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Abstract

The Tibetan Plateau (TP) is often referred to as the “water tower of Asia” or the “Third Pole”. It remains a challenge for
most global and regional models to realistically simulate precipitation, especially its diurnal cycles, over the TP. This
study focuses on evaluating the summer (June—August) precipitation diurnal cycles over the TP simulated by the Weather
Research and Forecasting (WRF) model. The horizontal resolution used in this study is 9 km, which is within the gray-zone
grid spacing that a cumulus parameterization scheme (CU) may or may not be used. We conducted WRF simulations with
different cumulus schemes (CU experiments) and a simulation without CU (No_CU experiment). The selected CUs include
the Grell-3D Ensemble (Grell), New Simplified Arakawa-Schubert (NSAS), and Multiscale Kain-Fritsch (MSKF). These
simulations are compared with both the in-situ observations and satellite products. Results show that the scale-aware MSKF
outperforms the other CUs in simulating precipitation in terms of both the mean intensity and diurnal cycles. In addition, the
peak time of precipitation intensity is better captured by all the CU experiments than by the No_CU experiment. However,
all the CU experiments tend to overestimate the mean precipitation and simulate an earlier peak of precipitation frequency
when compared to observations. The frequencies and initiation timings for short-duration (1-3 h) and long-duration (> 6 h)
precipitation events are well captured by the No_CU experiment, while these features are poorly reproduced by the CU
experiments. The results demonstrate simulation without a CU outperforms those with a CU at the gray-zone spatial resolu-
tion in regard to the precipitation diurnal cycles.
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1 Introduction

As a fundamental cycle in the Earth’s climate system, diur-
nal cycles of precipitation considerably affect surface radia-
tion, temperature, and in particular the surface hydrology
(Dai et al. 1999a, b). The diurnal cycle of precipitation is
driven by solar forcing and affected by complicated interac-
tions between the atmosphere and surface processes, where
convection plays an important role (Jeong et al. 2011;
Mooney et al. 2017; Zhang et al. 2017b; Zhou et al. 2008).
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Due to the small size of convective clouds, only very fine
resolution (less than a few kilometers) models can explic-
itly resolve the convective-scale processes. Most global and
regional climate models, however, rely on cumulus schemes
(CUs) to parameterize convective activities. Several CUs
for weather/climate models have been developed, which
have different assumptions on cloud feedbacks such as the
formation of cirrus clouds (e.g. Arakawa 2004; McFarlane
2011; Sun and Bi 2019). Spatial characteristics are usually
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linked with horizontal resolution in numerical models; as a
result, model simulations of the diurnal cycles of precipita-
tion are significantly influenced by the horizontal resolution
and individual CU (Mooney et al. 2016; Sugimoto and Taka-
hashi 2016; Walther et al. 2013; Yuan et al. 2013; Zhang and
Chen 2016). Therefore, the diurnal cycle of precipitation
provides an excellent perspective to evaluate model phys-
ics in weather forecast and climate modeling with different
horizontal resolutions (e.g. Dai and Trenberth 2004).

The Tibetan Plateau (TP), also called the Third Pole, is
the highest and most extensive upland region in the world.
It is also considered the “water tower of Asia”. Hence, more
accurate forecasting of precipitation over the TP is of criti-
cal significance for managing water resources in Asia. A
clear diurnal cycle of summer precipitation over the TP, with
a peak in between late afternoon and midnight, has been
reported (Chen et al. 2012; Guo et al. 2014; Li 2018) but
has not yet been well reproduced by most global climate
models (e.g. Yuan et al. 2013; Zhang and Chen 2016) as
well as most regional model (RM) simulations driven by
global reanalyses (e.g. Li et al. 2018; Xu et al. 2012). This
is mainly reflected in an overestimated precipitation amount
(e.g. Gao et al. 2015; Su et al. 2013) and an incorrect pre-
cipitation peak hour (e.g. Chow and Chan 2009; Xu et al.
2012; Yang et al. 2018; Yuan et al. 2013). The coarse grid
spacing is considered one of the major reasons for the wet
bias in most climate models and reanalyses over the TP (e.g.
Lin et al. 2018), and limits the ability of climate models
to simulate turbulent orographic form drag over the TP’s
complex terrain (Zhou et al. 2018). A high-resolution RM
(HiRM: horizontal resolution 1-10 km), on the other hand,
has shown its added value by reducing the wet bias over the
TP where the topography is complex (e.g. Lin et al. 2018).
However, it remains a challenge for most RMs to capture
the diurnal cycles of precipitation and associated complex
multi-scale interactions over the TP, especially during sum-
mer (e.g. Sugimoto and Takahashi 2016; Yang et al. 2018).

