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simulations in which total CAPE is consumed for the clo-
sures, daytime precipitation decreases with increased PBL 
resolution because thinner model layer produces lower con-
vection starting layer, leading to stronger downdraft cool-
ing and CAPE consumption. The sensitivity of the diurnal 
peak time of precipitation to closure assumption can also 
be modulated by changes in PBL vertical resolution. The 
results of this study help us better understand the impacts 
of various processes on the precipitation diurnal cycle 
simulation.

Keywords Precipitation diurnal cycle simulation · 
Convective closure · Boundary-layer resolution · East 
Asia · WRF model

1 Introduction

The diurnal cycle of precipitation is a pronounced clima-
tological phenomenon closely associated with the diur-
nal evolutions of near-surface properties and upper-layer 
large-scale forcing (e.g. Donner and Phillips 2003; Dai 
and Trenberth 2004; Bechtold et al. 2014; Wu et al. 2015). 
The precipitation diurnal variation can have large impacts 
on surface hydrology such as evaporation and runoff and 
thus surface temperature (Dai 1999). Currently, accurate 
modeling of the precipitation diurnal cycle, especially over 
land, remains a big challenge for the climate community. In 
fact, even models with sophisticated physics parameteriza-
tions still have difficulties in reproducing the diurnal vari-
ation of precipitation (e.g. Dai and Trenberth 2004; Yuan 
2013) because the generation of precipitation is controlled 
by many coupled processes among the planetary bound-
ary layer (PBL), cumulus convection, cloud microphysics, 
and so on (e.g. Leung et al. 1999; Arakawa 2004; Cha et al. 

Abstract Closure assumption in convection parameteri-
zation is critical for reasonably modeling the precipitation 
diurnal variation in climate models. This study evaluates 
the precipitation diurnal cycles over East Asia during the 
summer of 2008 simulated with three convective avail-
able potential energy (CAPE) based closure assumptions, 
i.e. CAPE-relaxing (CR), quasi-equilibrium (QE), and 
free-troposphere QE (FTQE) and investigates the impacts 
of planetary boundary layer (PBL) mixing, advection, and 
radiation on the simulation by using the weather research 
and forecasting model. The sensitivity of precipitation 
diurnal cycle to PBL vertical resolution is also examined. 
Results show that the precipitation diurnal cycles simulated 
with different closures all exhibit large biases over land and 
the simulation with FTQE closure agrees best with obser-
vation. In the simulation with QE closure, the intensified 
PBL mixing after sunrise is responsible for the late-morn-
ing peak of convective precipitation, while in the simula-
tion with FTQE closure, convective precipitation is mainly 
controlled by advection cooling. The relative contributions 
of different processes to precipitation formation are func-
tions of rainfall intensity. In the simulation with CR clo-
sure, the dynamical equilibrium in the free troposphere still 
can be reached, implying the complex cause-effect rela-
tionship between atmospheric motion and convection. For 
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2008; Yang et al. 2012, 2015a; Qiao and Liang 2016). As 
a result, evaluation of the simulated precipitation diurnal 
cycle has useful implications not only for the improve-
ment in precipitation prediction but also for the validation 
of model physics parameterizations (e.g. Suhas and Zhang 
2015).

Over East Asia, summer precipitation is featured by 
remarkable diurnal variation that varies from region to 
region because of the spatial heterogeneity in terrain and 
underlying surface type (Qian and Leung 2007; Yu et  al. 
2007; Zhou et al. 2008; He and Zhang 2010). It is found, 
that precipitation amount generally peaks in late afternoon 
over most areas of southern China (SC) and northeastern 
China (NEC), and at midnight over southwestern China (Li 
et al. 2008; Chen et al. 2016). Differently, precipitation over 
central eastern China is featured by two comparable peaks 
in late afternoon and early morning, which respectively 
result from the late-afternoon peak in convective precipita-
tion and the early-morning peak in stratiform precipitation 
(Yuan et al. 2013). Zhou et al. (2008) compared two satel-
lite products of precipitation with rain-gauge records and 
concluded that the diurnal cycles of precipitation intensity 
and frequency are similar to those of precipitation amount 
for most regions in China except for the Yangtze River val-
ley (YRV).

Many previous studies have investigated the perfor-
mance of climate models in simulating the precipitation 
diurnal cycle including that over East Asia (e.g. Dai and 
Trenberth 2004; Yuan 2013). Among different model phys-
ics, convection parameterization scheme (CPS) has been 
found to be the main source of error in the simulated pre-
cipitation diurnal variation, and the skills of different CPSs 
are highly regime dependent (Liang et al. 2004; Yuan 2013; 
Qiao and Liang 2016). Dai and Trenberth (2004) showed 
that in version 2 of the community climate system model, 
convection occurs too early over land when compared with 
observation. By applying the weather research and forecast-
ing (WRF) model, Jin et al. (2016) revealed that the diurnal 
phase of convective precipitation over East Asia is not sen-
sitive to horizontal resolution but exhibits large response to 
the modifications of CPSs. Zhang and Chen (2016) evalu-
ated the results of the superparameterized CAM5 (i.e. the 
community atmospheric model version 5) and the stand-
ard CAM5 that applies the Zhang–McFarlane (ZM) CPS, 
showing that the latter is unable to reproduce the differ-
ent stages of convection and produces a too early peak in 
precipitation over continental East Asia. Qiao and Liang 
(2015) found that the Grell scheme (Grell 1993) performs 
better in simulating the precipitation diurnal cycle over the 
Central United States compared to other CPSs.

In CPSs, closure assumption is the most fundamen-
tal component as it determines the intensity of convection 
for each model grid point at each time (Yano et al. 2013; 

Zhang 2002; Wu 2012; Suhas and Zhang 2015). Yuan 
(2013) attributed the biases in the precipitation diurnal 
cycle over China in different AMIP5 (i.e. atmospheric 
model intercomparison project phase 5) models to the 
CPSs, in which the convective closures largely control the 
precipitation diurnal cycle. The convective closure is usu-
ally dependent on the convective available potential energy 
(CAPE) (Arakawa and Schubert 1974; Kain and Fritsch 
1993; Zhang and McFarlane 1995), environmental upward 
vertical velocity (Brown 1979; Frank and Cohen 1987), 
or moisture advection or convergence (Krishnamurti et al. 
1983). A review by Yano et  al. (2013) suggested that the 
low-to-middle troposphere moisture is important for con-
vective intensity when CAPE is small, but becomes less 
important when large CAPE variation exists. However, 
they also pointed out that it is more nature to take an energy 
(e.g. CAPE) cycle of convection as the base for closure. 
Convective instability or CAPE can be affected by both 
fast-varying processes in the PBL and large-scale forcing in 
the free troposphere. Arakawa and Schubert (1974) intro-
duced the quasi-equilibrium (QE) concept that the convec-
tion-induced stabilization and the destabilization by non-
convective processes in the whole atmospheric column are 
in balance. Raymond (1995) and Emanuel (1995) proposed 
a different version of QE, in which an equilibrium is sus-
tained between surface fluxes and convective downdrafts 
in the PBL. Observational analysis by Zhang (2002), how-
ever, showed that the contribution of PBL fluxes to CAPE 
change is much larger than that by convection at subdiurnal 
timescales in midlatitudes. Thus, he proposed a modified 
QE assumption, i.e. CAPE change by convective and large-
scale processes in the free troposphere above the PBL are 
in balance. However, he also pointed out that the PBL forc-
ing is still important given that the PBL is the source layer 
of convective updraft and the sink of convective downdraft. 
To better represent the precipitation diurnal variation in 
large-scale models, Bechtold et al. (2014) developed a new 
CAPE-type closure based on the QE assumption for the 
free troposphere but with the boundary forcing also consid-
ered. With the new closure, the precipitation diurnal phases 
over the continental United States and Africa are signifi-
cantly improved.

