2's ability to reproduce
the diurnal characteristics of observed RPEs, the analysis of precipitation amount,
intensity, and spatial coverage rate (the ratio of the number of stations with valid
precipitation to the total number of stations in the MLYRB during the RPEs) of the

RPEs focuses on the time periods corresponding to these observed 122 RPEs.

Following Wu et al. (2025), for each RPE hour, we define the number of stations
with valid precipitation as N, while the total number of observed stations is 1329, and
the rainfall at the i station among the N precipitation stations as r;. The regionally
mean precipitation amount, intensity and the spatial coverage rate at each RPE hour can
be given by:

N
2

Precipitation amount =-=1— 1
P 1329 M

https://mc03.manuscriptcentral.com/aasiap
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N
2
Precipitation intensity = izIIV 2
N
Coverage rate =———x 100% 3)
1329

Using these equations, time series for precipitation amount, intensity, and coverage
rate are obtained for each RPE hour. To evaluate the WRF CFSv2's forecasting skill,
we identified predicted RPE hours using the same observational threshold (coverage
rate = 20%). The hit rate is defined as the number of hours identified as RPE hours
by both the WRF _CFSv2 and the observations divided by the total number of observed
RPE hours. The diurnal cycle of the hit rate is calculated by separately tallying the

numerator and denominator for each BJT hour.

Extensive research has utilized cluster analysis to classify the diurnal cycle of
precipitation and to assess. model performance in reproducing observed patterns
(Vigaud et al., 2018; Wu et al., 2018; Zhu et al., 2018; Robertson et al., 2020; Liu et al.,
2021; Lai et al., 2025)." We follow the methodology of Vigaud et al. (2018), Robertson
et al. (2020), and Liu et al. (2021). The multi-year mean hourly precipitation of RPEs
during summer, which represents the diurnal cycle, is organized into a 24-dimensional

vector for each grid point. This vector is then normalized using the formula:

R, (h)

= [
2 2% 0)

D, (h) -1 (4)

Where D, (h) is the normalized precipitation of RPEs at hour h and R, (h) is the

https://mc03.manuscriptcentral.com/aasiap
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original precipitation of RPEs at hour h. The K-means algorithm is then applied to
these normalized vectors to identify the dominant spatial patterns of the diurnal cycle.
Finally, the normalized 24-dimensional vectors from the model simulation are projected
onto the diurnal patterns of the K-means regimes derived from the observation data.
Each model-simulated station point is then assigned to the closest regime based on the

smallest Euclidean distance.

We perform a moisture budget analysis following previous studies (Seager et al.,
2010; Chou and Lan, 2012; Li, 2018; Li et al., 2020b; Chen et al., 2025). The moisture

budget equation is given by under the p coordinate system:

9q - o(wq)
P:<5>+<Vh-(qvh)>+< o >+E+§ &)

1 ¢
Let <> equal to the—— .[ , dp, Ps andPt represent the surface and top layer pressure,
g s

respectively. P and E denote precipitation and evaporation, (g—q> signifies the changes
t
in local water vapour with time, (V, -(th)) is the horizontal WVFC (where

R )

V,=—+—
ox Oy ap

) describes the water vapour flux in vertical transport.

Each term on the right side of Eq. (5) during the RPEs is calculated by using the hourly

WRF_CFSv2 predictions and ERAS reanalysis data.

To reveal the relationship between the spatial distribution of the variables (wind
and sensible heat flux) and sub-grid terrain fluctuations, this study introduces the sub-
grid topography standard deviation (STD) to quantify local terrain variations. Since the

target variables, wind and sensible heat flux, have spatial resolutions of 0.25° and 0.1°

https://mc03.manuscriptcentral.com/aasiap
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respectively, the 15 arc-second resolution GEBCO 2025 elevation data (GEBCO
Bathymetric Compilation Group 2025, 2025) must be mapped onto these two target
grids for calculation. For any given target grid (i, j), the sub-grid topography standard

deviation STD, ; is calculated as follows:

