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Abstract In a recent study, we evaluated the performance of real-time convection-permitting WRF model
forecasting over China. Although the overall rainfall distribution and diurnal cycle are well simulated, the
model greatly overestimates the rainfall intensity in southern China and the predicted rainfall shows a southeast
location bias. In this study, possible factors contributing to the precipitation forecast bias are discussed. The
precipitation over southern China is found to be greatly influenced by land-sea circulations. While the model
captures diurnal variations of winds well, the predicted amplitude and onset timing of the land/sea breezes
differ from observations. Cold bias of land-surface temperature is shown to partially cause wind bias. In the
afternoon, the cold bias results in a weakened inland penetration of sea breeze, which in turn leads to more rain
on the eastern south-China coastline. During nighttime, excessive cooling over land results in a stronger land
breeze, leading to location bias of early morning precipitation. While the observed coastal rain belt is mostly
located over land during early morning, the predicted coastal rain belt is mostly located over ocean. In addition,
the model overestimates moisture at low levels, especially over the southern slope of the coastal mountains and
over ocean, which explains the excessive rainfall over southern China. This study emphasizes the importance of
accurately simulating land-surface-related variables for precipitation forecast in coastal regions where land-sea
contrast plays an important role.

1. Introduction

Summer (June—August) rainfall accounts for 50%-80% of the total annual rainfall for most regions in China
(Dong et al., 2016; Zhu et al., 2018b). There are three major summer precipitation centers in China (Ding, 1992;
Zhu et al., 2018a). One is along the Yangtze-Huaihe River Valley, where the precipitation is mainly due to the
Meiyu front (Tao, 1980; Sun & Zhang 2012; Jin et al., 2013; Xue et al., 2018). One is in the Sichuan Basin that
is known for the ‘Bashan Yeyu’ (nocturnal precipitation in the Bashan Mountains) (Lv 1942; Chen et al., 2010;
Jin et al., 2013; Zhang et al., 2019). The other region is in southern China (mainly in Guangdong Province) (Chen
et al., 2014; Luo et al., 2017), which has the richest warm and moist air supply in China. Among the three pre-
cipitation centers, southern China has the heaviest rainfall (Luo et al., 2013; Zheng et al., 2016) in terms of both
frequency and intensity (Zhang et al., 2017; Bai et al., 2020a).

Southern China is characterized by abundant atmospheric water vapor, common occurrence of thermodynamic
instabilities, and external forcing due to its complex topography (Figure 1) and land-sea thermal contrast, which
often collectively result in abrupt and intense moist convection (He et al., 2016). There are many mesoscale
processes that could cause heavy rainfall, including cold fronts or quasi-stationary fronts (Huang et al., 1986),
wind shear lines (Wang et al., 2014), synoptic and boundary-layer low-level jets (Du & Chen 2018), mesoscale
vortices (Chang et al., 1998), and gravity waves (Du & Rotunno 2018). Complex land-surface properties, such as
multiscale terrain and large urban agglomerations, can further complicate the heavy rainfall formation and devel-
opment. Rainfall maxima are often found on the windward side of mountains (Xu et al., 2009; Li et al., 2020a).
Urbanization likely increases the frequency of extreme rainfall in urban areas (Wu et al., 2019; Yan et al., 2020;
Yin et al., 2020). In recent decades, great efforts have been made to understand the characteristics and mecha-
nisms of heavy rainfall in southern China (Luo et al., 2013; Wang et al., 2014; Bai et al., 2020b)). Some of the
progresses are summarized in review papers by Lu (2019), Sun et al. (2019), and Luo et al. (2020).
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Figure 1. (a) The verification domain of Southern China. Terrain height

is shown in gray shaded contours at 500-m intervals. The red dots mark the
four sounding sites in Guangdong Province and the blue dots are the selected
national standard level surface stations along the coastline of the Pearl River

Delta (PRD) region. Mountains within Guangdong Province are marked in
Italic. (b) The land type category from the USGS datasets. The blue line
denotes the approximate boundary between mountain and plain.

8 Snow or Ice

Precipitation diurnal variation over southern China shows two clear peaks:
an afternoon peak and an early morning peak. Apart from the narrow strip
of rainfall that occurs along the southern coastline during the early morning
peak, the afternoon peak dominates the inland region (Li et al., 2008; Zhu
et al., 2018a). Chen et al. (2016) used three years of radar observations to
study the precipitation diurnal cycle over the Pearl River Delta (PRD) in
southern China. They found that the precipitation diurnal variation during
the early summer is closely related to the land-sea circulations. The noc-
turnal peak is related to the convergence line at the leading edge of the en-
hanced low-level jet and the land breeze during the night (Du & Chen 2019;
Liu et al., 2020), whereas the afternoon peak is related to local convection
initiation due to intense solar surface heating (Romatschke & Houze 2011;
Chen et al., 2014) and convection propagation associated with the sea breeze
(Jiang et al., 2017). During the summer period, warm and moist air with
high convective instability within the prevailing monsoon flows provide fa-
vorable conditions for convection initiation. The sea (land) breeze combined
with valley (mountain) breeze induced by coastal terrain further enhances
onshore (offshore) winds. These near-surface flows have substantial impact
on water vapor transport and flow convergence at low levels, which in turn
affects the initiation and evolution of convection over southern China (Zheng
et al., 2013).