Previous studies about the convective closure impacts 
on the precipitation diurnal cycle simulation over East 
Asia were mainly conducted using different models with 
various differences in model physics and dynamical con-
figurations such as horizontal and vertical resolutions. 
The purpose of this study is to evaluate and compare the 
simulated diurnal cycles over East Asia with three differ-
ent CAPE-based closures in the ZM CPS in WRF. Here, 
WRF is reinitiated every day so as to isolate the impacts of 
convective closure from that potentially induced by drifts 
in large-scale circulations. We also intend to investigate the 
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relative contributions of different atmospheric processes 
(i.e. advection, radiation, and PBL processes) to the pre-
cipitation diurnal cycles simulated with different closures. 
In addition, given the importance of PBL forcing on con-
vection properties (e.g. Zhang 2002; Donner and Phillips 
2003; Dai and Trenberth 2004), model vertical configu-
ration, particularly in the PBL, is expected to have large 
impacts on the diurnal evolution of the convective source 
layer properties and downdraft cooling effect. Therefore, 
we also explore the potential impacts of the PBL vertical 
resolution on the precipitation diurnal cycles simulated by 
different closures.

The paper is organized as follows: Sect.  2 describes 
the applied convective closures, WRF model configura-
tions, and datasets. In Sect.  3 we evaluate the simulated 
precipitation diurnal cycles over East Asia with different 
closures and analyze the relative contributions of the PBL 
and free-troposphere processes to the precipitation forma-
tion. The impacts of vertical resolution in the PBL on the 
simulated precipitation and their underlying mechanisms 
are also explored. A summary of the main findings is given 
in Sect. 4.

2  Model experiments, dataset, and methods

2.1  Convective closure

CAPE is a physical measure of convective instability (Yano 
et al. 2013), which is defined as the vertical integral of the 
difference in virtual temperature (i.e. buoyancy) between 
the air parcel and the environment as the parcel is lifted 
from its source layer to the level of neutral buoyancy. In the 
ZM CPS, the lifted parcel is diluted by its environmental 
air, which is introduced by Neale et al. (2008).

Following the convention in Zhang (2002), the net 
change in CAPE is the sum of changes induced by convec-
tive processes and by large-scale processes (denoted by 
subscripts cu and ls, respectively):

Also, CAPE change can be written as the sum of 
changes due to virtual temperature tendencies of the air 
parcel and its environment (denoted by subscripts p and e, 
respectively):

The first term on the right hand is generally determined 
by changes in the PBL properties, while the second term 
is mainly controlled by virtual temperature changes in the 
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free troposphere induced by convection and large-scale 
forcing such as advection and radiative processes.

Because convective and large-scale processes can affect 
both the thermal properties of the air parcel and its environ-
ment, the net change in total CAPE can further be broken 
into four components:

The four components are contributed by (1) change of 
PBL virtual temperature from convective processes, (2) 
change of PBL virtual temperature from large-scale pro-
cesses, (3) change of free-troposphere virtual temperature 
from convective processes, and (4) change of free-tropo-
sphere virtual temperature from large-scale processes.

In the below, we briefly introduce the three different 
CAPE-based closures based on the concepts of CAPE-
relaxing (CR), QE, and free-troposphere QE (FTQE).

In the QE assumption, CAPE change induced by con-
vective processes and that by non-convective processes are 
in balance:

Based on field observations derived from the atmos-
pheric radiation measurement, Zhang (2002) proposed the 
FTQE assumption, in which CAPE change by convective 
and large-scale processes in the free troposphere above the 
PBL are in balance:

Another common CAPE-type closure is based on the CR 
concept, in which the total CAPE is relaxed to a reference 
value (i.e. CAPE0) over a specified time � (e.g. Kain and 
Fritsch 1993; Zhang and McFarlane 1995):

2.2  Model and experiments

The advanced research WRF model version 3.7.1 (Skama-
rock et al. 2008) is used. All the WRF experiments apply 
the ZM CPS (Zhang and McFarlane 1995), which is 
adopted from the CAM5 physics (Ma et  al. 2014) and is 
the basis for the CPSs in many other general circulation 
models (GCMs) (e.g. Wu et  al. 2010; Bao et  al. 2013; Ji 
et al. 2014). The CR closure is the standard configuration 
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in the ZM CPS in WRF3.7.1 (Zhang and McFarlane 1995; 
Ma et al. 2014). We also incorporate the QE and FTQE clo-
sures into the ZM CPS. Here, CAPE tendency by non-con-
vective processes is calculated as the sum of CAPE change 
induced by advection, radiation, and PBL processes. The 
contribution of each process is also diagnosed.

Different closures are generally tied with different trig-
ger functions for convection, which can have large impacts 
on the simulated precipitation diurnal cycle (e.g. Suhas and 
Zhang 2014). In this study, the corresponded trigger func-
tion for the CR closure is:

Here,  CAPE0 is set as the default value of 70 J kg−1 in 
the ZM CPS in WRF (Ma et  al. 2014). We also need to 
specify the value of � (in Eq. 6), a time scale during which 
the total CAPE is relaxed to  CAPE0 by convection. Previ-
ous sensitivity studies (e.g. Yang et al. 2013) showed that 
� is a key parameter for the precipitation simulation in 
CAM5. Following the definition in WRF, � is set as a func-
tion of horizontal grid spacing Δx:

where �min = 600 s, �max = 3600 s, and Δx0 = 275 km. With 
this formula, the ZM CPS can remove CAPE quickly 
enough in fine-resolution simulations.

For the QE (FTQE) closure, convection is activated 
when there exists a positive CAPE tendency induced by 
large-scale processes in the whole atmospheric column (in 
the free troposphere).

Many other trigger functions have been tested by pre-
vious studies. For example, Lee et al. (2008) revealed that 
the distance from cloud base to convection starting level 

(7)CAPE > CAPE0.