The realistic simulation of summer precipitation over the
TP, especially its diurnal cycles, remains an unresolved issue
in most regional and global models (e.g. Sugimoto and Taka-
hashi 2016). Simulations of the diurnal cycles of precipita-
tion can be dramatically influenced by the CU employed in
HiRMs (e.g. He et al. 2015; Sugimoto and Takahashi 2016).
Prein et al. (2015) have shown that the physical justification
for the application of a CU starts to break down when grid
spacing becomes smaller than approximately 10 km. The grid
spacing between 10 and 4 km is the so-called gray-zone in
which individual convective cells cannot be resolved but the
organized mesoscale convective systems can be resolved. The
gray-zone resolution is currently the highest model resolution
most climate modeling groups can afford to achieve for RMs
(Chen et al. 2018a; Prein et al. 2015; Wang et al. 2015). Many
previous studies have demonstrated that the use of CUs may
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introduce systematic biases in simulating precipitation clima-
tology over South Asia and the TP at the gray-zone resolution,
while simulations without a CU (No_CU) at the same grid
spacing yield a reasonable representation of summer mean
precipitation (e.g. Chen et al. 2018b; Mukhopadhyay et al.
2010; Sugimoto and Takahashi 2016). The sensitivity of the
simulated diurnal cycles of summer precipitation over the TP
to different CUs at the gray-zone grid spacing has not yet been
systematically evaluated. It is not clear whether No_CU can
accurately capture the characteristics of the summer diurnal
cycle of precipitation over the TP at the gray-zone grid spacing
or not. In addition, CUs tend to simulate a higher precipita-
tion frequency than that of the convection-permitting experi-
ments without a CU (e.g. Sugimoto and Takahashi 2016). This
may be because the convective adjustment time scale (also
known as convective relaxation time scale), one of the many
key parameters in convective parameterization schemes, is
set as a constant value for most available CUs (Mishra and
Srinivasan 2010; Zheng et al. 2016). The adjustment time scale
is the time over which convective available potential energy
(CAPE) is reduced to stabilize the atmosphere (Fritsch and
Chappell 1980). The ratio of parameterized subgrid-scale
precipitation to total precipitation decreases with increase in
the adjustment time scale (Done et al. 2006). The impacts of
parameterized convection on total precipitation should become
less significant when moving from coarser (~ 15 km) to high-
resolution (~ 1 km). Hence, the adjustment time scale should
increase with grid resolution such that atmospheric stability
restoration is gradually taken over by the resolved convective
processes (Zheng et al. 2016). To this end, a horizontal grid
spacing dependent dynamic convective adjustment time scale
is adopted in the Multiscale Kain-Fritsch Scheme (MSKF)
(Zheng et al. 2016). An interesting question to ask is whether
a scale-aware CU, such as the MSKEF is better than non-scale-
aware CUs or simply No_CU when simulating the diurnal
cycles of summer precipitation over the TP at the gray-zone
grid spacing?

The aim of the present work is to investigate the impact
of CUs on the simulations of summer precipitation diurnal
cycles over the TP at the gray-zone grid spacing. We use the
following CU options: No_CU, MSKEF, the Grell 3D Ensem-
ble Scheme (Grell) (Grell and Dévényi 2002), and the New
Simplified Arakawa-Schubert Scheme (NSAS) (Han and Pan
2011). Among them, Grell and NSAS are non-scale-aware but
have shown good performance in simulating summer precipi-
tation over Asia (e.g. Ganai et al. 2016; Yang et al. 2019).
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2 Methodology
2.1 Model configuration

The Weather Research and Forecasting (WRF, version
3.7.1) model in the non-hydrostatic configuration is used
to dynamically downscale global reanalysis with a focus
on the TP. The New Goddard short-wave radiation scheme
(Chou and Suarez 1999), RRTMG Long-wave radiation
scheme (Iacono et al. 2008), WRF Double Moment 6-class
Microphysics Parameterization (Lim and Hong 2010),
Yonsei University (YSU) PBL scheme (Hong et al. 2006),
and Unified Noah Land Surface Model (Tewari et al. 2004)
are used. Since June 2018, the Integrated Forecasting
System (IFS) of the European Centre for Medium-Range
Weather Forecasts (ECMWF) has provided a high-resolu-
tion forecast (HRES) at 9 km grid spacing. Our study fol-
lows ECMWEF’s HRES and the methods proposed by Wang
et al. (2015) and Chen et al. (2018a, b, ¢), who show that
regional models with a 9 km resolution are able to realisti-
cally capture the statistical characteristics of precipitation
over the tropics and extratropics.

The model domain (Fig. 1) is configured at 9 km grid
spacing and centered at 31.5°N, 87.5°E, with 420 grid
points in the east—west direction and 250 grid points in
the north—south direction. There are 60 eta levels, with
the model top at 10 hPa.

The choice of global reanalysis input may also affect
the RM when simulating the diurnal cycles of precipita-
tion over the TP. As Bao and Zhang (2013) have noted,
the ERA-Interim (ERAI) (Dee et al. 2011) is the global

reanalysis that shows close agreement with independent
radiosonde data over the TP. The ERAI has been used
in many RM experiments across the TP. However, simu-
lated precipitation driven by the ERAI shows a clear wet
bias over the TP in most RMs (e.g. Huang and Gao 2018;
Zhang et al. 2017), because the ERAI has a wet bias in pre-
cipztable water (Wang et al. 2017). In July 2017, ECMWF
began publishing their fifth-generation global reanalysis
product, ERAS5. Compared to the ERAI, the ERAS has
assimilated more observations (e.g. satellite-derived radi-
ance over cloudy areas) (Hersbach et al. 2018). The ERAS
also has a higher spatial-temporal resolution (31 km and
hourly interval) compared to the ERAI (79 km and six
hourly interval). In this study, the ERAS provides the ini-
tial and boundary conditions for all the HiRM experiments
over the TP. We use three hourly data from the ERAS. In
addition to No_CU, three CUs, namely MSKF, Grell, and
NSAS, are tested to assess the impact of CUs on the simu-
lated diurnal cycles of summer precipitation over the TP.

Spectral nudging (Waldron et al. 1996), which can be
regarded as an indirect data assimilation method (von Storch
et al. 2000), is used in this work. The spectral nudging con-
sists of adding a new term to the tendencies of the model
variables Q (to be nudged) that relaxes the selected part of
the spectrum to the corresponding waves from driving fields
Q, (refers to the ERAS in this work) (Miguez-Macho et al.
2004). The new term to be added is a function of the dif-
ference fields (0—Q,), in which the spectral decomposition
(based on Fourier expansion) is performed on the difference
fields. The difference fields are quasi-periodic, since they are
always close to zero along the boundaries. The relaxation
term, with only the coefficients for the selected part of the

Fig. 1 Map of the WRF domain
with terrain elevations shaded
at 500 m intervals, showing the
Tibetan Plateau (TP) and loca-
tions of the surface meteorolog-
ical stations (shown as triangles:
red hollow triangles show those
stations with elevations higher
than mean elevation of the sur-
rounding 9 WREF grids, i.e. the
local 27 x27 km region around
the station; blue solid triangles
show those stations with eleva-
tions higher than mean elevation
of the 1 WRF grid in which the
station is located, i.e. the local
9% 9 km region around the
station; remaining stations are
shown as blue hollow triangles).
See Gao et al. (2015) for more

detailed information on the 70°E  75°E  80FE 85FE 90°E 95E 100°E  105°E

stations. The black line is the
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spectrum, is transformed from wave space to physical space
and added to the tendency of Q. Only the same part of the
spectrum of variable Q will be affected by the relaxation
since the functions of the Fourier expansion are orthogo-
nal. The spectral nudging can reduce the impact of model
domain size on the regional simulation, thus preventing the
simulation from drifting away from large-scale driving fields
(Hong and Kanamitsu 2014).