Despite the progresses in understanding the rainfall characteristics and mech-
anisms of heavy rainfall over southern China, there are relatively few studies
on the performance of convection-permitting model over the region over suf-
ficiently long periods. Previous precipitation studies in the region are mostly
based on case studies with focus on specific types of heavy rainfall. Zhang
and Meng (2019) evaluated model performance of 45 warm-sector heavy rain
cases prediction over southern China. Three two-way nested domains and 27,
9, and 3 horizontal grid spacings were used. They found that the overpredic-
tion of the northward low-level jet (below 900 hPa) intensity leads to under-
estimation of convection along the southern coastline, resulting in a lower
quantitative precipitation forecast skill. Wu et al. (2020) investigated the pre-
dictability of a warm-sector heavy rainfall event using convection-permitting
ensemble forecasts. Their results show that good ensemble members simu-
late stronger low-level southerly winds over the sea and more accurate land/
mountain breezes than bad members. The forecast bias of low-level winds
and the regional circulations induced by the bias in local thermal contrast
are suggested as possible error sources of the precipitation forecast. Furtado
et al. (2018) and Furtado et al. (2020) investigated the effects of cloud micro-
physics scheme and cloud-aerosol interactions on South China heavy rainfall
events, and showed strong sensitivity to the choice of microphysics scheme,
and to the indirect effects of aerosols.

Compared with mesoscale convective systems associated with, e.g., cold/stationary fronts and mesoscale vorti-
ces, the frequent moist convection over southern China is much harder to predict and the error sources of position
and intensity biases are not well understood (Chang et al., 2017). In a recent study, we evaluated the performance
of convection-permitting forecasts with the Weather Research and Forecast (WRF) model over China in two
summer seasons (Zhu et al., 2018a). Overall, the 4 km WREF precipitation forecasts showed good agreement with
observations for most parts of China, outperforming global model forecasts from major NWP centers in terms of
the spatial distribution and diurnal variations of rainfall. However, the location of rainfall systems over southern
China were not predicted well (Yu et al., 2020), and the rainfall intensity along the coastline is clearly overpre-
dicted. As pointed out earlier, southern China has abundant moisture and instability, and convection is often gen-
erated under weak synoptic conditions (Luo et al., 2016). The low-level conditions and land-surface properties
may have a profound impact on the formation and evolution of rainfall systems in the region. This study aims to
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identify the primary cause of the precipitation biases mentioned above, with emphasis on correlations between
precipitation forecast bias and forecast bias in low-level thermodynamic variables, winds, and land-sea thermal
contrast, as well as cause-and-effect relationship.

The rest of paper is organized as follows. The forecast data and observations used in this study are briefly intro-
duced. A general evaluation of the 4 km WRF model performance, together with an overview of the land-sea
circulations over the study domain and their relationship with precipitation formation and propagation, are given
in Section 3. In Section 4, we focus on factors that have substantial impact on the landsea circulations, and their
relationship with precipitation forecast biases. A summary and future work are given in Section 5.

2. Forecast Model Configuration and Observations

The forecast data used in this study are from the real-time WREF forecasts run at Nanjing University, China every
summer since 2013 (Zhu et al., 2018a). The horizontal grid-spacing is 4 km (4 km WREF hereafter) and the model
has 51 vertical levels. The midpoint of the first layer is about 13 m above ground, and the layer depth is about
26 m. There are roughly 10 levels in the lowest 1 km. The 4 km WRF covers the entire mainland China. The
initial and lateral boundary conditions, including sea-surface temperature, are from the NCEP Global Forecast
System (GFS) real-time analysis and forecasts, respectively (0.5° grid spacing before 27 June 2016 and 0.25° af-
terwards). Key physics parameterizations include the Morrison double-moment microphysics scheme (Morrison
et al., 2005), the Asymmetrical Convective Model version 2 (ACM2) planetary boundary layer (PBL) scheme
(Pleim, 2007), the Pleim-Xiu (PLX) land surface and surface layer schemes (Pleim & Xiu 1995), and the CAM
radiation scheme (Collins et al., 2004). More details on the configurations can be found in Zhu et al. (2018a).

The model topography uses the 30s Global Multi-resolution Terrain Elevation Data 2010. A clear “-shaped moun-
tain range is seen in southern China (see blue line in Figure 1a). The land cover data use the 30s U.S. Geological
Survey (USGS) data set 2010, which significantly underestimates the urban area over the region of PRD (see
Figure 1b). Cheng et al. (2013) show a similar issue for the USGS data set over Taiwan. As we will discuss later
in Section 4b, this is an important reason for the temperature underestimation over the PRD urban region.

This study focuses on precipitation over southern China, mostly in Guangdong Province (see Figure 1a) during
summer (June-August) 2016. The 12-36 h forecasts initiated every day at 1200 UTC are examined, which are
beyond the precipitation spin up period. Seventeen days during the period that were influenced by typhoon are ex-
cluded because such strongly forced days tend to have different precipitation bias behaviors. As mentioned above,
high instability with abundant moisture together with orographic thermal and dynamic forcing over southern Chi-
na provide favorable conditions for convection formation, even under weak synoptic conditions. Special attention
will be paid to the accuracy of forecast variables at the low levels, including wind, temperature, and moisture.