(8)� = max(�min, �max ⋅
Δx

Δx0
),

(CSL) must be less than 150  hPa, so as to realistically 
simulate the nocturnal rain over the US Great Plaines. 
In Wu scheme (Wu 2012), convection can only be acti-
vated when the CSL air is sufficiently moist, i.e., the rela-
tive humidity (RH) at CSL is above 70%. Given that the 
impacts of convective closure on precipitation could be 
modulated by using different convection triggers, for each 
closure we conduct two experiments with the RH restric-
tion (as in Wu scheme) off and on in the trigger function. 
Besides the above experiments, we also conduct an addi-
tional simulation in which convection is entirely prohib-
ited to aid the analysis.

Different vertical resolutions in the PBL are config-
ured to explore the potential impacts of vertical resolution 
on the precipitation diurnal cycle. In the low-resolution 
experiments, there are 34 layers from the surface to 50 hPa 
with about five layers in the lowest 200  m and ten layers 
in 200–2000 m. Two high-resolution experiments are con-
ducted, respectively with five additional vertical layers in 
0–200 and 200–2000 m above the surface against the low-
resolution experiments. More details about the experimen-
tal configurations are listed in Table 1.

The model domain (Fig.  1) covers most parts of the 
Asian summer monsoon region and encompasses approx-
imate 10°–55°N and 75°–165°E, with a horizontal grid 
spacing of 100 km. A relatively low horizontal resolution 
is used because the ZM CPS is primarily developed for 
GCMs that are usually run at resolutions of 1°–2°. Mete-
orological fields such as temperature, water vapor, and 
geopotential height used for generating the initial and 
boundary conditions are provided by the National Cent-
ers for Environmental Prediction (NCEP) operational 
global final (FNL) analyses with a 1° × 1° grid spacing 
and 6-h interval (http://rda.ucar.edu/datasets/ds083.2/). 

Table 1  A list of experiments 
and corresponded convective 
closures, trigger functions, and 
vertical resolutions in the PBL

a Corresponded trigger function: CAPE > 70 J Kg−1

b Corresponded trigger function: CAPE > 0 J Kg−1 and 
(

𝜕CAPE

𝜕t

)

ls

> 0

c Corresponded trigger function: CAPE > 0 J Kg−1 and 
(

𝜕CAPEe

𝜕t

)

ls

> 0

Experiments Closure assumption With RH restriction 
in trigger function?

PBL vertical resolution

CR CR  assumptiona No Low
CR_H200/CR_H2000 CR assumption No High in 0–200/200–2000 m
CR_RH CR assumption Yes Low
QE QE  assumptionb No Low
QE_H200/QE_H2000 QE assumption No High in 0–200/200–2000 m
QE_RH QE assumption Yes Low
FTQE FTQE  assumptionc No Low
FTQE_H200/FTQE_H2000 FTQE assumption No High in 0–200/200–2000 m
FTQE_RH FTQE assumption Yes Low
NONE – – Low
NONE_H200 – – High in 0–200 m

http://rda.ucar.edu/datasets/ds083.2/
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Sea surface temperature is also prescribed from the FNL 
analysis and updated every 6 h.

In WRF, the ZM CPS can only be used with two PBL 
schemes, i.e. the Mellor–Yamada–Janjić (MYJ, Janjić 
2002) scheme and the University of Washington (UW, 
Bretherton and Park 2009) scheme. Test experiments 
showed that WRF always crashes with the UW PBL 
scheme when a very high vertical resolution in the PBL 
is used. As a result, the MYJ PBL scheme is used in this 
study. Other model physics packages applied here include 
the UW shallow convection scheme (Park and Brether-
ton 2009), the Morrison 2-Moment microphysics scheme 
(Morrison et  al. 2005), the radiation scheme of the rapid 
radiative transfer model for general circulation models 
(Barker et al. 2003; Pincus et al. 2003), the Noah Land Sur-
face Model (Chen and Dudhia 2001), and the Eta surface 
layer scheme (Janjić 1994, 2002).

Dai (1999) pointed out that the interannual variabil-
ity in the diurnal cycle of summer precipitation over the 
contiguous United States is small. The same situation is 
found over East Asia (see Sect. 3.2). Therefore, all experi-
ments are conducted for only one summer, i.e. 1 June to 31 
August 2008. Because of the fast increasing of the simu-
lation errors in large-scale circulation, all experiments are 
reinitialized every day following Yang et al. (2012). Here, 
for each day from 1 June to 31 August 2008, WRF is inte-
grated for 36 h, with the first 12 h discarded as model spin-
up and the results of the last 24 h of each day concatenated 
as a continuous time series. This strategy helps to minimize 
the differences in large-scale circulations among different 
experiments and better reflect the responses of the precipi-
tation diurnal cycle simulation to the changes in convective 
closure.

2.3  Dataset

Satellite-retrieved precipitation products from the Global 
Precipitation Climatology Project (GPCP, available at 
http://www1.ncdc.noaa.gov/pub/data/gpcp/1dd-v1.2; 

Huffman et al. 2001) and Tropical Rainfall Measuring Mis-
sion (TRMM, Huffman et al. 2007) for the period of 1 June 
to 31 August 2008 are used. GPCP precipitation (1°, daily) 
is derived from multiple satellite-retrieved products and has 
been verified against surface rain-gauge records. Precipita-
tion products from TRMM 3B42 version 7 (referred to as 
TRMM3B42; available at ftp://disc2.nascom.nasa.gov/data/
TRMM/Gridded; Huffman et al. 2007; Huang et al. 2016) 
with a spatial resolution of 0.25° and a temporal resolution 
of 3  h are applied to evaluate the simulated precipitation 
diurnal cycle. In addition to the satellite precipitation prod-
ucts, we also use the hourly data from station rain gauges, 
which is acquired from the National Meteorological Infor-
mation Center of China Meteorological Administration.

Rainfall events detected by TRMM precipitation radar 
(PR) can be classified into different precipitation types, 
e.g., convective and stratiform precipitation, based on the 
horizontal and vertical variability and maximum values 
of the observed radar reflectivity (Kozu et al. 2001; Schu-
macher and Houze 2003; Yang et  al. 2013). The TRMM 
convective precipitation and model convective precipitation 
share many common features despite of some inconsist-
ences between them. In mass-flux type CPSs including the 
ZM scheme, precipitation is generated once the convective 
updrafts can penetrate through the unstable layers to a cer-
tain height (Zhang and McFarlane 1995; Kain 2004). Thus, 
CPSs tend to parameterize the unresolved component of 
the moist convective process (Arakawa 2004) and the simu-
lated precipitation and associated condensation heating 
profiles can be taken into account as convective type. Actu-
ally, the TRMM convective precipitation has been used 
for model evaluation and calibration in previous studies 
(e.g. Yuan 2013; Yang et al. 2013). So we believe that the 
simulated convective precipitation, especially at relatively 
coarse resolution as in this study, is in accordance with our 
understanding about the definition of convective precipita-
tion in the real atmosphere. Here, we use the TRMM PR 
2A25 (referred to as TRMM2A25) dataset (37°S–37°N; 
available at http://disc.sci.gsfc.nasa.gov/precipitation/

Fig. 1  WRF Model domain 
(dashed boxes) with grid spac-
ing of 100 km. Solid boxes 
denote the 5 sub-regions of 1 
southeastern Southern China 
(SC), 2 middle Yangtze River 
valley (YRV), 3 Northern China 
plain (NCP), 4 Sichuan Basin 
(SCB), and 5 central Tibet 
Plateau (TP). Shades indicate 
the terrain

http://www1.ncdc.noaa.gov/pub/data/gpcp/1dd-v1.2
ftp://disc2.nascom.nasa.gov/data/TRMM/Gridded
ftp://disc2.nascom.nasa.gov/data/TRMM/Gridded
http://disc.sci.gsfc.nasa.gov/precipitation/documentation/TRMM_README/TRMM_2A25_readme.shtml/
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documentation/TRMM_README/TRMM_2A25_readme.
shtml/) to obtain the diurnal variation of convective pre-
cipitation. Although different precipitation datasets are 
used, this study mainly focuses on the comparison of the 
convective precipitation simulated by different convective 
closures.