STD, , = \/ ZZ[ i) ~h, | (6)

i=1j;=1
Where h(il, j1) represents the elevation value of the GEBCO_2025 data at the
west-east index i, and south-north index j, within the target grid (i, j). f_z, ; is the
regional mean terrain elevation within that specific target grid. N is the total number of
original GEBCO 2025 elevation data points contained within the target grid
(N =nxn). For the sensible heat flux data on the 0.1° ERAS5-Land grid and the 850-

hPa wind data on the 0.25° ERAS grid, n is set to 24 and 60, respectively.
3. Results
3.1 Characteristics of Total and RPE Rainfall over the MLYRB in Summer

Figure 2 shows the summer mean precipitation amount, frequency, and intensity
for the total rainfall over the MLYRB from the observations and the WRF_CFSv2
outputs. The observed precipitation amount exhibits a pattern with higher values in the
east and lower values in the west (Fig. 2a) with high-value centers located in the
Huangshan Mountains (near 118°E, 29.5°N), Dabie Mountains (near 116°E, 31°N), the
mountainous region of Hunan and Hubei (near 110°E, 33°N), and the coastal area of

Zhejiang Province (near 121°E, 29.5°N). The WRF_CFSv2 successfully captures this
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266  overall spatial pattern (Fig. 2b) with a spatial correlation coefficient of 0.68 between
267  the WRF_CFSv2 predictions and observations, indicating that the WRF_CFSv2 can
268  reasonably reproduce the locations of the main precipitation centers. However, the
269  WRF CFSv2 tends to overestimate the summer precipitation amount over most of the

270  MLYRB, especially over the mountainous areas.

WRF_CFSv2
(a) 0.6

g 32N {5 B

g 30N 02 E

< 28N ped
0.0

= 4

2 aoN FTEAs 24

& 30N i 12 &

w 28N 0
4

g 32N 37

c £=

c 4

— 28N pritat g) E

271 1O0E 114E 114E 118E 122E

272 Fig. 2. The spatial distribution of the summer mean precipitation amount, frequency,
273  and intensity averaged over 2020-2024 from the observation, WRF CFSv2 prediction

274  and ERAS reanalysis.

275 The observed summer mean precipitation frequency shows a large-scale pattern
276  similar to precipitation amount (Figs. 2a, d). In the Huangshan Mountains, Dabie
277  Mountains, Zhejiang Province, and western Hubei mountainous areas, the precipitation
278  frequency is about 15%, while it is about 10% in the other areas. The WRF CFSv2 can

279  reproduce the spatial distribution of precipitation frequency to some extent (spatial
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correlation coefficient of 0.56) but exhibits a systematic overestimation (Fig. 2e).

The observed precipitation intensity is relatively higher in the central MLYRB and
southern Jiangsu province compared to the other regions (Fig. 2g). The WRF_CFSv2
can well produce a similar magnitude of precipitation intensity, but it shows relatively
lower skill for producing the spatial pattern of precipitation intensity (spatial correlation
coefficient of 0.40) (Fig. 2h) relative to the precipitation amount (Fig. 2b) and frequency
(Fig. 2e). ERAS reproduces the observed magnitude and spatial distribution of
precipitation amount reasonably well (Fig. 2¢) but overestimates precipitation

frequency and underestimates precipitation intensity (Figs. 2f, 1).

Accounting for the majority of total summer precipitation, the climatic mean
rainfall of RPEs exceeds 200 mm across most of the MLYRB (Fig. 3b). Its spatial
distribution closely mirrors that of RPE hours (Fig. 3k). In comparison with the
observations, the WRF _CFSv2 generally reproduces the spatial distribution of both the
total and RPE rainfall (Figs. 3a, b, d and e), albeit with a noticeable wet bias (Figs. 3g,
h). Specifically, the total rainfall is significantly overestimated in the southeast (Fig.
3g), while the centers of positive bias for RPE exhibit a southwest-northeast orientation
(Fig. 3h). Regarding the RPE hours, the WRF CFSv2 exhibits a widespread
overestimation across the MLYRB, which is particularly pronounced in the south (Fig.
3q). In contrast, both the precipitation amount and rainy hours of the predicted local
precipitation events (LPEs) are comparable to the observations (Figs. 3c, f, | and o).
Meanwhile, the biases of predicted LPEs (Figs. 3i, r) are much lower relative to the

RPEs (Figs. 3h, q), indicating that the biases of the predicted total rainfall (Figs. 3g, p)

https://mc03.manuscriptcentral.com/aasiap
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are mainly contributed by those of the predicted RPEs.