Observations and derived products at low levels over southern China have been collected, including surface sta-
tion observations, gridded hourly precipitation and 2 m temperature, and the National Centers for Environmental
Prediction (NCEP) final analysis (FNL). The hourly precipitation is a 0.05° x 0.05° merged precipitation anal-
ysis product (over 70°-140°E, 15°-60°N) produced by the China Meteorological Administration (CMA) (Shen
et al., 2014; Pan et al., 2015), based on the corrected Climate Prediction Center’s morphing rainfall estimates
(CMORPH) data set (Joyce et al., 2004) and over 30,000 rain-gauge observations. Previous verification against
independent observations indicates that this data set is reliable over southern China (Luo et al., 2013) and other
regions (Wu et al., 2018; Li et al., 2020b; Zhao et al., 2020; Li et al., 2021). In a recent paper, we also used this
gridded data set to perform multi-scale evaluation of the performance of 4 km and 12 km WRF model forecasts
over China (Yu et al., 2020).

The hourly gridded 2 m temperature is from the CMA land-surface data assimilation system (CLDAS) (Shi
et al., 2011). It has a grid resolution of 0.0625° x 0.0625° and covers 60°~160°E, 0°~65°N. Verification against
2400 national surface stations (from the website: http://data.cma.cn/data/detail/dataCode/NAFP_CLDAS2.0_
NRT.html) shows that the mean bias of the CLDAS 2 m temperature data set is —0.13 K and the root mean
square error is 0.88 K. The correlation of the analysis and observations is as high as 0.97. The NCEP 0.25° x
0.25° FNL 6-hourly analyses are used to evaluate moisture fields at low levels. The FNL analyses are made with
the same operational GFS data assimilation system but are rerun with time delay for more observations to arrive.
We have calculated the mean biases of the water vapor mixing ratio in the real-time analysis relative to the FNL
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for the three investigated model levels. The differences between FNL and the
real-time analysis are very small. The mean biases are —2.4 x 107 g kg™, 3.7
x 10~*gkg™!, =5.4 x 10~* g kg~! for the surface, 925 hPa and 850 hPa levels,
respectively. The FNL analyses are regularly used to verify GFS forecasts.
Since we use GFS analysis as the initial condition for the WRF forecast, we
choose to use FNL analyses to verify the WRF forecasts.

Other verification data used in this study include soundings at four sites (red
dots in Figure 1a) and hourly surface observations at three surface stations
(blue dots in Figure 1a) along the coastline of the PRD region. The sounding
observations are usually conducted twice a day at 0000 UTC (0800 LST) and
1200 UTC (2000 LST). Two sites, No. 52980 and 59316, have additional
0600 UTC (1400 LST) sounding launches during the rainy season.

3. Precipitation Over Southern China and Its

1 R=0.841 Relationship With Land-Sea Circulations

T T T T T
8§ 10 12 14 16 18

T T T T T T T T T 111 3.1. Evaluation of 4 km WRF Precipitation Forecasts Over Southern
20 22 0 2 4 6 8 China

Time (LST)

Figure 2. Times series of observed (OBS) and simulated (WRF) temporally
and spatially (with the domain of Figure 1) averaged hourly rainfall over

Precipitation diurnal variation over southern China has two peaks: one at
1500 LST and the other at 0800 LST (Figure 2). The afternoon peak is larger

southern China during summer 2016, Here, 17 days influenced by typhoon are  than the morning peak, consistent with previous findings of high-frequency

excluded. The same for the rest of figures.

afternoon convection contributing most of the rainfall in the region (Jiang

et al., 2017). Afternoon convection is most often triggered as a result of solar

heating (Luo et al., 2013; Chen et al., 2015). The WREF forecasts successfully

reproduce the twin-peak pattern but overpredict the magnitude of both peaks.
The time series correlation between observations and forecasts is as high as 0.84. However, timing of the predict-
ed afternoon peak is delayed by about one hour.

During the afternoon in summer 2016, there are three main precipitation belts in the season mean observed pre-
cipitation field (Figure 3a): one is over the western part of Guangdong Province (hereafter, WG), mostly over the
Yunkai Mountains and on the south sides of the coastal Yunwu Mountains; the second is over the eastern part of
Guangdong Province (hereafter, EG), mostly on the south side of coastal Lianhua Mountains; and the third one
is in the middle of Guangdong Province (hereafter, MG), mainly on the upstream side of the “-shaped mountains
(black contours represent terrain height). In general, afternoon precipitation on the windward side of the coastal
mountains is found to be greatly influenced by the sea breeze and the upslope winds (Zheng et al., 2013; Jiang
et al., 2017), whereas precipitation over the mountains is mostly triggered by surface heating (Chen et al., 2015).
The WREF forecasts successfully reproduce the rain belts over mountains and on the southern slope of the coast-
al mountains of WG and EG (Figure 3b). However, compared to the observations, the forecasts produce much
higher precipitation amount over both EG and WG, especially the former. As discussed in the next section, this
is probably due to the systematic eastward direction bias of the surface winds. For MG, the forecast fails to re-
produce the location of the rainfall maximum near the center of the subregion. The predicted rainfall is mostly
located near the coast whereas the observed maximum is about a hundred kilometers inland, on the south side
of mountains and also over the most urbanized region. There is also too much precipitation at the border of MG
and EG regions.