This work follows a similar approach over North America
by Liu et al. (2017a). Specific details of the spectral nudging
are as follows: (1) nudged variables comprise geopotential,
horizontal wind and temperature; (2) a common nudging
coefficient (0.0003 s™!) is used for all variables to adjust
the strength of the nudging force in the governing equa-
tions (e.g. Otte et al. 2012); (3) the nudging is applied to
levels above the approximate PBL top, with a magnitude
increasing linearly to the full amount at the 5th level above
the PBL; and (4) the wavenumber truncations are 2 and 1,
corresponding to cut-off wave lengths of about 1890 and
2250 km (above which the spectral nudging is applied), in
the zonal and meridional directions, respectively.

The WRF model experiments are run continuously from
April 25th to September 1st for the year 2014 but only the

(a) Mean Sat (GPM, CMORPH) (b) GPM - CMORPH

output of the boreal summer monsoon season (June—August)
is analyzed.

2.2 Datasets

Model simulations are evaluated by comparing with hourly
precipitation at 83 surface meteorological stations over the
TP during summer 2014, provided by the China Meteoro-
logical Administration (CMA) (Fig. 1). Details of the 83
meteorological stations are provided by Gao et al. (2015).
However, the density of in-situ stations is sparse over the
TP, with most available stations located in valleys (e.g. Li
2018). To better understand the observed diurnal cycles
over the entire TP, satellite precipitation products are also
used, including the bias-corrected half-hourly precipita-
tion from the Climate Prediction Center morphing method
(CMORPH) (Joyce et al. 2004; Xie et al. 2017) with a hori-
zontal resolution of 8 km and half-hourly precipitation from
the Global Precipitation Measurement (GPM) (Hou et al.
2014; Liu et al. 2017b) version VO5B with a horizontal
resolution of 0.1° (~ 10 km). The half-hourly precipitation
is aggregated to hourly precipitation and then interpolated
onto the WRF grids using the nearest-neighbor interpolation

(c) ERA5 - Mean Sat RMSE=3.13
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Fig.2 Spatial distribution of summer mean precipitation in 2014:
a mean of GPM and CMORPH (hereafter GPM/CMORPH), b dif-
ference between GPM and CMORPH, and the differences between
GPM/CMORPH and the ERA5 (¢), WRF (No CU) (d), WRF
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(MSKF) (e), WRF (Grell) (f), and WRF (NSAS) (g). Root mean
square errors (RMSEs) for the ERA5 and four WRF simulations rela-
tive to panel (a) are shown in the upper-right of each related panel
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(a) Taylor Diagram

(b) Monthly mean precipitation
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Fig.3 a Taylor Diagram of monthly mean precipitation over the 83
stations or station-collocated grids and b monthly mean precipitation
for summer 2014 averaged over the 83 stations or station-collocated
grids based on the in-situ observations, GPM/CMORPH, ERAS,

method. Satellite precipitation products such as GPM and
CMORPH, based on passive microwave and IR sensors, tend
to have difficulty in detecting shallow orographic precipita-
tion and light rain events (e.g. Sohn et al. 2010; Wei et al.
2018). This will affect the reliability of satellite precipita-
tion products over the TP. The 83 grids collocated with the
stations for CMORPH and GPM are utilized when compar-
ing between the satellite and in-situ observations. The GPM
precipitation product started in the year 2014 and the hourly
gauge observation is also available for the year 2014; the
availability of both datasets is the reason for choosing the
year 2014 to be investigated in this study.

2.3 Diurnal cycles

The simulated hourly precipitation amount, frequency, and
intensity are systematically compared to observations. The
hourly precipitation amount is defined as the seasonal mean
of accumulated precipitation amount during each hour in the
summer season (June—August). The precipitation frequency
for a given hour of day is defined as the percentage of days
on which there is precipitation (>0.1 mm h™' which is the
minimum amount of measurable precipitation for the in-situ
observations) during that given hour of day. The precipita-
tion intensity is defined as the precipitation amount for a
given hour of day, averaged over all days during July—August
when there is precipitation (>0.1 mm h™') during that given
hour of day.

The peak precipitation time (phase) of precipitation
amount, frequency, and intensity is calculated using the
harmonic analysis (Wilks 2006). The diurnal variation of
hourly averaged precipitation P (averaged for the whole
summer, as is the case for precipitation amount, frequency,

0 2
Monthly mean precipitation (mm/day)

—
4 6 8 10

and four WRF simulations driven by ERAS (WRF (no CU), WRF
(MSKF), WRF (Grell), and WRF (NSAS)). The difference between
GPM and CMORPH is also shown in (b)

and intensity) at hour /% is represented by the summation of
sinusoidal harmonics as

2nkh
24

P(hy=P + Z C, cos( - 9k> + residual 1)
k

where f) is the 24-h mean of ﬁ, k is the harmonic number
(i.e., 1 for the 24-h cycle, 2 for the 12-h cycle, etc.), and C,
and 6, are the amplitude and phase of the k-th harmonic. For
more detailed information on this procedure, please refer to
Wilks (2006) and Jeong et al. (2011). The sum of the first
two harmonics (k=1 and k=2) is defined as the diurnal
cycle of P and the peak time is the time corresponding to
the maximum value of P.