2.4  Analysis method

Satellite-retrieved and station rain-gauge precipitation 
products are first regridded onto the model grid points. 
Following Zhou et  al. (2008), precipitation frequency is 
calculated as the percentage of all hours in the summer of 
2008 having measurable precipitation for each grid box 
and each hour. In this study, measurable precipitation is 
defined as >0.1  mm  h−1 that is the minimum precipita-
tion amount recorded in the rain-gauge data. Precipitation 
intensity is computed as the mean rates averaged during 
the precipitating hours. Rainy events for each hour are fur-
ther classified into five categories based on their hourly 
rainfall amounts, i.e. none-rain (<0.1  mm  h−1), light-rain 
(0.1–2.5  mm  h−1), moderate-rain (2.5–7.6  mm  h−1), and 
heavy-rain (>7.6 mm h−1) events, which are following the 
definitions in the website of https://en.wikipedia.org/wiki/
Rain#Intensity.

3  Results

3.1  Spatial distribution of precipitation amount

The total precipitation amounts during the summer of 2008 
simulated with different convective closures are evaluated 
against GPCP and TRMM3B42 products (Fig. 2). Overall, 
the precipitation from the two satellite products (Fig.  2a, 
b) are comparable in terms of magnitude and spatial pat-
tern, except that the precipitation amount in TRMM3B42 
is a little larger than that in GPCP. In observation, rainfall 
centers with large precipitation amount can be found over 
the Bay of Bengal, the South China Sea, and their coastal 
areas. There is a rain band extending from eastern China 
to Japan. A separate rain band can also be detected in the 
ocean areas to the east of Japan. Because large-scale circu-
lation and temperature fields were reinitiated every day, the 
simulations with different closures all reasonably reproduce 
the spatial distribution of precipitation as that in observa-
tion. However, large differences in the magnitudes of the 
simulated precipitation are found among different experi-
ments. In the CR experiment in which the CR closure is 
used (Fig.  2c), precipitation magnitude is underestimated 
over most land and ocean regions compared to observa-
tions. Among all the experiments, the QE experiment 
simulates the largest precipitation amount, with apparent 

overestimation of precipitation over ocean areas, particu-
larly over the southern and eastern lateral boundary areas 
of model domain. Compared to the CR experiment, the 
precipitation amount in the FTQE experiment is relatively 
larger over oceans. When the RH restriction (i.e. RH > 70% 
at CSL) is considered in the trigger function, the simulated 
precipitation amounts are reduced for all the experiments 
with different closures; however, the changes by using dif-
ferent trigger functions are not as large as those induced by 
using different convective closures.

3.2  Precipitation diurnal cycle

The simulated precipitation diurnal variations are further 
evaluated. The spatial distributions of summertime precipi-
tation diurnal phases, in terms of amount, frequency, and 
intensity (see Sect.  2.4) in TRMM3B42 and rain-gauge 
data are shown in Fig. 3. The results show that the precipi-
tation diurnal features vary from region to region. For each 
observation, i.e. TRMM3B42 or rain-gauge data, the results 
in 2008 are overall similar to that averaged in 2008–2010, 
indicating that the year-to-year variation in precipitation 
diurnal phases is small, similar to the condition over the 
contiguous United States (Dai 1999). In TRMM3B42, pre-
cipitation amount over most land areas (Fig.  3a, d) peaks 
from late afternoon to early evening (indicated by hue in 
Fig. 3) except for over the Sichuan Basin (SCB, see Fig. 1 
for locations) and the southern side of TP, consistent with 
what have been found by previous studies (e.g. Yu 2007; Li 
et al. 2008; Zhou et al. 2008; Chen et al. 2016). For most 
parts of SCB, precipitation amount peaks at midnight or 
early morning. For ocean regions, precipitation amount 
generally peaks at early morning. Similar to the results 
based on precipitation amount, precipitation frequency 
generally peaks from noon to late afternoon except for over 
SCB (Fig.  3b, e). Compared to precipitation frequency, 
apparent midnight peaks of precipitation intensity (Fig. 3c, 
f) can be found over northern China plain (NCP), YRV, and 
SCB.

In the rain-gauge data, precipitation amount (Fig. 3g, j) 
peaks at afternoon over SC, midnight over SCB, and late 
afternoon to early evening over TP, which is quite similar to 
the TRMM3B42 results. Over YRV and NCP, however, the 
midnight or early-morning peaks are more obvious in rain-
gauge data than in TRMM3B42 because of the deficiency 
of the satellite products in detecting the morning peak of 
precipitation (Zhou et  al. 2008).The spatial distributions 
of precipitation frequency and intensity based on the rain-
gauge data is generally consistent with the TRMM3B42 
results.

The spatial distributions of precipitation diurnal phases 
during the summer of 2008 simulated with different clo-
sures are compared in Fig.  4. Apparent differences in 

http://disc.sci.gsfc.nasa.gov/precipitation/documentation/TRMM_README/TRMM_2A25_readme.shtml/
http://disc.sci.gsfc.nasa.gov/precipitation/documentation/TRMM_README/TRMM_2A25_readme.shtml/
https://en.wikipedia.org/wiki/Rain#Intensity
https://en.wikipedia.org/wiki/Rain#Intensity
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the peak time of precipitation are found among different 
experiments. In the CR experiment (Fig. 4a), precipitation 
amount peaks at around late afternoon over TP and Indo-
china. Remarkable south-to-north difference in the diur-
nal phase of precipitation amount can be found in eastern 
China (20°–40°N and 113°–122°E). Precipitation amount 
reaches its maximum at afternoon in SC, while at noon 
in YRV. Precipitation amount in NEC (40°–46°N and 
118°–130°E) is mostly featured by a noon-time peak. Dif-
ferent from precipitation amount, precipitation frequency 
(Fig. 4b) in the CR experiment is featured by late-afternoon 
peaks over SC, NEC, and TP and noon peaks over YRV 
and NCP. By contrast, precipitation intensity peaks at mid-
night or early morning for most parts of China.