During the early morning, the observed precipitation is mostly along the coastline (Figure 3c). This is consistent
with a previous study that shows the precipitation likely forms along the convergence line between land breeze
and enhanced southerly nocturnal low-level jet (Chen et al., 2016). Similar to the rainfall during afternoon, the
forecasts show excessive rainfall amount over EG. There is also major difference with the rain belt along the
coastline. The predicted rain belt is mostly located off the coast over ocean (Figure 3d), whereas the observed rain
belt is mostly along the coastline (Figure 3c). For both afternoon and early morning periods, the rainfall intensity
is overpredicted. The average amount of predicted precipitation center is mostly over 5 mm h~! (between red and
purple colors) whereas the observed precipitation amount is generally under 5 mm h=1.
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Figure 3. Mean six-hour accumulated rainfall from 1400 LST to 2000 LST during summer 2016 for (a) observations and (b) 4 km WREF forecasts. (c) and (d) are the
same as (a) and (b) but for the early morning period from 0200 LST to 0800 LST. The thin black contours represent terrain height at 200 m intervals. “WG”, “MG” and
“EG” represent western, middle and eastern part of the Guangdong Province, respectively.

Figure 4 shows a breakdown of the mean six-hour accumulated afternoon rainfall into average hourly rain rates.
At 1400 LST, rainfall occurs over the inland mountains, the southern side of the western and eastern coastal
mountains, and along the coastline. The WRF forecasts show a similar pattern but the intensity along the coast-
line and on the windward (south) side of the Lianhua Mountains of EG are clearly overpredicted. In addition, the
precipitation in WG is underestimated. At 1600 LST, the observed rainfall over the YunKai Mountains is greatly
enhanced as a result of solar heating. The WRF forecast successfully captures the variation of precipitation inten-
sity over the YunKai Mountains, but the predicted intensity is clearly overpredicted. Also, the forecast produces
excessive rainfall on the southern side of the coastal mountains, especially for EG. For MG, the precipitation
propagates inland as the sea breeze and the mountain-valley breeze intensify. The observed precipitation center
moves to the foot of the *-shaped (see Figure l1a) mountains around 1800 LST (see Figure 4¢). However, the
forecast precipitation is mostly located in the vicinity of the coastline. At 2000 LST, the overall rainfall intensity
is decreasing. The main rainfall is over the inland mountains and the southern side of the coastal mountains. The
forecast shows a similar tendency and distribution, except for the PRD region, where scattered rainfall persists.
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Figure 4. Mean hourly rainfall observed (left) and forecasted (right) during summer 2016. The rows are for 1400 LST, 1600
LST, 1800 LST and 2000 LST, respectively.
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The rainfall variation during the early morning period is shown in Figure 5. The precipitation variations are not
as obvious as the afternoon and are therefore shown at three-hour intervals. The observed rainfall is mostly along
the coastline and gradually intensifies. In contrast, the forecast rainfall mostly forms over the ocean at 0200 LST
and gradually extends to the coastline region around 0500 LST and further inland at 0800 LST. This reveals why
the forecasts have precipitation mostly over ocean during the early morning period.

Opverall, the WRF forecasts well capture the afternoon convection over the mountains and along the south side of
coastal mountains. However, the intensity is clearly overpredicted, especially for rainfall over EG. Also, the pre-
dicted rainband has a clear position bias. During the afternoon period, the forecast rainband of MG is much closer
to the southern coastline whereas the observations show a precipitation center a few hundred kilometers inland.
By contrast, during the early morning period, the observed coastline rain is mostly located over land whereas the
forecast rainfall is mostly over ocean.

3.2. Land-Sea Circulations and Their Correlation With Precipitation Propagation

Approximately 60% of convection initiation over southern China is concentrated within 100 km of the coastline
(Bai et al., 2020a). The location and propagation of the associated rainfall systems are greatly influenced by the
land-sea and mountain-plain circulations (Chen et al., 2016). In this subsection, we select two vertical slices
within WG and MG to examine the land-sea and mountain-plain circulations and their impacts on the precipita-
tion formation and propagation. A slice across EG show similar patterns to WG except that the vertical velocity
is larger than that of WG, hence is not shown. The location of vertical slice may have some impact on the onset
time of land/sea breezes but does not change the general conclusion. The fields examined are from the season
mean forecasts of 4 km WRF; while there may be biases with the predictions, the general physical processes in
the model should be qualitatively correct.

Figure 6 shows the mean winds at low levels and also the mean flows along lines AB and CD. The prevailing
monsoon flows over southern China are southerly at 925 hPa and southwesterly at 850 hPa. The mean flows along
AB and CD are prominently onshore at the low levels, though there are significant diurnal variations of onshore/
offshore winds, as we will show later, especially at surface.

Figure 7 shows the wind component along line AB in Figure 6a and equivalent potential temperature at different
times of the day, averaged over summer 2016. The wind component shown is the perturbation from daily mean.
The fields show possible link between low-level winds and rainfall propagation. At 1400 LST, upslope winds
(which first appear at 1000 LST, not shown) are established on the southern side of the coastal mountains. The
precipitation (see red curve) is mainly located over the mountains and a few dozens of kilometers inland (the
coastline is around 21.6°N). At 1600 LST, rainfall on the southern side of the coastal mountains is enhanced as
the sea breeze penetrates further inland. It can be seen that the 362 K contour of equivalent potential temperature
(8,) (black contours) rises over the mountains in late afternoon into evening (Figures 7b-d). High 6, is due to
either high temperature or high moisture. As will be shown later, temperature reaches its maximum at 1400 LST.
Therefore, the increase of 8, inland at low levels after 1400 LST is mainly from increase in moisture associated
with the sea breeze. The relatively cold and moist air from the ocean serves to reduce low-level temperature and at
the same time increases low-level moisture (this is confirmed by the temperature and moisture fields, not shown).
This greatly increases the relative humidity and enhances cloud formation (van Stratum et al., 2014). The precipi-
tation is enhanced on the southern side of the coastal mountains and new convection is also possibly generated as
result of the interaction between the outflow of convection over the mountains and the sea breeze. At 1800 LST,
the mean precipitation over land area reaches its maximum.