2.4 Precipitation events

Following Li (2018) and Yu et al. (2007), precipitation
events are classified according to their duration with meas-
urable precipitation (>0.1 mm h™!). Each precipitation event
can have a maximum of one 1-h gap (i.e. where hourly pre-
cipitation is less than 0.1 mm). The duration of the precipita-
tion event is the number of hours from the beginning to the
end of the event. 1-3 h is classified as short-duration; 4-6 h
as medium-duration; and 7 h or longer as long-duration.

3 Results and discussion
3.1 Simulated summer mean precipitation
In this section, summer mean precipitation from the ERAS5

and all the four WRF experiments are evaluated against
satellite and gauge observations. The spatial distribution

@ Springer
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Fig.4 Spatial distributions of diurnal peak time (local standard time:
LST, units: hour) of summer total precipitation amount (accumulated
precipitation amount for June—August), shown as GPM/CMORPH
(a); the in-situ observations (b); the difference between GPM and
CMORPH (c¢); and the difference between GPM/CMORPH and

of summer mean precipitation is shown in Fig. 2. Gener-
ally, the two satellite precipitation estimates agree with
each other quite well, except for the central TP where
GPM is 1-3 (mm/day) wetter than CMORPH on average
(Fig. 2b). Differences larger than 7 mm/day can also be
found over the central TP. This may be due to the higher
uncertainty of the precipitation retrievals over the in-land
water bodies (i.e., lakes over the TP) by the CMORPH
since they match closely with lakes there. The mean of
CMORPH and GPM averaged over the whole TP agrees
well with the gauge observation (Fig. 3) and is therefore
adopted as a reference for further evaluations of the model
simulations with and without a CU, while the differences
between satellite and gauge data are taken to indicate the
uncertainty in the satellite-based reference.

Compared to the mean of the satellite data (Fig. 2a), the
ERAS agrees quite well with the satellite observations in
terms of the precipitation spatial distribution, with small
root mean square error (RMSE; 3.13 mm against the mean
of two satellite precipitation estimates) (Fig. 2c). However,
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the global reanalysis ERAS (d), and the difference between GPM/
CMORPH and the four WRF simulations driven by the ERAS (e
WRF(no CU), f WRF(MSKF), g WRF(Grell), and h WRF(NSAS)).
RMSE:s for the ERAS and four WRF simulations relative to part (a)
are shown in the upper-right of the related panels

the ERAS systematically overestimates precipitation
across the whole TP. Overall, the spatial pattern of sum-
mer mean precipitation is well reproduced by the WRF
HiRMs (Fig. 2d-g), especially by the No_CU, MSKEF, and
NSAS experiments (Fig. 2d—g). This may be a benefit from
improved representation of the precipitation processes
related to local topography when using the finer horizon-
tal resolution (e.g. Sugimoto and Takahashi 2016; Walther
et al. 2013). The results from the NSAS experiment show
the lowest RMSE (2.94 mm against the mean of two satellite
precipitation estimates) comparing to the satellite products
(Fig. 2g). This is mostly reflected in the well captured mean
precipitation over the southern TP by the NSAS experiment.
The spatial distribution of simulated summer precipitation
is better captured by the No_CU experiment than those of
the MSKF and the Grell (Fig. 2d—f). When compared to
both the in-situ and satellite observations over 83 stations/
grids (collocated with stations), the No_CU experiment has
the lowest RMSE (2.43 mm) against the in-situ observation
among all the WRF HiRMs, as shown in the Taylor (2001)
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Fig.5 Same as Fig. 4, but for precipitation frequency (hourly precipitation >0.1 mm h™")

(Fig. 3a). This indicates that both the No_CU and NSAS observations (Figs. 4a—c, 5a—c, 6a—c). However, in some
have their advantages in simulating the spatial distribution  regions the difference in diurnal peak time between CMO-
of summer mean precipitation. PRH and GPM can be as long as 12 h, especially over the

When averaged over the whole TP (Fig. 3b), summer  northern dry region where satellite products are less reli-
mean precipitation is well reproduced by the No_CU. All  able (e.g. Wei et al. 2018). The disagreement may be due
the HiRM simulations (with different CUs, including the  to the different satellites and algorithms used in deriving
scale-aware CU MSKF) tend to overestimate summer pre-  the products (Hou et al. 2014; Joyce et al. 2004). Figure 5
cipitation when compared to the observations. This pattern ~ shows the spatial distributions of peak hour of precipitation
is consistent with previous works (e.g. Chen et al. 2018b;  frequency. The main discrepancies between the gauge and
Mukhopadhyay et al. 2010; Sugimoto and Takahashi 2016), satellite observations are over the Qaidam Basin (northeast-
which demonstrates the advantage of the No_CU experiment ~ ern TP), where the in-situ observations show a frequency
in simulating the summer mean precipitation over the TP,  peak in the morning while satellite observations show peaks

compared to the CU experiments. at late night (Fig. 5a, b). This may be due to the inability
of satellite products to detect light rain events (e.g. Sohn
3.2 Simulated diurnal cycles et al. 2010) over the dry Qaidam Basin. A larger difference

between the two satellite products is found in the peak time
Observed and simulated peak precipitation times in summer  of precipitation intensity (Fig. 6¢) rather than in precipita-
are compared in Figs. 4, 5, 6. Figure 4 presents the hour of  tion amount or frequency (Figs. 4c, 5¢).
day when most precipitation falls; Fig. 5 shows the hour of The averaged peak times of precipitation amount and fre-
day when precipitation is most frequent; Fig. 6 displays the =~ quency recorded by the rain gauges over the whole TP are
hour of day when precipitation is most intense. Generally,  later than those shown by the satellite observations (Fig. 7).
the spatial patterns of the diurnal peak time of precipita-  Similar results have also been found by using different
tion from the two satellite products (CMOPRH and GPM)
agree relatively well with each other and with the ground
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(a) Mean Sat(GPM, CMORPH) (b) Gauge
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Fig.6 Same as Fig. 4, but for precipitation intensity (precipitation rate (mm h~') averaged over all the hours when hourly precipita-
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Fig.7 Diurnal cycle of normalized precipitation amount (a), fre- tions driven by ERA5 with different CUs (Grell, MSKF, and NSAS)
quency (b), and intensity (c) averaged over the 83 stations (normal- as well as the one without CU (averaged over the 83 stations or sta-
ized by their daily mean precipitations) for the in situ observations, tion-collocated grids)