Fig. 3. Spatial distributions of summer-mean accumulated precipitation (a—i; unit: mm)
and precipitation hours (j—r; unit: h) for total precipitation, RPEs, and LPEs, averaged
over the summers of 2020-2024. The columns from left to right represent total
precipitation, RPEs, and LPEs, respectively. Observations are shown in (a—c) and (j—I),
WRF_CFSv2 predictions are shown in (d-f) and (m—o), and the corresponding
differences are shown in (g—i) and (p-r). All differences are calculated as WRF_CFSv2

predictions minus observations.

3.2 Diurnal Cycle of RPEs

As demonstrated in the previous section, the RPEs dominate both the occurrence
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and amount of summer rainfall in the MLYRB, and that the precipitation bias predicted
by the WRF_CFSv2 is primarily dominated by the RPEs. Consequently, this study
prioritizes the analysis of RPEs. However, due to the inherent 'drizzle bias' in the model,
the WRF _CFSv2 significantly identifies more RPE instances than are observed.
Therefore, to evaluate the WRF_CFSv2's capability in forecasting events of real-world
significance, this study specifically assesses the performance of WRF CFSv2 during

the observed RPEs.

To investigate the characteristics of the diurnal precipitation cycle of RPEs, we
employed K-Means clustering to classify the diurnal variations of regional precipitation
into three distinct types, as illustrated in Figure 4. From the observations (Figs. 4a, c),
the first type (blue) exhibits a bimodal structure with a primary peak in the afternoon,
located primarily in western Hubei Province and southeastern Zhejiang Province. The
second type (red) is characterized by daytime-dominant precipitation and higher
precipitation amounts, mainly distributed across complex terrain regions such as the
Huangshan, Dabie, and Mufu Mountains. The third type (orange) displays a bimodal
pattern featuring a primary early-morning peak; this type surrounds the second type in
a southwest-northeast orientation. From the predictions (Figs. 4b, d), the spatial
distribution of the diurnal cycle of regional precipitation predicted by the WRF _CFSv2
is generally consistent with the observations. However, the predicted distributions for
the second and third types exhibit a southeastward shift. This displacement is consistent
with the southern bias of the predicted RPEs presented in Figures 3n and q. Furthermore,

the WRF_CFSv2 overestimates the precipitation amounts across all types. It also
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exaggerates the afternoon precipitation peaks for the second and third types, while

shifting their early-morning peaks one hour earlier.
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Fig. 4. Spatial distribution of precipitation amount patterns for the RPEs and
corresponding diurnal cycles in the MLYRB averaged over the summers of 2020-2024
from the observations (a, ¢) and predictions (b, d). Different colors represent different
types of diurnal cycles. The curves-in ¢ and d represent the precipitation amount of
RPEs regionally averaged over the stations belonging to a given type. The markers of
patterns K in a (b) are labeled at ¢ (d), accompanied by the ratio of the stations
belonging to a given type to the total stations in the MLYRB. Shadings in ¢ and d show
the standard deviation of the precipitation amount among the stations belonging to a

given type.

As shown in Figure 5a, the WRF_CFSv2 can reasonably reproduce the diurnal
cycle phase of the regional precipitation amount with bimodal structure featured by one

dominant morning peak and a secondary afternoon peak, but it overestimates the
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precipitation amount throughout a day and the predicted morning peak is one hour

earlier than the observation. In addition, the WRF _CFSv2 generally overestimates the

coverage rate of RPEs throughout a day with the magnitudes ranging from ~5% to ~10%

(Fig. 5b). The observed intensity of RPEs shows two diurnal peaks with one at 10:00
BJT and the other at 16:00 BJT. The WRF _CFSv2 can produce two diurnal
precipitation intensity peaks of RPEs, but the predicted peaking time is 1-3 hours earlier
than the observation and the precipitation intensity of RPEs at most hours of a day is
overestimated (Fig. 5¢). Overall, both the overestimated coverage rate and precipitation
intensity contribute to the overestimation of the rainfall amount of the RPEs.
Furthermore, the hit rate of the RPEs remains more than 85% at almost all hours of a
day, indicating that the WRF _CFSv2 can well capture the observed RPEs (Fig. 5d). The
model's performance in simulating these precipitation characteristics is closely tied to
its representation of moisture supply and thermodynamic instability. Regarding
moisture supply, the diurnal peak of column-integrated (from surface to 100 hPa)
WVFC of ERAS occurs at 05:00 BJT (Fig. 5e), while the WRF_CFSv2 generally
reproduces this diurnal cycle, a distinct phase shift is evident: the predicted peak occurs
at 01:00 BJT, four hours earlier than in ERAS. This four-hour phase lead aligns closely
with the phase lead of the morning precipitation peak predicted by the WRF_CFSv2.
In terms of thermodynamic instability (Fig. 5f), the CAPE in both WRF_CFSv2 and
ERAS reaches its daily maximum around 18:00 BJT, indicating that the WRF _CFSv2
can also reasonably capture the diurnal variation of atmospheric instability. Ultimately,