Into nighttime, the forecast precipitation first decreases and then gradually intensifies offshore. The consumption
of water vapor by precipitation during the afternoon and the surface cooling at night greatly reduce 6,. The 362
K 8, contour gradually retreats back to the ocean (see Figure 7e~g). In the meantime, the land breeze begins to
establish at around 2200 LST and extends to the ocean. At higher levels (up to 1.8 km as shown in Figure 7¢
and 6f), the direction of perturbation winds gradually turns inland. This change in the wind direction overnight
at low levels can be well explained by the Blackadar’s inertial oscillation theory (Du and Rotunno 2018; Xue
et al., 2018). During the day, frictional effects in the boundary layer are increased by surface heating and bound-
ary layer turbulence mixing. At night, as the frictional effect decreases as boundary layer becomes stable so that
mixing dies out mostly, boundary layer wind speed increases and becomes super-geostrophic after midnight.
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Figure 6. The mean prevailing winds during summer 2016, at (a) 925 hPa and (b) 850 hPa. Onshore (warm colors)/offshore (cold colors) wind speed in the vertical
slice along lines AB (c) and CD (d) in (a), respectively.

The boundary layer wind vector (more accurately the ageostrophic wind vector) rotates clockwise due to inertial
oscillation. The low-level wind reaches its maximum when the perturbation wind turns to the same direction as
the prevailing (geostrophic) wind during the night. The onshore winds at the higher levels bring warm, moist sea
air to the land. On the slope and at the foot of the southern coastal mountains, the air becomes potentially stable
(% > 0), however, due to surface cooling and the warm-air layer above, suppressing convection inland. The pre-
cipitation forms offshore where the land breeze converges with the prevailing onshore winds and intensifies as
the land breeze strengthens (see Figure 7e—g). The precipitation band then propagates inland with the prevailing
winds. The mountain-plain breeze produced by the coastal mountains combines with the land breeze to enhance
offshore convergence (Chen et al., 2016). The precipitation reaches its maximum intensity in early morning
around 0800 LST (see also Figure 2).

Figure 8 shows another vertical slice (across line CD) to the west of PRD, where there is almost no high coastal
terrain. The land-sea circulation is quite similar to that along line AB, except the onset time of onshore/offshore
winds is postponed. It is not until 1400 LST that the sea breeze first appears (Figure 8b). The onset time of
offshore winds is postponed to early morning at 0300 LST (see Figure 8f). It is noted that the onset time of sea
breeze and land breeze in line AB is at 1000 LST and 2200 LST, respectively. A possible explanation is that the
mountain-plain circulation produced by the coastal mountains may help strengthen onshore/offshore winds. We
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Figure 7. Cross-section of mean pertburbation onshore (warm colored) and offshore (cool colored) winds, and equivalent potential temperature (black contours) during
summer 2016 along line AB in Figure 6. The red line is the mean hourly precipitation (with vertical axis on the right side). The black shading is the terrain height. The
left vertical coordinate is the altitude (km) and the right vertical coordinate is the precipitation amount (mm). The horizontal coordinate is the latitude along line AB.
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Figure 8. The same as Figure 7 but for the vertical slice across line CD in Figure 6.
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Figure 9. Mean surface winds for summer 2016 at (a) 1400 LST, (b) 1600 LST, (c) 1800 LST, and (d) 2000 LST. The black arrows represent sounding observations
and the red arrows represent the WRF forecast.

also plotted several other vertical slices (not shown). The onset times of onshore/offshore winds are earlier in the
western and eastern coastal mountains compared to PRD. Other possible explanations are related to Guangzhou
city urban effect (Li et al., 2014) and the river delta region of PRD. These two factors can complicate local land-
sea circulations. The exact reasons for the delay of onshore/offshore winds in PRD compared with other regions
are beyond the scope of this paper. The precipitation propagation also has a close relation to land-sea circulations.
The precipitation evolution along line CD is quite similar to that along line AB in Figure 6. During the afternoon,
the precipitation forms along the coastline and propagates a few hundred kilometers inland. Overnight, the pre-
cipitation mostly forms and intensifies over ocean as the land breeze extends to the ocean. It propagates inland
with the prevailing winds.

In summary, the land-sea circulations, aided by mountain-plain circulations, have substantial impacts on the
location of precipitation, initiation, and subsequent propagation. Accurate prediction of the land-sea and moun-
tain-plain circulations is essential for successful prediction of precipitation in southern China.