GPM/CMORPH, the global reanalysis ERAS, and three WRF simula-

satellite precipitation products over the TP (Chen et al. 2012;  to peak in the daytime (evening-to-nocturnal) for stations on
Yang et al. 2018; Zhou et al. 2008), which may be linked to ~ mountains (in valleys) (Chen et al. 2012; Guo et al. 2014).
the impacts of topography and landscape on the precipita-  However, satellite observations face difficulties in represent-
tion diurnal cycles. The diurnal cycles of precipitation tend  ing the precipitation gradient in the direction normal to the
orography (Derin and Yilmaz 2014). The diurnal cycles of
satellite-derived precipitation tend to resemble the diurnal
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Fig.8 Percentages of a frequencies of the precipitation events with
short- (1-3 h), middle- (4-6 h), and long- (>6 h) durations and b
their respective contributions to the total precipitation. The plots are
based on the in-situ observations, GPM/CMORPH, the global reanal-
ysis ERAS, and the three WRF simulations driven by ERAS with dif-
ferent CUs (Grell, MSKF, and NSAS) as well as the one without CU
(averaged over the 83 stations or station-collocated grids)

cycles observed by mountain gauge stations (e.g. Chen et al.
2012). These lead to an earlier diurnal peak in precipitation
amount and frequency in the satellite data when compared
to the gauge observations, for most of the gauge stations are
located in valleys (e.g. Li 2018). The diurnal peak of pre-
cipitation is generally well captured by the ERAS (Figs. 4d,
5d, 6d). However, the ERAS tends to show an earlier peak
of precipitation, especially for precipitation amount and
frequency.

Simulated diurnal cycles in the HIRMs with three differ-
ent CUs and with No_CU are compared in Figs. 4, 5, 6 and
7. All the HiRM experiments tend to simulate earlier peaks
in precipitation amount and frequency in the south of the
TP, when compared with the satellite observations (Figs. 4,
5). This is especially true for the Grell and NSAS experi-
ments. The peak of precipitation amount and frequency is
well represented by the MSKF experiment and the No_CU
experiment, with similar RMSEs. However, the peak hour
of precipitation amount simulated by the MSKF experiment

is about 3-6 h later than that of the satellite observations
over a large part of the TP (Fig. 4e, ). A systematic later
(early) peak in precipitation frequency simulated by the
MSKEF experiment is seen in the west (southeast) of the TP,
while a generally later peak is found in the No_CU experi-
ment than in the satellite observations (Fig. Se, f). Interest-
ingly, the simulated peak time of precipitation frequency
over the Qaidam Basin in all the HiRM experiments agrees
better with the gauge observations than with the satellite
observations. The HiRM experiments and the gauge obser-
vations show morning peaks, while satellite observations
give midnight peaks (Fig. 5). A similar pattern is also found
in the diurnal peak time of precipitation amount (Fig. 4).
This confirms the inability of the satellite precipitation data
to capture precipitation dynamics over the dry region (e.g.
Wei et al. 2018). At the same time, it shows the ability of
the HiRM to simulate precipitation over the TP. The No_CU
experiment tends to simulate an earlier peak of precipita-
tion intensity while the CU experiments generally simulate
a later peak, when compared with the satellite observations
(Fig. 6). The spatial distribution of the peak hour of pre-
cipitation intensity in all the CU experiments, especially the
MSKEF experiment, agrees better with the satellite observa-
tions when compared to that of the No_CU experiment.

When averaged over all the 83 stations or station-collo-
cated grids, the diurnal cycles of precipitation amount and
frequency in the two non-scale-aware CU experiments are
a few hours earlier than those in the satellite observations
(Fig. 7). The average diurnal peak of precipitation amount
and frequency from the ERAS is similar to that of the two
non-scale-aware CUs. The diurnal cycles of precipitation
amount in the MSKF and No_CU experiments are similar
to the satellite observations (Fig. 7a); this may explain
why both the No_CU and MSKF experiments can bet-
ter reproduce the mean precipitation over the TP than the
two non-scale-aware CUs (Fig. 3). The No_CU experiment
agrees better with the satellite observations in terms of
the peak hour of precipitation frequency than that of the
MSKEF experiment. The averaged peak hour of precipita-
tion frequency in the MSKF experiment is about 3 h earlier
than that of the satellite observations (Fig. 7b). The aver-
aged peak hour of precipitation intensity is better captured
by the CU experiments than by the No_CU experiment
when compared against both the satellite and gauge obser-
vations (Fig. 7c), indicating that the CU configuration is
important for the simulation of extreme precipitation over
the TP (e.g. Han et al. 2016).

There are some differences in the peak hour of precipi-
tation amount and frequency between the satellite products
and gauge observations; in particular, the satellite prod-
ucts tend to show a double peak (at 16:00 and 22:00 local
standard time (hereafter LST)) while the gauge observa-
tions show a single peak (at 23:00 LST). A similar feature
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Fig.9 The diurnal distribution of start-hour frequency for a short-
(1-3 h), b middle- (4-6 h), and c long- (>6 h) duration precipita-
tion evens. The plots are based on the in-situ observation, GPM/
CMORPH, the global reanalysis ERAS, and the three WRF simula-

has also been found in the Eastern TP by Zhou et al.
(2008), in which a single peak is shown in gauge observa-
tions while a double peak can be found in the hourly Pre-
cipitation Estimation from Remotely Sensed Information
using Artificial Neural Networks (PERSIANN) satellite
product.