In the QE experiment, precipitation amount over land 
(Fig. 4d) generally peaks from late morning to noon with 

large diurnal variation amplitude (indicated by saturation 
in Fig. 4). The spatial distribution of precipitation amount 
is similar to that of precipitation frequency and intensity 
(Fig. 4e, f).

In the FTQE experiment, precipitation amount peaks 
from late afternoon to early evening (green color in Fig. 4g) 
for most land regions; this is mainly because of the large 
precipitation frequency at around 2000LST (Fig.  4h). In 
NCP and SCB, diurnal peaks of precipitation amount can 
be found at midnight or early morning as observed, which 
is mainly due to the large precipitation intensity during 
nighttime (Fig. 4i).

In all the experiments, precipitation amount generally 
peaks at early morning over oceans, particularly over the 
near-land areas. However, the inter-simulation differences 
in precipitation diurnal phases are more apparent over land 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 2  Spatial distribution of total precipitation in the summer of 2008 from GPCP (a), TRMM3B42 (b), and the CR (c), CR_RH (d), QE (e), 
QE_RH (f), FTQE (g), and FTQE_RH (h) simulations



1646 B. Yang et al.

1 3

than over ocean regions. The CR and QE experiments fail 
to reproduce the diurnal variation of precipitation over land 
shown in observations (Fig.  3). Contrastingly, the FTQE 
experiment shows better agreements with observations in 

terms of precipitation amount, which is overall consistent 
with previous findings based on the results over China and 
over the United States (Yuan 2013; Qiao and Liang 2015, 
2016).

(a) (b)

(d) (e)

(c)

(f)

(g) (h)

(j) (k)

(i)

(l)

Fig. 3  Spatial distribution of diurnal peak time (LST Time; indicated 
by hue) and diurnal variation amplitude (indicated by saturation) for 
summertime total precipitation amount (left), frequency (center), and 

intensity (right) in TRMM3B42 (a–c 2008, d–f 2008–2010) and in 
station rain-gauge data (g–i 2008, j–l 2008–2010)
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In Fig. 5 we also evaluate the simulated precipitation 
diurnal cycles (normalized values) against observations 
at five sub-regions (see Fig.  1) with different precipita-
tion characteristics (e.g. Zhou et  al. 2008; Chen et  al. 
2016). In observations (black curves and dots in Fig. 5), 
precipitation amount peaks at afternoon over southern SC 
(Fig. 5a). Over middle YRV (Fig. 5d) and NCP (Fig. 5g), 
precipitation amount is featured by two peaks, one at 
afternoon and the other one in the early morning. Pre-
cipitation amount peaks at midnight over SCB (Fig.  5j) 
and early evening over central TP (Fig.  5m). For most 
regions, the afternoon peaks of precipitation amount in 

observations are generally because of the high precipi-
tation frequency at afternoon (center column in Fig.  5), 
while the midnight peaks are due to the large precipita-
tion intensity at night (right column in Fig. 5). The high 
occurring frequency of nighttime precipitation over SCB 
(Fig.  5k) also contributes to the nighttime peak of pre-
cipitation amount there (Fig. 5j).

Similar to the results in Fig.  4, the FTQE experiment 
(green curves in Fig.  5) agrees best with observations 
in terms of the diurnal cycle of precipitation amount for 
most sub-regions. However, the performances of differ-
ent closures in simulating the precipitation frequency and 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 4  Spatial distribution of diurnal peak time (LST Time; indicated 
by hue) and diurnal variation amplitude (indicated by saturation) 
for total precipitation amount (left), frequency (center), and inten-

sity (right) in the summer of 2008 from the CR (a–c), QE (d–f), and 
FTQE (g–i) simulations



1648 B. Yang et al.

1 3

intensity are dependent on locations, and none of them is 
superior to others for all the sub-regions.

The diurnal feature of convective precipitation can 
be different from that of total precipitation. Figure  6 pre-
sents the spatial distribution of nighttime (2300–0500 
Beijing time) minus daytime (1100–1700 Beijing time) 

precipitation amount during the summer of 2008 in 
observations (TRMM3B42 for total precipitation and 
TRMM2A25 for convective precipitation) and simulations 
with different closures. Similar results can be found when 
nighttime (daytime) is defined as 2000–0700 (0800–1900) 
Beijing time. It should be noted that nighttime or daytime 

(a) (b) (c)

(d) (e) (f)

(j) (k) (l)

(m) (n) (o)

(g) (h) (i)

Fig. 5  Diurnal variations (normalized by the daily mean and stand-
ard deviation) of precipitation amount (left), frequency (center), and 
intensity (right) over different sub-regions (see Fig. 1) in the summer 

of 2008 from observations of TRMM3B42, station records, and the 
CR, QE, and FTQE simulations
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here is defined based on Beijing time (rather than LST) 
so as to simplify the manipulation of TRMM data at 3-h 
interval. In TRMM3B42, daytime precipitation is larger 
than nighttime precipitation over SC, while more nighttime 
precipitation than daytime precipitation is found over SCB 

and parts of NCP; these distributions are consistent with 
the results in Figs. 3a and 5. All the three experiments with 
different closures (Fig. 6c, e, g) can reproduce the daytime-
nighttime difference of precipitation in SC. However, only 
the CR and FTQE experiments (Fig.  6c, g) can partially 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 6  Nighttime (2300–0500 Beijing time) minus daytime (1100–1700 Beijing time) precipitation amount for total (left) and convective (right) 
precipitation in the summer of 2008 from TRMM3B42/TRMM2A25 (a, b), and the CR (c, d), QE (e, f), and FTQE (g, h) simulations
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simulate the nocturnal precipitation in SCB and NCP. The 
distribution of convective precipitation in TRMM2A25 
(Fig.  6b) is almost similar to that of total precipitation 
over land, i.e. more daytime precipitation in SC while 
more nighttime precipitation over SCB. On the contrary, 
the results simulated by all the closures are generally fea-
tured by negative differences between nighttime and day-
time over land, except for some sporadic areas in the CR 
and FTQE (Fig. 6d, h) experiments. Yuan (2013) revealed 
that the well simulated precipitation diurnal phases in some 
models are mainly because of their high performance in 
simulating the partitioning between convective and strati-
form precipitation, rather than the well simulated diurnal 
variation of convective precipitation. The comparison in 
Fig.  6 indicates that the nocturnal precipitation over SCB 
and NCP in the CR and FTQE experiments are mainly con-
tributed by stratiform precipitation from the microphys-
ics scheme. In the QE experiment, by contrast, the ratio 
of stratiform to total precipitation is very small due to the 
QE closure producing too much convective precipitation. 
Because convective precipitation is the main focus of this 
study, only the diurnal features of convective precipitation 
during the summer of 2008 are analyzed in the following 
sections.