4. Factors Causing Precipitation Forecast Biases
4.1. Model Prediction of Low-Level Winds

The direction and speed of low-level winds are directly influenced by the land-sea circulations. In this subsec-
tion, we verify the forecast winds using surface and sounding observations. Figure 9 compares the mean forecast
(red arrows) and observed (black arrows) 10 m surface winds at a number of surface station locations during the
afternoon averaged over summer 2016. From 1400 LST to 1600 LST, the predicted winds at most sites show a
clear eastward direction bias. In addition, the predicted wind speeds are generally higher than the observed wind
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speeds, except for two west most sites (59280 and 59663). The eastward wind
25°N direction bias in the upwind (more southwestern) locations allows more wa-
ter vapor to be transported to EG and the high wind speed bias in the eastern
24°N regions enhances lifting on the southern side of coastal mountains. These
two factors may explain the excessive rainfall over the eastern mountains
and nearby regions in the WRF forecasts (Figure 4b, d). From 1800 LST to

2000 LST, as the predicted winds turn counterclockwise toward the west as

23°N

in the observations (probably due to enhanced onshore sea breeze and moun-
22N tain-plain circulations), the predicted rainfall begins to intensify in the west-
ern regions (see Figure 4d, f). However, the predicted wind speeds at most
21°N sites are still overpredicted, especially for the eastern sites located to the east

of 113.2 °E. As the perturbation wind turns to the opposite direction of the

prevailing wind during the night (due to land breeze and downslope winds),

| E— T T T T T T
110°E 111°E  112°E  113°E  114°E  115°E  116°E  117°E the wind speeds decrease rapidly in both forecasts and observations, and are

close to zero, hence not shown.
25°N

(b) 20 LST y To determine how well the model handles the wind prediction above the sur-
face layer, Figure 10 verifies forecast winds against sounding observations at
925 hPa. At 1400 LST, only two sites have sounding observations. The fore-
casts match observations much better than at the surface at 1400 and 2000
LST. At 0800 LST (36 h forecast length), the predicted winds show similar
wind directions as observations except an eastward bias at the upwind site

24°N

23°N

22°N 59663. Overall, the forecast upper air winds are generally reliable.

Figure 11 shows hodograph of 10 m winds from four surface stations along
21°N the southern coastline (see Figure 1). Two sites are located on the west/east

coastline where there are coastal mountains within a hundred kilometers, and

T T T T T T T T two on the southwest/southeast corners of the PRD region. The hodograph
MO ME MZPE MR TR TISE TIEE TITE for the surface wind observations and forecasts from 0800 LST (12 h forecast
length) to 0700 LST of the following day (35 h forecast length) are shown.
The observations (black lines) show mostly anticlockwise rotation, except for
the south-west corners of the PRD (59488). The anticlockwise/clockwise ro-

tation is determined by the pressure gradient and Coriolis force at the surface

25°N

24°N

(Alpert et al., 1984; Romine et al., 2018). The topography often complicates
28°N the rotation (Simpson, 1996). Being on the coastline, the diurnal variations
of winds at the four sites are strongly influenced by land-sea breezes, with
290N additional modulation by mountain-plain circulations for sites close to moun-
tains. The effect of boundary layer inertial oscillation appears to have smaller
. effects at these sites.

The forecasts (red lines) successfully reproduce the observed clockwise/an-

T T T T T T T T ticlockwise rotation, indicating that the overall diurnal variations of land-sea
MO°E 11°E 112°E MIE 1M°E 1I°E ME°E MI7°E and mountain-plain circulations are correctly simulated. However, the pre-

Figure 10. Mean wind vectors at 925 hPa during summer 2016 at (a) 1400 dicted wind speed, amplitude of variations (the difference between the max-

LST (0600 UTC, 18 h forecast length), (b) 2000 LST (1200 UTC, 24 h imum west (south) and east (north) winds), and the onset time of onshore/
forecast length) and (c) 0800 LST (0000 UTC, 36 h forecast length). The black ~ offshore winds (the time when winds turn toward land/sea) are not the same
arrows represent sounding observations and the red arrows represent WRF as observations. The wind speeds are overpredicted throughout the day for
forecasts. Note, that only two sites have sounding observations at 1400 LST. the two sites within the PRD region. For site 59663 (located in WG), from

1000 LST to 1900 LST, the observed wind direction turns inland (onshore
winds). After that, the wind direction gradually turns toward the ocean. In the
forecast, it is not until 1200 LST that the predicted wind direction turns toward land. In addition, the onset time
of offshore winds is also delayed for about an hour (Figure 11a). Another clear difference is that the predicted
north-south (v) wind component turns toward the south a few hours before 0800 LST, although the speed is quite
low. The same occurs for site 59316 in EG. As explained later, this is because the land breeze is overpredicted.
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Figure 11. Hodograph of the observations and WRF forecasts from 12 to 36 h of forecast at surface for sites (a) 59663, (b) 59316, (c) 59488, and (d) 59493. The
numbers indicate the local solar time. The sites location are marked in Figure 1.

A stronger land breeze explains why the predicted coastline rain belts penetrate deeper into the ocean (see Fig-
ure 3b, d, and Figure 5).

In general, the model can handle the variations of land-sea and mountain-plain circulations, but with biases in
the onset time of changes and in wind intensity. The surface winds show a systematic eastward bias during the
afternoon. Furthermore, the land breeze seems to be overpredicted for the western and eastern coastline during
the early morning. These systematic forecast biases in wind direction and speed can result in errors in the timing,
distribution, and propagation of rainfall.
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4.2. Model Prediction of Land-Sea Contrast

The land-sea circulations are largely determined by the land-sea thermal contrast (Hu & Xue 2016). Figure 12
compares the CLDAS analysis (left) and forecast (right) summer mean surface temperature. The observed tem-
perature reaches its maximum at 1400 LST (see also Figure 13a). After that temperature begins to decrease. A
clear urban heat island is observed in the PRD region throughout the night (see Figure 12c, e, and g). Typically,
nocturnal urban heat island persists throughout night (Hu & Xue 2016). The observed temperature within PRD
is about 2 K higher than the surrounding regions. For the forecast, the temperature over land is clearly underes-
timated (see also Figure 13a). There is no significant temperature difference between urban and rural areas (see
Figure 12g, f, h).