The simulation of diurnal cycles over the TP may be fur-
ther improved when using finer grid spacing, such as that in
convection-permitting modeling (CPM) with a horizontal
resolution smaller than 4 km, as shown by Sato et al. (2008).
However, as noted by Sugimoto and Takahashi (2016), the
diurnal characteristics of precipitation are more difficult to
be simulated during the mature monsoon season (July and
August) than during the pre-monsoon season (April and
May). Some CPMs poorly reproduce the diurnal peak hour
of precipitation amount; for example, Xu et al. (2012) shows
that a 3-km-resolution CPM simulated a later peak of pre-
cipitation amount than that of a satellite product over the
central TP. Further studies are required to assess the added
value of CPMs in simulating diurnal cycles of precipitation
over the TP.

Generally speaking, the mean total precipitation, as well
as the diurnal cycles of precipitation amount and frequency,
is better captured by the No_CU experiment than the three
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as well as the one without CU (averaged over the 83 stations or sta-
tion-collocated grids)

CU experiments. However, the diurnal cycles of precipita-
tion intensity are better reproduced by the CU experiments,
especially by the MSKF experiment. The performance of
the scale-aware CU (MSKF) experiment is better than those
of the two non-scale-aware CU experiments in terms of the
mean amount and diurnal cycle of precipitation.

3.3 Simulated precipitation events

To further assess the capability of WRF in simulating the
diurnal cycle of precipitation over the TP, simulated pre-
cipitation events are compared with the satellite and gauge
observations in Figs. 8 and 9. The majority of precipita-
tion events over the TP are short-duration (1-3 h), as seen
from both the satellite and gauge observations. This feature
is clearly captured by No_CU (Fig. 8a) but underestimated
by the ERAS5 and all the HiRMs with a CU. Most of the
total precipitation comes from long-duration precipitation
events, as shown by both the satellite and gauge observa-
tions (Fig. 8b); however, all the CU experiments and the
ERAS yield higher contributions of long-duration precipita-
tion events when compared to both the satellite and gauge
observations, leading to the overestimates of precipitation
associated with long-duration events.
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Fig. 10 Same as Fig. 4, but for total precipitation by short-duration (1-3 h) precipitation events (the precipitation amount is the sum of all pre-

cipitation belonging to the short-duration precipitation events)

The most common start hour of the short-duration pre-
cipitation events is in the afternoon, according to both the
satellite and gauge observations (Fig. 9a). Interestingly, the
frequency and peak time of short-duration precipitation
events are well reproduced by all the HiRM experiments
(Fig. 9a). As noted by Yu et al. (2007), the diurnal cycles of
short duration precipitation events are closely linked to the
diurnal cycles of surface solar heating. The linkages here
indicate that surface solar heating is well represented by all
the HiRM experiments. The spatial distribution of the peak
hour of precipitation amount for short-duration precipitation
events is relatively well captured by all the HiRM experi-
ments, especially the No_CU experiment (Fig. 10). The
afternoon peak of the short-duration precipitation is also
partly produced by the ERAS over the northern TP, but is
about 6 h later than the satellite observations over the rest
of the TP.

In the satellite estimated precipitation, the most common
start hour of both middle-duration (4—6 h) and long-duration
(longer than 6 h) precipitation events is in the afternoon.
This feature is clearly reproduced by the No_CU experi-
ment (Fig. 9b, ¢). However, the most common start hour
of middle-duration and long-duration precipitation events

in the CU experiments is earlier than both the observations
and the No_CU experiments. This contributes to the earlier
peak time of precipitation frequency simulated by the CU
experiments (Fig. 6).

The frequency of both middle-duration and long-duration
precipitation events is generally overestimated by the CU
experiments and the ERAS5, but relatively well reproduced
in the No_CU experiment (Figs. 8, 9). Further, the spatial
distribution of the peak hour of precipitation amount in the
long-duration precipitation events is relatively well captured
by both the No_CU and MSKF experiments (Fig. 11), with
an earlier peak in precipitation amount simulated by the two
non-scale-aware CU experiments and the ERAS.

All the CU experiments significantly overestimated the
duration of light precipitation (hourly precipitation intensity
between 0.1 and 1 mm; Fig. 12), leading to an overestimated
frequency of the long-duration precipitation events shown
in Fig. 9. The overestimated durations may be caused by the
early onset of convective precipitation, resulting in an exces-
sive release of convective instability in the CU experiments
(e.g. Betts and Jakob 2002; Sugimoto and Takahashi 2016).
Atmospheric models tend to release convective instability
too readily, so that convection is triggered too frequently
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Fig. 11 Same as Fig. 4, but for total precipitation by long-duration (> 6 h) precipitation events (the precipitation amount is the sum of all precipi-

tation belonging to the long-duration precipitation events)
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Fig. 12 The number of precipitation hours binned by intensity based
on the in-situ observations, GPM/CMORPH, the global reanalysis
ERAS, and the three WRF simulations driven by ERAS with differ-
ent CUs (Grell, MSKF, and NSAS) as well as the one without CU
for all precipitation events (averaged over the 83 stations or station-
collocated grids)
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in simulations with a CU (Ma et al. 2013; Trenberth et al.
2017). This can result in an overestimated frequency of low-
to intermediate-intensity precipitation events.

Li (2018) demonstrated that the midnight peak of pre-
cipitation over the TP is mainly attributed to long-duration
precipitation events. In our case, the spatial pattern of the
peak time of long-duration precipitation events is well cap-
tured by the No_CU and MSKF experiments. An earlier
peak time is simulated in the non-scale aware CU experi-
ments, resulting in the earlier (by about 3 h on average as
seen from Fig. 7) peak of precipitation amount in these two
experiments (Fig. 4).