the WRF_CFSv2's ability to broadly reproduce the diurnal characteristics of both
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WVFC and CAPE explains why the WRF_CFSv2 can successfully reproduce the

observed diurnal phase of RPEs. The discontinuity around 20:00-21:00 BJT coincides

with the transition from the 36-h forecast of one cycle to the 13-h forecast of the next.
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Fig. 5. Diurnal variation of precipitation amount (a), area coverage rate (b),

precipitation intensity (c) of the RPEs in the MLYRB from the observations and

predictions averaged over summers of 2020-2024, and the hit rates of WRF_CFSv2 for

RPEs (d). The diurnal variations of the vertically integrated (surface to 100hPa) WVFC
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(e) and CAPE (f) during the RPEs regionally averaged over the MLYRB in the summers

01 2020-2024.

3.3 Possible Causes Related to the Prediction Biases of RPEs

Possible causes related to the atmospheric circulation biases that lead to the errors
in the predicted rainfall over the MLYRB during the observed RPEs are discussed in
the following sections. As pointed out by previous studies (Xue et al., 2018; Fu et al.,
2019), the morning precipitation peak in the central eastern China during the typical
Meiyu season is related to the nocturnal acceleration of the southwesterly flow, which
may be due to the inertial oscillations in the boundary layer, i.e., the weakening of
turbulent friction after sunset leads to an.imbalance between the Coriolis force and the

pressure gradient force.

As shown in Figure 6, the 850 hPa winds of ERAS over the regions south of 30°N
are stronger at night and weaker in the afternoon. The WRF_CFSv2 reproduces this
characteristic well but overestimates the wind speed almost throughout the day, which
likely contributes to the overestimation of precipitation by enhancing water vapour
transport. Further analysis of the anomalous wind field reveals that the MLYRB is
dominated by an anomalous cyclonic circulation throughout most of the diurnal cycle,
which is associated with the overestimation of WVFC (Figs. 9g, h). Notably, the
anomalous cyclonic circulation exhibits significant strengthening and enhanced
organization at night, suggesting that the nocturnal precipitation overestimation is

associated with more favorable dynamical conditions compared to the daytime.
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Furthermore, the overestimation of nocturnal and early-morning 850 hPa wind speeds
intensifies with sub-grid terrain complexity (Fig. 8e), indicating the importance of
improving the representation of sub-grid topographic dynamical effects, such as sub-
grid turbulent orographic form drag (Gu et al., 2023). As shown in Figure 7, the
WRF_CFSv2 consistently overestimates the zonal wind (U) throughout a day (Fig. 7a),
whereas the meridional wind (V) remains comparable to the ERAS (Fig. 7b). The
positive biases of the predicted U component are primarily attributed to the
overestimated geostrophic wind component (Fig. 7a). The WRF CFSv2 can reproduce
the diurnal cycle of the ageostrophic wind in the ERAS, suggesting that the
WRF_CFSv2 can effectively capture the inertial oscillations. It is worth noting that the
ERAS data exhibits two sharp changes at 05:00-06:00 and 17:00-18:00 BIJT,
respectively; these are known artifacts caused by the data assimilation method reported
in previous studies (Chen et al., 2021). Previous comparisons with independent
observations and other reanalysis datasets have demonstrated that ERAS can reliably
reproduce the overall diurnal evolution of regional winds (Cui et al., 2023; Wu et al.,
2026). Moreover, the present conclusions are based on the coherent, multi-hour
nocturnal enhancement of ageostrophic winds and moisture convergence rather than on
isolated values at the assimilation-transition hours. Therefore, although these
discontinuities may affect the exact amplitudes at individual hours, they are unlikely to
alter the main physical interpretation or the overall conclusions. However, regarding
the U component, the WRF CFSv2 overestimates the amplitude of the ageostrophic

wind, which further intensifies the zonal wind speed in the early morning. Additionally,
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the predicted V component peaks earlier than observation, which is corresponding to

the slight temporal advance of the early-morning precipitation peak in the WRF _CFSv2.