There are several possible explanations for the cold bias in WRF forecasts over land. First, the GFS initial con-
dition fields underestimate the land surface temperature over southern China. There is about average 1.2 K
negative bias (not shown) over land and that negative bias is maintained throughout the forecasts. Second, except
for land cover types, the current model does not include special treatments for urban effects (Hu et al., 2013).
Rapid urbanization over the region causes the land cover and its related land-surface properties not up to date in
the model, and is probably one of the reasons for the poor performance in the region (Li et al., 2014). Figure 1b
shows that only a small fraction of the region is categorized as urban and built-up lands (red color) in the region.
This is almost certainly incorrect and will likely result in large temperature biases because the surface albedo and
surface exchange parameters will be incorrect. And the 4 km WREF fails to predict the urban heat island effects
(Figure 12g, f, h). Third, deficiencies with the PBL scheme and land surface model can also cause error in fore-
cast near surface conditions. The predicted temperature drops abruptly around 2000 LST (Figure 13a) and cold
bias persists throughout the night. The abrupt temperature decrease around sunset may be caused by deficiencies
of the PBL scheme. Specifically, during the transition period from the unstable afternoon boundary layer to the
nocturnal stable condition, the vertical turbulent mixing coefficient of the PBL scheme undergoes a rapid drop
(Hu et al., 2010; Zheng et al., 2017). Weak turbulent mixing is unable to mix cold air upwards, leading to exces-
sive cooling of the surface temperature during this transition period. Figure 14 shows the profile of simulated
potential temperature and sounding observations at 20 LST. Compared to observations, the forecasts show more
stable vertical temperature gradients at low levels, consistent with suppressed vertical mixing.

Compared with the temperature over land, the difference between forecasts and CLADS analyses is relatively
smaller over ocean, with no more than 0.5 K (see Figure 13b). The diurnal variation of temperature is also small.
The difference between the maximum and minimum mean temperatures over ocean is less than 1 K (Figure 13b).
In contrast, over land, the diurnal variation of 2-m temperature reaches ~7 K in forecasts (Figure 13a). Thus, the
land-sea thermal contrast is largely determined by the variation of temperature over land.

Figure 13c also shows the temperature difference between land and sea. To remove the impact of coastal moun-
tains, all temperatures are corrected to sea-level height using a temperature lapse rate of 6.5 K per km. In addition,
the sea (land) area is excluded for the calculation of mean temperature over land (sea) area. During the day, the
model underestimates land-sea thermal contrast. During the night, owing to the excessive cooling over land, the
model overestimates land-sea thermal contrast in terms of magnitude. The systematic land-sea thermal contrast
bias results in a weaker sea breeze during the day but a stronger land breeze during the night. Land-sea circula-
tions are the major source of wind variations at the surface near the coast. Since the mean prevailing winds at
the surface are southwesterly, a weaker sea breeze normal to the southwest-northeast oriented coastline could be
responsible for the systematic eastward bias for the mean winds during the afternoon (Figure 9). A stronger land
breeze is likely the reason for the predicted offshore winds at the coastline sites (59663 and 59316) during early
morning hours (Figure 11a, b). It is noted that the high wind speed bias for sites 59488 and 59493 located at the
south-west and south-east corners of the PRD region is due to the overprediction of mean prevailing winds. If we
look at the variation of wind direction, the forecast in the south-west corner (59488) shows clockwise rotation,
whereas in the south-east corner (59493) shows an anticlockwise rotation. The PRD delta region causes an almost
opposite perturbed pressure gradient at the two sites, which is also the reason for the different rotation directions
(clockwise/anticlockwise) at these two sites (see Figure 11c, d). Overall, the model significantly underpredicts
the surface temperature over land, especially during the night, which in turn leads to inaccurate land-sea circula-
tions and systematic biases in forecast surface winds.
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Figure 12. The observed (left) and 4 km WREF forecast (right) surface temperature at (a) and (b) 1400 LST, (c) and (d) 1600 LST, (e) and (f) 1800 LST, (g) and (h)
2000 LST.
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Figure 13. (a) Averaged 2m temperature over land side in the red rectangle of (d) during the summer 2016. (b) Same as (a) but for the ocean side. (c) The land-sea
thermal contrast. (d) shows where the red box. Here, the temperature are all corrected to sea level. Also, the sea (land) points are excluded during the calculation of
mean surface temperature of land (sea) area.

4.3. Model Prediction of Low-Level Moisture

As pointed out earlier, overprediction of rainfall intensity over southern China is a major issue in the 4 km WRF
forecasts, especially near the southern coastline (see Figure 3). The microphysics scheme used may be responsi-
ble for some of the overprediction (Zhu & Xue 2016). The Morrison double-moment scheme used tends to over-
estimate the raindrop size while the number concentration is close to observations. This can result in excessive
rainfall, especially for heavy rainfall (Furtado et al., 2018; Zhu et al., 2018a). Bias in low-level moisture can have
even more impact on precipitation forecast, as we will see next.