Individual CUs have different influences on the vertical
transport of sensible heat (SH) and the formation of clouds
(e.g. Arakawa 2004; McFarlane 2011; Sun and Bi 2019),
which in turn affect the near surface SH. The near surface
SH and related upward motion may further influence the
model’s ability to realistically simulate precipitation (e.g.
Li et al. 2018). At the same time, implementation of dif-
ferent CU affects water vapor transport in models (e.g. Yu
et al. 2011), which may further influence the simulated
precipitation duration (Li 2018).
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The No_CU experiment well represents the frequencies
of both light- and long-duration precipitation events, and
their contributions to total precipitation. A clear overes-
timation of the mean precipitation in the MSKF experi-
ment is caused by the overestimated frequency of both
light- and long-duration precipitation events. This indi-
cates that adopting No_CU to simulate precipitation may
further improve the performance of other regional models
forced by the simulated precipitation, such as hydrologi-
cal models for which accurately-simulated precipitation
events are critical.

The inter-annual variability in the diurnal cycles of
summer precipitation is small (Yang et al. 2018); thus,
the current work can be considered as representative of
the general characteristics of the summer diurnal cycle of
precipitation over the TP even though only one summer
is analyzed.

4 Concluding remarks

In the current work, the simulated mean and diurnal cycles
of summer precipitation using different CU options have
been assessed by comparing with in-situ and satellite pre-
cipitation observations. Factors that may be important to
the simulated diurnal cycles of precipitation have also been
proposed and discussed.

The No_CU experiment is able to fairly realistically
reproduce the mean precipitation over the TP, because it
outperforms the experiments with different CUs in terms
of both mean and diurnal cycle of precipitation amount and
frequency. However, the averaged peak hour of precipitation
intensity is more accurately captured by the CU experiments
than by the No_CU experiment.

The No_CU experiment also accurately captures the fre-
quency of short-duration (1-3 h) and long-duration (> 6 h)
precipitation events and their contributions to total precipita-
tion, when compared with both the satellite and gauge obser-
vations. The frequency of the long-duration precipitation
and its contribution to total precipitation are overestimated
by all the CU experiments. The most common start hour of
short-duration precipitation events is well reproduced by all
the experiments, but only the No_CU experiment captures
the most common start hour of long-duration precipitation
events.

The scale-aware CU (MSKF) outperforms the other non-
scale-aware CUs (Grell and NSAS) in capturing mean and
diurnal cycles of precipitation. The MSKF may have an
advantage over No_CU in simulating extreme precipitation
events over the TP in the gray-zone. Due to the short period
of the simulation, however, this needs further assessment in
future works.

Acknowledgements Open access funding provided by University
of Gothenburg. Thanks to the European Centre for Medium-Range
Weather Forecasts (ECMWF) for providing the ERAS and ERAI rea-
nalysis data, especially to Dr. Hans Hersbach from ECMWF for his
help in getting the ERAS reanalysis products (https://cds.climate.coper
nicus.eu/). The computations were performed on resources provided
by the Swedish National Infrastructure for Computing (SNIC) at the
National Supercomputer Centre in Sweden (NSC) partially funded by
the Swedish Research Council through grant agreement no. 2016/5-20,
2017/12-12,2018/2-11, 2019/2-8, 2019/2-11. This is a contribution no
1 to CORDEX-FPS-CPTP.

Funding This work was supported by the Strategic Priority Research
Program of Chinese Academy of Sciences (Grant No. XDA20060401),
the National Natural Science Foundation of China (Grants 91537210
and 4151101291), the Swedish Research Council (VR 2014-5320), the
Swedish National Space Agency (SNSA: 188/18), the Swedish Founda-
tion for International Cooperation in Research and Higher Education
(CH2015-6226), the US Department of Energy project WACCEM. It
is a contribution to the Swedish national strategic research program
BECC and MERGE.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Arakawa A (2004) The cumulus parameterization problem: past, pre-
sent, and future. J Clim 17:2493-2525

Bao X, Zhang F (2013) Evaluation of NCEP-CFSR, NCEP-NCAR,
ERA-Interim, and ERA-40 reanalysis datasets against independent
sounding observations over the tibetan plateau. J Clim 26:206-214

Betts AK, Jakob C (2002) Evaluation of the diurnal cycle of precipita-
tion, surface thermodynamics, and surface fluxes in the ECMWF
model using LBA data. J] Geophys Res 107(D20):8045. https://
doi.org/10.1029/2001JD000427

Chen H, Yuan W, Li J, Yu R (2012) A possible cause for different
diurnal variations of warm season rainfall as shown in station
observations and TRMM 3B42 data over the southeastern Tibetan
plateau. Adv Atmos Sci 29:193-200

Chen X, Pauluis OM, Zhang F (2018a) Atmospheric overturning across
multiple scales of an MJO event during the CINDY/DYNAMO
campaign. J Atmos Sci 75:381-399

Chen X, Pauluis OM, Zhang F (2018b) Regional simulation of Indian
summer monsoon intraseasonal oscillations at gray-zone resolu-
tion. Atmos Chem Phys 18:1003-1022

Chen X, Pauluis OM, Leung LR, Zhang F (2018c) Multiscale atmos-
pheric overturning of indian summer monsoon as seen through
isentropic analysis. J Atmos Sci 75:3011-3030

Chou M-D, Suarez MJ (1999) A solar radiation parameterization
for atmospheric studies. NASA Tech Memo 104606, p 51.

@ Springer


https://cds.climate.copernicus.eu/
https://cds.climate.copernicus.eu/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1029/2001JD000427
https://doi.org/10.1029/2001JD000427

3538

T.Ouetal.