ERAS WRF_CFSv2 _, . WRF_CFSv2-ERA
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Fig. 6. The mean 850 hPa wind vectors and wind speed (shadings) during the RPEs at
0200 BJT, 0800 BJT, 1400 BJT, and 2000 BJT from ERAS (a-d), WRF_CFSv2
predictions (e-h) and the difference between the WRF _CFSv2 and ERAS (i-1) in the

summers of 2020-2024.
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Fig. 7. Diurnal variations of (a) zonal (U) and (b) meridional (V) winds, including their
geostrophic and ageostrophic components regionally averaged over the region bounded
by 107°E—120°E and 23°N—28°N during the RPEs in the summers of 2020-2024 from

the ERAS and WRF_CFSv2 predictions.

To investigate the moisture supply during RPEs, we conducted a moisture budget
analysis (Fig. 8a), with evaporation in the WRF_CFSv2 estimated from the surface
latent heat flux. Observed precipitation was included as an independent reference to
assess the reliability of ERAS precipitation. The ERAS precipitation rate (0.71 mm h™")
agrees closely with the observed value (0.75 mm h™), supporting its reliability. In
contrast, the WRF CFSv2 produces a precipitation rate of 1.00 mm h™', approximately
40% higher than ERAS and 33% higher than the observations. In the ERAS reanalysis,
the WVFC into the MLYRB is 0.49 mm h™', significantly exceeding the evaporation
term (0.11 mm h™), indicating that RPEs in this region are dominated by large-scale
convergence. In the WRF _CFSv2, large-scale convergence remains the largest
contributor (0.61 mm h™) and is the primary source of error with the deviations of 0.12

mm h! relative to the ERAS. The evaporation overestimated by 0.04 mm h™' is the

https://mc03.manuscriptcentral.com/aasiap



447

448

449

450

451

452

453

454

455

Advances in Atmospheric Sciences

26

second-largest component, whereas the vertical-transport and local-storage terms are
comparatively lower. Therefore, the diurnal variations in these two minor terms are not
discussed further. Overall, the overestimation of RPE precipitation predicted by the
WRF_CFSv2 is primarily attributable to excessive dynamical moisture convergence.
The residual may reflect systematic differences between the ERA5 and WRF_CFSv2
data systems, as well as incomplete closure arising from the offline pressure-level
diagnosis. The omission of condensate tendency terms may also contribute; therefore,

the residual is retained explicitly but is not attributed to a specific physical process.
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Fig. 8. Comparison of moisture budget components from ERAS5 and WRF_CFSv2
predictions regionally averaged over the MLYRB during the RPEs in summers of 2020-
2024, for the precipitation component, the observations are included for comparison
with ERAS and WRF_CFSv2 (a). The diurnal variations of the 2 components in a are
shown in b-c. The mean prediction biases of the predicted sensible heat flux (850 hPa
wind speed) during the RPEs regionally averaged over the grids with different STDs in

the MLYRB (the region of 110°E—123°E, 23°N-33°N) (d-¢).

To further investigate the sources of the prediction bias of regional precipitation
amount, we separately analyzed the driving factors during the daytime and nighttime.
At night, the overestimated precipitation is centered over northern Jiangxi Province and
the Huangshan Mountains (Fig. 9a). The WRF CFSv2 produces a persistent anomalous
low-level cyclonic circulation, with excessively strong southwesterly flow over and to
the south of the MLYRB (Figs. 6i, j). This anomalous flow strengthens northward
moisture transport and produces excessive WVFC over most of the basin (Fig. 9g). The
WYVEC bias spatially overlaps the positive precipitation bias and coincides with overly
strong low-level convergence and large-scale ascent (Figs. 9a, g, i and 10g). These
dynamical biases are also coherent in time, showing pronounced nocturnal and early-
morning enhancement. By contrast, the CAPE and 2-m air temperature biases are much
weaker during nighttime than during daytime (Figs. 9c, e), indicating a limited
thermodynamic contribution. The moisture-budget analysis further indicates that
WVEC exhibits the largest positive bias among the diagnosed moisture-source terms