Figure 7 presents the diurnal variation of convective pre-
cipitation amount, frequency, and intensity over different 
sub-regions (Fig. 1) simulated with different closures. Dif-
ferent from the results based on total precipitation (Figs. 4, 
5), the diurnal variation of convective precipitation shows 
relatively weak regional dependence. In the CR experi-
ment (red curves in Fig. 7), convective precipitation peaks 
from noon to afternoon over all the sub-regions. In the QE 
experiments (blue curves in Fig.  7), convective precipita-
tion amount generally peaks at around 1000–1200LST over 
all the sub-regions. Among the three closures, the QE clo-
sure simulates the largest convective precipitation amount 
during daytime but the smallest one during nighttime, lead-
ing to the large amplitude in precipitation diurnal change 
(Fig. 4d). In the FTQE experiment (green curves in Fig. 7), 
convective precipitation amount peaks at 1600–1700LST 
for all the sub-regions.

In the CR experiment, the diurnal variation of convec-
tive precipitation frequency are similar to that of convec-
tive precipitation amount, with diurnal peak from noon to 
afternoon when CAPE is large (shown later). By contrast, 
the diurnal cycle of precipitation intensity is different 
from that of precipitation amount or CAPE although con-
vection intensity is strictly determined by CAPE values 
in the CR closure (Eq. 6). It is found that the precipita-
tion intensity during nighttime is even stronger than that 
during daytime over NCP and SCB. Further inspection 
indicates that the stronger rainfall intensity during night-
time is due to the higher convection base at night that is 

closely related to the strength of downdraft cooling (dis-
cussed later in Sect. 3.4). In the QE experiment, the diur-
nal phases of precipitation frequency and intensity are 
consistent with that of precipitation amount for all the 
sub-regions. In the FTQE experiment, precipitation fre-
quency generally peaks at late afternoon. Differently, the 
peak time of precipitation intensity is about 3  h earlier 
than that of precipitation frequency.

As aforementioned, the CAPE consumption time 
scale � is a key parameter for precipitation simula-
tion when the CR closure is used (e.g. Yang et al. 2012, 
2013; Qian et al. 2015). Arakawa (2004) pointed out that 
when � becomes very small, the results using the CR 
closure would be similar to that using the QE closure. 
Hence, the simulated precipitation diurnal cycle could be 
altered by changing the value of � in the CR closure as 
it determines the consumption and accumulation rates of 
CAPE and consequently the diurnal cycles of CAPE and 
precipitation.

The simulated diurnal cycle of precipitation amount in 
the FTQE experiment is not consistent with previous find-
ings (e.g. Yuan 2013), which is probably because a very 
loose requirement is used to define the trigger function 
here. When the precondition of RH >70% (see Sect. 2.2 
and Table  1) is added in the trigger function, the simu-
lated diurnal cycle of precipitation, in terms of amount, 
frequency, and intensity, can be altered to a large extent 
(Fig. 8). For the sake of brevity, only the results in east-
ern China (20°–40°N and 113°–122°E) are shown here. 
During daytime, convective precipitation is remarkably 
reduced when the RH restriction is used in all the experi-
ments with different closures (dashed curves in Fig.  8). 
On the contrary, nighttime precipitation is not sensi-
tive to the RH restriction because RH values are usually 
above 70% at night. When the RH restriction is included 
in the CR experiment, the diurnal feature of convective 
precipitation becomes more complicated, with two peaks 
of precipitation amount at late morning (1000LST) and 
late afternoon (1800LST). When the RH restriction is 
used associated with the QE closure, the peak time of 
convective precipitation amount is not changed although 
daytime precipitation is considerably reduced. In the 
FTQE experiment, including the RH restriction remark-
ably reduces the amplitude of diurnal change in convec-
tive precipitation. Figure 8b shows that the decreases in 
daytime precipitation are mainly because of the reduced 
precipitation frequency during daytime. However, day-
time precipitation intensities are increased when the RH 
restriction is used (Fig.  8c), which is probably because 
weak convection is suppressed while strong convection 
can still occur in the model.
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3.3  Impacts of CAPE on precipitation

The convective precipitation diurnal cycle is highly corre-
lated to the diurnal evolution of CAPE or CAPE tendency. 
In the QE experiment, convection intensity is determined 
by the change in total CAPE caused by large-scale advec-
tion, radiative, and PBL processes (Fig. 9). It is clear that 

the change in total CAPE (black curve in Fig.  9) reaches 
its maximum value at around 1100–1400LST, correspond-
ing to the peak time of convective precipitation amount and 
intensity (blue curves in Fig.  7). As Zhang (2002) stated, 
the change in total CAPE is mainly contributed by the PBL 
mixing process (red curve in Fig.  9), which is the main 
source of the increment in total CAPE during daytime. By 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

Fig. 7  Diurnal variations of convective precipitation amount (left), frequency (center), and intensity (right) over different sub-regions (see 
Fig. 1) in the summer of 2008 from the CR, QE, and FTQE simulations
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contrast, the total CAPE changes induced by advection and 
radiation are much weaker than that by the PBL process.

In the FTQE experiment, CAPE change due to tem-
perature or humidity change at CSL is not used in the 
closure and only the changes of air properties in the free 
troposphere (or layers above CSL in the model) can directly 
affect convection intensity. As shown in Fig.  10, CAPE 
change due to free-troposphere processes are dominated by 

advection processes (green curve in Fig. 10), which shows 
a diurnal peak at late afternoon. The PBL and radiation 
processes generally cause negative change in CAPE during 
daytime because they act to warm the air above CSL (fig-
ure not shown). At night, radiation process produces a posi-
tive change in CAPE because of the radiation cooling effect 
(figure now shown).

To better understand the impacts of different processes 
on the simulated convective precipitation, rainy events are 
classified into different categories based on their hourly 
rainfall amount (see Sect.  2.4, only convective precipita-
tion amount is used for the classification). We compare 
the changes of total CAPE induced by different processes 
during events at different rain rates in the QE experiment 
(Fig.  11). During daytime (Fig.  11a), PBL processes play 
the most important role in CAPE change for all the rainy 
events at different rates. Advection may play some role 
on convection with strong intensity. During nighttime 
(Fig.  11b), the magnitude of CAPE change necessary for 
producing a strong event is much less than that during day-
time. For instance, on average, the change in total CAPE 
reaches 6000  J  kg−1  h−1 during heavy-rain events in day-
time, while only about 2500 J kg−1 h−1 in nighttime. This 
phenomenon is related to the diurnal change in the convec-
tion base height as aforementioned and will be discussed 
later (Sect.  3.4). Different from the condition in daytime, 
large-scale advection becomes more important for the 
total CAPE change at night, particularly during heavy-rain 
events.