Figures 15 and 16 compare forecast water vapor mixing ratios at 850 hPa, 925 hPa, and the surface to NCEP
FNL analyses. The difference between the WRF forecasts and FNL analyses may be mostly due to boundary and
surface layer physics in the model. Overall, the forecasts overpredicted low-level water vapor content. This is
also confirmed by comparing the forecast with the sounding observations (not shown). Over land, the forecast
overestimates water vapor content at low levels. The longer the forecast range, the larger is the difference between
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Figure 14. Potential temperature of WRF 24 h forecasted and sounding observations at 20 LST during the summer 2016 for the sites (a) 59663, (b) 59316, (c) 59488,

and (d) 59493.

FNL analyses and forecasts. At 1400 LST (18 forecast hours), the forecast water vapor is clearly higher than
that in FNL, especially for the southern slope of the coastal mountains (see Figure 15¢, d) and over ocean (see
Figure 15e, f). The difference over ocean at the surface becomes more obvious around sunset (see Figure 16e,
f). The predicted water vapor over ocean is about 2 g kg~! higher than that of FNL at 2000 LST, whereas this
difference is about 1 g kg~! for most of the ocean area at 1400 LST. Too much moisture fluxes from the ocean
surface should be the main cause. One possibility is that the surface exchange coefficient of moisture fluxes is
not accurately parameterized in the PLX surface layer scheme. Due to the lack of detailed observations over the
ocean, the exact cause is uncertain and is a subject for future investigation. In any case, the significant high bias
in forecast low-level moisture over the ocean is an important reason for the overprediction of rainfall amount over
southern China.
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Figure 15. The mean water vapor mixing ratio during summer 2016 for the NCEP FNLobservations at (a) 850 hPa, (c) 925 hPa, and (e) the surface; (b), (d), and (f)
The same as (a), (c), and (e) but for the 4 km WREF forecast. The observation time is at 1400 LST. The thin black contours represent terrain height at 200 m intervals.
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5. Summary and Future Work

In our previous study, we evaluated the performance of real-time 4 km WRF model forecasts over China during
the summer season (Zhu et al., 2018a). Biases in forecast rainfall over southern China were noticed: the location
of predicted rainfall is shifted off to the southeast and the rainfall intensity is significantly overpredicted. In this
study, we explore the possible factors that lead to such precipitation forecast biases. The forecasts during summer
2016 are examined. We mainly focus on investigating low-level state variables that have direct impacts on the
land-sea and mountain-plain circulations and moisture supply. The biases in these variables and their relationship
with the precipitation forecast biases are inferred.

Over southern China, especially near the coastline, land-sea circulations play important roles in the formation
and propagation of precipitation systems. Owing to high thermal instability and moisture content, together with
coastal topography, moist convection often forms even under weak synoptic conditions. Accurate prediction of
low-level conditions such as the land-sea circulations is critical to successful precipitation forecast in the region.
Compared with observations, the predicted surface winds have a clear eastward bias during the afternoon. This
explains why the forecasts show a higher rainfall amount over the eastern part of Guangdong Province than over
the western part. Further investigation of the land-sea thermal contrast shows that the underprediction of daytime
surface temperature over land is the reason for the weaker onshore winds. The cold bias over land results in weak-
er landsea thermal contrast during the day, which in turn leads weaker sea breeze and eastward wind bias. The
cold bias over land is greatly increased around sunset and persists throughout the night. As a result, the predicted
land breeze is stronger than observed, pushing more precipitation off to the ocean at night.

In addition, we investigate the accuracy of low-level moisture in the forecast. Compared to reanalysis, the water
vapor content is clearly overpredicted over southern China, especially near the southern slope of the coastal
mountains and over ocean. The moist bias is mainly near the surface. The high moisture bias over the ocean that
increases with forecast range indicates that the ocean surface moisture fluxes are overestimated, and too strong
surface winds and error in drag coefficient parameterization are suspected to be the causes. The high moist bias
is another important reason for the overprediction of the precipitation over the coastal regions in southern China.

The current study tries to give the most likely explanations for the biases in precipitation forecasts in the southern
China, but they likely do not cover all possible sources of error. For example, in addition to error in the magnitude
of diurnal wind variations, we also notice that the average prevailing wind speed in PRD is overpredicted over
land. However, the reason is still not clear. Also, the large cold bias over the PRD is believed to be related to the
outdated land-use information in the USGS data set used in the forecasts. To what extent and how the land cover
may affect the temperature forecast and wind circulation over cities and their surrounding area require further
study. Besides, the overestimation of rainfall may lead to negative bias in surface temperature forecast. The inter-
action between temperature and precipitation also needs further investigation. In the future, we plan to carry out
sensitivity experiments to better answer some of the questions, including the use of different parameterization
schemes. The current large forecast domain, 4 km over entire China, requires significant computational resources,
especially when run over full seasons. Representative cases where systematic biases are noticed can be used to
do the investigation first. To better evaluate/verify forecasts of land and ocean surface conditions, and associated
fluxes, better observations will be needed. Some of them are available from special field experiments, and such
data should be fully utilized for the benefit of understanding and improving physics parameterizations. These are
subject for future studies.

Data Availability Statement

The CLDAS land surface analysis data, surface, sounding observations, and as well as the hourly precipitation
observation could be obtained from the website: http://data.cma.cn/. The NCEP 0.25°x0.25° FNL are available at
https://rda.ucar.edu/datasets/ds083.3. The size of original WRF forecasts is very large. Anyone who is interested
could request selected variables via email zhukf@cma.gov.cn.
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