(Fig. 8a). The circulation, moisture-convergence, and precipitation biases show broadly
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consistent spatial and temporal variations, suggesting a link between the overly strong
nocturnal synoptic circulation and the overestimation of nighttime and early-morning

precipitation.
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Fig. 9. Spatial distribution of the differences of precipitation (a, b), CAPE (c, d), 2m air
temperature (e, f), the vertically integrated (from surface to 100 hPa) water vapour

transport flux and its convergence (g, h), the pressure -longitude cross sections of

equivalent potential temperature (shaded) and atmospheric circulation (vector; vertical
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velocity is magnified by 100) averaged along 28—-33°N (i, j) during the RPEs in
summers of 2020-2024 between the WRF _CFSv2 predictions and observations/ERAS

for nighttime and daytime.

Figure 10 further illustrates the diurnal evolution of the vertical atmospheric
structure during RPEs over the MLYRB. At all three times, the convergence zone tilts
northward with height, exhibiting a typical vertical configuration characterized by low-
level convergence, upper-level divergence, and strong ascent in the middle troposphere
(Figs. 10a-c). In the ERAS, both the ascending motion and low-level convergence reach
their maximum intensity and deepest vertical extent at approximately 10:00 BJT (Fig.
10b), after which they gradually weaken: By contrast, WRF CFSv2 exhibits a weaker
diurnal variation, with the strongest circulation occurring prematurely at 02:00 BJT (Fig.
10d). The difference fields further show that the overestimations of ascending motion,
low-level convergence, and upper-level divergence all peak at 02:00 BJT (Fig. 10g).
These results provide additional dynamical evidence that WRF CFSv2 produces an
excessively strong nocturnal large-scale circulation associated with the Meiyu frontal
system. The enhanced low-level convergence and upward moisture transport,
accompanied by intensified WVFC, contribute to the overestimation of nocturnal

precipitation.
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Fig. 10. Pressure-latitude cross sections of divergence (shading) and pressure vertical
velocity (black contours; Pas™), averaged along 110°-122°E at 02:00, 10:00, and
18:00 BJT (from left to right) during the RPEs from ERAS (a-c) and WRF_CFSv2 (d-
f), and the differences between the WRF CFSv2 and ERAS (g—i). Gray dashed lines

mark 28°N and 33°N.

During the daytime, significant precipitation overestimation shift to areas with
complex terrain, including the Huangshan Mountains, the Mufu Mountains, southern
Zhejiang Province, and the western mountainous regions of Hubei (Fig. 9b). the

WRF_CFSv2 tends to overestimate surface latent and sensible heat fluxes compared to
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the ERA5 (not shown). Notably, in regions where the STD exceeds 100 m, the
overestimation of daytime sensible heat flux intensifies with terrain complexity (Fig.
8d), indicating a need to improve the surface thermal process parameterizations over
complex topography. This amplified surface heating substantially elevates the low-level
equivalent potential temperature (Fig. 9j) and 2m temperature (Fig. 9f), generating
greater CAPE (Fig. 9d). This daytime thermodynamic enhancement combines with the
pre-existing, over-predicted daytime WVFC (Fig. 9h), leading to the overestimation of
daytime precipitation. In summary, while daytime precipitation overestimation is
fundamentally sustained by excessive moisture convergence and evaporation, the
thermodynamic instability triggered by exaggerated surface heating acts as an

amplifying factor that exacerbates the rainfall.

4. Summary and Discussion

In this study, we used the rain gauge observations and ERAS reanalysis data to
evaluate the ability of the WRF _CFSv2 to predict the diurnal cycle of RPEs over the
MLYRB in summer. Meanwhile, the possible causes related to the model biases are also

explored. The main conclusions are summarized as follows:

The WRF_CFSv2 can well reproduce the spatial distribution of the climatic mean
precipitation amount and frequency over the MLYRB in summer despite the
overestimation of their magnitudes. While the WRF CFSv2 well predicts the
magnitude of precipitation intensity, it shows relatively lower skill in reproducing its

spatial distribution relative to the precipitation amount and frequency. Further analysis
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indicated that the overestimated RPEs largely contribute to the overestimation of total

precipitation relative to the LPEs.