In the FTQE experiment (Fig.  12), stronger rainfall 
events are usually associated with larger changes in CAPE 
due to free-troposphere processes. During both daytime 
and nighttime, advection is the main process that deter-
mines the intensity of convection. Different from the results 
in QE, for a given rain category, e.g. heavy-rain events, 
the magnitude of CAPE change during nighttime is com-
parable to that during daytime. This is mainly because in 
the FTQE experiment, the cooling at CSL from downdraft 
has nearly no effect on the simulated convection intensity, 
and precipitation intensity is generally proportional to the 

(a) (b) (c)

Fig. 8  Diurnal variations of convective precipitation amount (a), frequency (b), and intensity (c) over eastern China (20°–40°N and 113°–
122°E) in the summer of 2008 from the CR/CR_RH, QE/QE_RH, and FTQE/FTQE_RH simulations

Fig. 9  Diurnal variations of CAPE tendency induced by different 
atmospheric processes over eastern China in the summer of 2008 
from the QE simulation

Fig. 10  Diurnal variations of CAPE tendency in the free troposphere 
induced by different atmospheric processes over eastern China in the 
summer of 2008 from the FTQE simulation
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condensation heating rate in the free troposphere, which is 
used to close the CPS.

In fact, different processes such as convection, PBL mix-
ing, and advection can interact with each other so as to sus-
tain a dynamical equilibrium in the atmosphere (Table 2). 
For instance, compared to the FTQE experiment, the con-
vection-induced CAPE change in the CR or QE experi-
ment is relatively stronger, which in turn intensifies the 
air mixing in the PBL. It is also found (Table  2), that in 
the CR experiment, CAPE change in the free-troposphere 
from advection is nearly balanced by that from convection 
(even at hourly scale, results not shown), indicating the 
FTQE assumption still holds though it is not used in the CR 
closure.

3.4  Sensitivity to model vertical resolution

Model vertical resolution particularly that in the PBL can 
exert large impacts on the simulated PBL properties and 
further affect convection (e.g. Leung et al. 1999; Cha et al. 
2008). The diurnal variations of convective precipitation 
amounts simulated with different vertical resolutions in the 
PBL are compared (Fig. 13). When increasing the vertical 
layers in 200–2000  m, the simulated precipitation diur-
nal cycles are nearly unchanged in the experiments with 

different closure assumptions (figure not shown). By con-
trast, the simulated convective precipitation is very sensi-
tive to model vertical resolution in the lowest part of PBL 
(i.e. 0–200  m, see Sect.  2.2 and Table  1). When the CR 
closure is used, increasing the vertical layers in 0–200  m 
causes apparent decreases in daytime precipitation but 
slight increases in nighttime precipitation (red curves in 
Fig. 13). Compared to the low-resolution results, the peak 
time of precipitation over southern SC and central TP 
(Fig. 13a, e) is postponed by a few hours in the simulation 
with high resolution in 0–200 m (referred to as high-resolu-
tion simulation hereafter).

In the QE and FTQE experiments, daytime precipita-
tion is reduced when increasing the vertical resolution in 
0–200 m except for over SCB. However, the basic diurnal 
features such as the peak time of convective precipitation 
are not changed, which is different from the results in the 
CR experiment. It is found that the changes in precipitation 
amount are mainly caused by the decreases in precipitation 
intensity (figure not shown) rather than by the changes in 
precipitation frequency when high resolution is applied.

The reason responsible for the sensitivity of precipitation 
to model vertical resolution is further investigated based on 
the CR simulations. In the ZM CPS, CSL is determined 
as the layer with the largest CAPE in the PBL. In most 

(a)

(b)

Fig. 11  CAPE tendency induced by different atmospheric processes 
during none-rain, light-rain, moderate-rain, and heavy-rain events in 
daytime (1100–1700LST; a) and nighttime (2300–0500LST; b) over 
eastern China in the summer of 2008 from the QE simulation

(a)

(b)

Fig. 12  Free-troposphere CAPE tendency induced by different 
atmospheric processes during none-rain, light-rain, moderate-rain, 
and heavy-rain events in daytime (1100–1700LST; a) and nighttime 
(2300–0500LST; b) over eastern China in the summer of 2008 from 
the FTQE simulation
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cases, CSL during daytime is found to be the first atmos-
pheric layer near the surface (figure not shown). When 
increasing the vertical resolution in the lowest part of PBL, 
model layers including CSL become much thinner, leading 
to decrease in the height of CSL (Fig.  14a). During day-
time, the height of CSL with high resolution is nearly half 
of that with low resolution. Decreases in the CSL height 
induced by increasing resolution can also be seen at night; 
however, the relative change is much smaller compared 
to that during daytime. Meanwhile, the reduced distance 
from CSL to surface results in an increase of CSL tempera-
ture and increase of CAPE in the high-resolution simula-
tion (Fig. 14b). Based on the definition of the CR closure 
(Eq.  6), convection intensity or CAPE consumption rate 
by convection (Fig.  14d) is determined by CAPE values 
in excess of  CAPE0. However, the responses of convective 
precipitation (Fig. 13) and CAPE (Fig. 14b) to increase of 
model resolution are not consistent with each other because 
of the thinner sub-cloud layer (i.e. lower CSL) in the high-
resolution simulation. In fact, the detrainment of downdraft 
in the ZM CPS is confined to the layer below CSL, and the 
cooling from downdraft detrainment is uniformly added 
to the air mass in the sub-cloud layer. With a lower CSL 
height, downdrafts can induce stronger cooling at CSL 
(Fig. 14c) and thus the reduction in total CAPE per unit of 
downdraft amount is larger. As a result, compared to the 
low-resolution experiment, the high-resolution experiment 
produces less convective precipitation though the simulated 
CAPE and CAPE consumption rate are larger. Different 
from the daytime condition, the increases of CAPE could 
result in slight increases of nighttime precipitation as high 
resolution is used. Compared to the total CAPE change, the 
change due to convective heating in the free troposphere 
(Fig. 14e) agrees more with convective precipitation.

The impacts of the CSL height on the simulated precipi-
tation can also be used to explain the sensitivity of precipi-
tation to model vertical resolution in the QE experiments, 
in which the total CAPE change is used to close the equa-
tions. However, the reason responsible for the precipitation 
changes in the FTQE experiments is still unclear. We find 
that the decreases in convective precipitation are associ-
ated with the decreases in the CAPE change by free-tropo-
sphere advection when using the FTQE closure. Figure 15a 
shows the vertical distribution of heating rate by advection 

simulated with different vertical resolutions during poten-
tial precipitating hours (i.e. with positive CAPE tendency 
in the free troposphere). It shows the advection cooling in 
the high-resolution simulation is apparent weaker than that 
in the low-resolution simulation. To examine whether such 
change of advection cooling is caused by feedbacks of con-
vection or by other processes, we also show the profiles of 
advection cooling in simulations with convection turned 
off (Fig. 15b). We find, that in the non-convection simula-
tions, the sensitivity of advection cooling to model vertical 
resolution is not as clear as that in the FTQE simulations. 
Thus, the feedback of convection on the free-troposphere 
advection should be considered when studying the impacts 
of PBL resolution on precipitation. As discussed above, 
model vertical resolution in the PBL can affect the CAPE 
calculation. Although the total CAPE value is not used in 
the FTQE closure, it can affect the vertical extension of 
updraft motion and thus the vertical profile of convective 
heating, which may further influence the closure of convec-
tion. However, further investigation with additional experi-
ments are needed to better understand this phenomenon, 
which is beyond the scope of this study.

As aforementioned, convective precipitation intensity 
during nighttime may exceed that during daytime in the CR 
experiments (red curves in Fig. 7) although the CAPE val-
ues are much larger in daytime. Increasing the PBL vertical 
resolution can further enhance the nighttime precipitation 
but decrease the daytime precipitation. In fact, the strong 
nighttime precipitation is also related to the diurnal change 
in the CSL height. After sunset, CSL is gradually lifted 
from near the surface to upper layers (Fig.  14a), which 
leads to increases in the thickness of sub-cloud layer and 
decreases in the downdraft cooling. As a result, the PBL 
properties and thus the total CAPE are less affected by 
downdraft, indicating that a relatively strong updraft asso-
ciated with strong precipitation intensity is needed to effi-
ciently remove CAPE during nighttime.

4  Summary and discussion

We evaluated the precipitation diurnal cycles over East 
Asia during the summer of 2008 simulated with three dif-
ferent CAPE-based convective closure assumptions in 

Table 2  Daily-mean CAPE 
tendency and free-troposphere 
CAPE tendency induced by 
different atmospheric processes 
over eastern China in the 
summer of 2008 from the CR, 
QE, and FTQE simulations

Experiments CAPE tendency (J kg−1 h−1) Free-troposphere CAPE tendency 
(J kg−1 h−1)

PBL Radiation Advection Convection PBL Radiation Advection Convection

CR 128.4 19.1 29.6 −147.9 −2.7 3.9 32.0 −31.2
QE 207.8 14.6 33.7 −260.3 −1.7 1.0 34.1 −41.1
FTQE 86.0 22.8 18.8 −106.5 −3.2 3.6 22.5 −23.5
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WRF. Simulations with different vertical resolutions within 
the PBL were conducted for each closure to explore the 
potential impacts of vertical resolution on the precipita-
tion diurnal cycle. Results show that the differences in 

precipitation diurnal phases among different experiments 
are more apparent over land than over ocean regions. The 
simulated precipitation generally peaks at early morning 
over oceans, particularly over the near-land areas, which 

(a)

(b)

(c)

(d)

(e)

Fig. 13  Diurnal variations of convective precipitation amount over 
different sub-regions (see Fig. 1) in the summer of 2008 from the CR/
CR_H200, QE/QE_H200, and FTQE/FTQE_H200 simulations

(a)

(b)

(c)

(d)

(e)

Fig. 14  Diurnal variations of pressure above surface at CSL (a), 
CAPE (b), convection-induced cooling near the surface (c), CAPE 
tendency (d), and free-troposphere CAPE tendency (e) over eastern 
China in the summer of 2008 from the CR and CR_H200 simulations
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is overall consistent with the TRMM observation. On the 
contrary, all the experiments have difficulties in realistically 
reproducing the diurnal variation of precipitation over land. 
Compared to the CR and QE closures, the simulation with 
FTQE closure shows better agreements with observation in 
terms of precipitation diurnal cycle, such as the nocturnal 
precipitation over SCB. The better simulated precipitation 
diurnal phases by the FTQE closure are likely because of 
the reasonable partitioning between convective and strati-
form precipitation.

The diurnal phases of convective precipitation simulated 
by different closures were compared in detail. In the simu-
lation with CR closure, convective precipitation amount 
generally peaks at afternoon, associating with the afternoon 
peak of precipitation frequency. In the simulation with 
QE closure, convective precipitation amount peaks at late 
morning as the PBL mixing is gradually intensified after 
sunrise; however, advection process also contributes to the 
development of strong convection events, particularly dur-
ing nighttime. In the simulation with FTQE closure, the 
diurnal cycle of convective precipitation is mainly deter-
mined by the CAPE change from advection cooling in the 
free troposphere. In fact, different atmospheric processes 
can be affected by each other at diurnal scale and thereby, 
the dynamical equilibrium in the free troposphere can still 
be reached in the simulation with CR closure, implying the 

complex cause-effect relationship between atmospheric 
motion and convection.

Further sensitivity results show that increasing the num-
ber of vertical layers in the lowest part of PBL results in 
reduction of daytime precipitation in the simulations with 
CR and QE closures, which is because higher vertical reso-
lution causes lower CSL height that leads to stronger down-
draft cooling and CAPE consumption during daytime. For 
some regions (Fig. 13), the precipitation diurnal peak in the 
CR simulation occurs earlier than in the FTQE simulation 
as low resolution is used, but occurs later as high resolu-
tion is used; thereby, the impacts of closure assumption 
on precipitation simulation could be modulated by other 
model configurations such as the vertical resolution in the 
PBL. The impacts of the CSL height can also explain the 
stronger precipitation intensity in nighttime than daytime 
over some regions in the CR simulation, i.e. the lifting of 
CSL after sunset causes decrease of CAPE consumption 
rate, and thus a relatively small value of CAPE is needed to 
produce a strong convection event. These results indicate, 
that in convective closures based on the total CAPE value, 
factors related to downdraft properties can remarkably 
affect the simulated precipitation diurnal cycle.

Analyses presented here were based on WRF simula-
tions that were reinitiated every day, which can prevent 
the free growth of bias in large-scale circulation but 
allow processes at diurnal or sub-diurnal scale, such as 
the interaction between the PBL and free-troposphere 
atmosphere, to take place. Hence, this study helps bet-
ter understand the impacts of various atmospheric pro-
cesses (i.e. PBL mixing and advection/radiation heating 
or cooling) and dynamical configurations in the PBL on 
the precipitation diurnal cycles simulated with different 
convective closures but meanwhile with the inter-simu-
lation differences in large-scale circulations minimized. 
However, free-run simulations with GCMs are needed 
to further quantify the feedbacks of convection on large-
scale circulation when different closures are applied. In 
the future, we also intends to evaluate the simulated pre-
cipitation diurnal cycles using closures based on moisture 
advection and air vertical motion over East Asia. In addi-
tion, many other processes such as updraft, downdraft, 
entrainment, and cloud-precipitation conversion can have 
large impacts on the generation of precipitation (e.g. 
Zhang 2009; Wu 2012; Yang et  al. 2012, 2015b; Qian 
et  al. 2015). For instance, compared to the ZM scheme, 
the source layer of updraft in the Kain–Fritsch scheme is 
defined as a mixture of vertically adjacent layers that is at 
least 60 hPa thick (Kain 2004), which potentially makes 
the updraft/downdraft characteristics more stable and 
thus reduces the sensitivity of simulated precipitation to 
model vertical resolution, particularly as the total CAPE 
value is used for the closure. Therefore, the impacts of 

(a)

(b)

Fig. 15  Vertical profiles of heating induced by advection during 
potential precipitating hours in daytime (1100–1700LST) over eastern 
China in the summer of 2008 from the FTQE/FTQE_H200 (a) and 
NONE/NONE_H200 (b) simulations
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different processes in convection system and their inter-
actions on the simulated precipitation diurnal variation 
deserve further investigations.
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