Additionally, the WRF_CFSv2 can generally reproduce the 3 diurnal cycle types
of RPEs. However, the second type (daytime-dominant) and the third type (bimodal
morning-afternoon peak) predicted by the WRF CFSv2 are located slightly farther
southeastward relative to the observation. The WRF CFSv2 can also well reproduce
the diurnal phase of the observed RPEs despite clear biases: it overestimates the
precipitation amount of RPEs at all hours of a day with the morning peak occurring one
hour earlier than the observation; and this. overestimated precipitation amount is
primarily attributed to the overestimation of the precipitation coverage rate throughout
a day, and is further amplified by the overestimated precipitation intensity during the

afternoon and nighttime.

Further analysis of possible causes related to these biases mentioned above
indicates that the overestimated precipitation amount of RPEs over the MLYRB is
dominated by the dynamic factors, while the thermodynamic factors play a secondary
role. Dynamically, the WRF CFSv2 produces a persistent anomalous low-level
cyclonic system over the region, which leads to an overestimation of low-level
southwesterly winds. Coupled with the uplift induced by large-scale synoptic systems,
this anomalous system enhances WVFC, which results in the overestimation of
nocturnal RPEs. Thermodynamically, a near-surface warm bias leads to an excessive
atmospheric instability. This heightened instability, combined with excessive

evaporation and strong WVFC, ultimately culminates in the overestimation of daytime
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RPEs.

It should be noted that this study evaluates the WRF CFSv2 in its established
operational configuration, which uses a 9-km grid spacing, the GF cumulus
parameterization, and the WSM3 microphysics scheme. The 9-km grid lies within the
convective “gray zone,” where interactions between explicitly resolved and
parameterized convection may introduce errors in convective initiation, low-level
winds, and moisture convergence, potentially contributing to the overestimation of
RPEs (Ou et al., 2020). In addition, WSM3 combines cloud water/ice and rain/snow
and lacks separate supercooled-liquid-water and graupel categories (Hong et al., 2004).
Its simplified mixed-phase treatment may alter latent heating and cooling, hydrometeor
loading and sedimentation, and cold-pool evolution, thereby affecting convective
organization, lifetime, precipitation efficiency, and moisture depletion (Cossu and
Hocke, 2014; Wu et al., 2023). Because the objective is to assess the actual performance
of the operational system, its existing configuration was retained. Future upgrades will
evaluate finer convection-permitting grids and more comprehensive mixed-phase

microphysics schemes.

Another caveat is that this study uses forecasts at lead times of 13—-36 h from the
daily 00:00 UTC initializations, so different BJT hours correspond to different forecast
lead times. The diagnosed diurnal biases may therefore also contain error signals that
evolve with forecast lead time, especially at the transition where the 36-h forecast from
one cycle is replaced by the 13-h forecast from the next. Future work could use forecasts

for the same valid time from different initialization cycles and lead times to further

https://mc03.manuscriptcentral.com/aasiap



580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

Advances in Atmospheric Sciences

34

separate diurnal biases from their lead-time dependence. For operational forecasting,
statistical post-processing relationships conditioned on forecast lead time and local time
could also be developed. Bias-correction methods such as frequency matching, quantile
mapping, or model output statistics could then be applied to reduce systematic biases
in precipitation frequency and intensity, thereby further improving forecast skill for

RPEs (Zhu and Luo, 2015; Vannitsem et al., 2021).

Overall, the prediction biases of RPEs are mainly related to inadequate prediction
of the local thermal processes and large-scale low-level wind fields. Previous studies
have shown that including the sub-grid terrain solar radiative effect (Huang et al., 2022;
Cai et al., 2023) can effectively improve the simulation of surface thermal conditions
over complex terrain, and including the sub-grid turbulent orographic form drag (Gu et
al., 2023; Zhou et al., 2024) can alleviate the overestimation of low-level wind speeds
caused by neglecting sub-grid topographic turbulent drag. Therefore, to further improve
the ability of the WRF CFSv2 to predict the RPEs, the sub-grid terrain radiative and

dynamic effects will be included in the WRF_CFSv2 in the near future.
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