Available online: https://ntrs.nasa.gov/search.jsp?R=19990
060930. Accessed 14 Mar 2018

Chow KC, Chan JCL (2009) Diurnal variations of circulation and
precipitation in the vicinity of the Tibetan Plateau in early sum-
mer. Clim Dynam 32:55-73

Dai A, Trenberth KE (2004) The diurnal cycle and its depiction in
the community climate system model. J Clim 17:930-951

Dai A, Giorgi F, Trenberth KE (1999a) Observed and model-simu-
lated diurnal cycles of precipitation over the contiguous United
States. ] Geophys Res 104:6377-6402

Dai A, Trenberth KE, Karl TR (1999b) Effects of clouds, soil mois-
ture, precipitation, and water vapor on diurnal temperature
range. J Clim 12:2451-2473

Dee DP et al (2011) The ERA-Interim reanalysis: configuration and
performance of the data assimilation system. Q J Roy Meteor
Soc 137:553-597

Derin Y, Yilmaz KK (2014) Evaluation of multiple satellite-based
precipitation products over complex topography. J Hydromete-
orol 15:1498-1516

Done JM, Craig GC, Gray SL, Clark PA, Gray MEB (2006) Mes-
oscale simulations of organized convection: Importance of con-
vective equilibrium. Q J Roy Meteor Soc 132:737-756

Fritsch JM, Chappell CF (1980) Numerical prediction of convectively
driven mesoscale pressure systems. 1 Convective parameteriza-
tion. J Atmos Sci 37:1722-1733

Ganai M, Krishna RPM, Mukhopadhyay P, Mahakur M (2016) The
impact of revised simplified Arakawa-Schubert scheme on the
simulation of mean and diurnal variability associated with active
and break phases of Indian summer monsoon using CFSv2. J Geo-
phys Res 121:9301-9323

Gao Y, Xu J, Chen D (2015) Evaluation of WRF mesoscale climate
simulations over the Tibetan plateau during 1979-2011. J Climate
28:2823-2841

Grell GA, Dévényi D (2002) A generalized approach to parameterizing
convection combining ensemble and data assimilation techniques.
Geophys Res Lett 29:1693. https://doi.org/10.1029/2002GL0153
11

Guo JP et al (2014) Diurnal variation and the influential factors of
precipitation from surface and satellite measurements in Tibet.
Int J Climatol 34:2940-2956

Han J, Pan H-L (2011) Revision of convection and vertical diffusion
schemes in the NCEP Global Forecast System. Weather Forecast
26:520-533

Han J-Y, Hong S-Y, Lim K-SS, Han J (2016) Sensitivity of a cumulus
parameterization scheme to precipitation production representa-
tion and its impact on a heavy rain event over Korea. Mon Weather
Rev 144:2125-2135

He X et al (2015) The diurnal cycle of precipitation in regional spectral
model simulations over West Africa: sensitivities to resolution and
cumulus schemes. Weather Forecast 30:424—-445

Hersbach H et al (2018) Operational global reanalysis: progress, future
directions and synergies with NWP. ECMWF ERA Rep Ser N27.
https://doi.org/10.21957/tkic6g3wm (available online: https://
www.ecmwf.int/node/18765). Accessed 10 Apr 2019

Hong S-Y, Kanamitsu M (2014) Dynamical downscaling: fundamental
issues from an NWP point of view and recommendations. Asia-
Pac J Atmos Sci 50:83-104

Hong SY, Noh Y, Dudhia J (2006) A new vertical diffusion package
with an explicit treatment of entrainment processes. Mon Weather
Rev 134:2318-2341

Hou Y et al (2014) The global precipitation measurement mission. B
Am Meteorol Soc 95:701-722

Huang DL, Gao SB (2018) Impact of different reanalysis data on WRF
dynamical downscaling over China. Atmos Res 200:25-35

Tacono MJ, Delamere JS, Mlawer EJ, Shephard MW, Clough SA, Col-
lins WD (2008) Radiative forcing by long-lived greenhouse gases:

@ Springer

Calculations with the AER radiative transfer models. J Geophys
Res-Atmos 113:D13103. https://doi.org/10.1029/20081D009944

Jeong JH, Walther A, Nikulin G, Chen DL, Jones C (2011) Diurnal
cycle of precipitation amount and frequency in Sweden: observa-
tion versus model simulation. Tellus A 63:664-674

Joyce RJ, Janowiak JE, Arkin PA, Xie P (2004) CMORPH: a method
that produces global precipitation estimates from passive micro-
wave and infrared data at high spatial and temporal resolution. J
Hydrometeorol 5:487-503

LiJ (2018) Hourly station-based precipitation characteristics over the
Tibetan Plateau. Int J Climatol 38:1560-1570

Li P, Furtado K, Zhou T, Chen H, Li J, Guo Z, Xiao C (2018) The diur-
nal cycle of East Asian summer monsoon precipitation simulated
by the Met Office Unified Model at convection-permitting scales.
Clim Dynam. https://doi.org/10.1007/s00382-018-4368-z

Lim KSS, Hong SY (2010) Development of an effective double-
moment cloud microphysics scheme with prognostic cloud con-
densation nuclei (CCN) for weather and climate models. Mon
Weather Rev 138:1587-1612

Lin C, Chen D, Yang K, Ou T (2018) Impact of model resolution on
simulating the water vapor transport through the central Hima-
layas: implication for models’ wet bias over the Tibetan Plateau.
Clim Dynam 51:3195-3207

Liu C et al (2017) Continental-scale convection-permitting modeling
of the current and future climate of North America. Clim Dynam
49:71-95

Liu Z, Ostrenga D, Vollmer B, Deshong B, Macritchie K, Greene M,
Kempler S (2017) Global precipitation measurement mission
products and services at the NASA GES DISC. B Am Meteorol
Soc 98:437-444

Ma H-Y, Xie S, Boyle JS, Klein SA, Zhang Y (2013) Metrics and
diagnostics for precipitation-related processes in climate model
short-range hindcasts. J Climate 26:1516-1534

McFarlane N (2011) Parameterizations: representing key processes in
climate models without resolving them. Wiley Int Rev 2:482-497

Miguez-Macho G, Stenchikov GL, Robock A (2004) Spectral nudg-
ing to eliminate the effects of domain position and geometry
in regional climate model simulations. J] Geophys Res-Atmos
109:D13104. https://doi.org/10.1029/2003JD004495

Mishra SK, Srinivasan J (2010) Sensitivity of the simulated precipita-
tion to changes in convective relaxation time scale. Ann Geophys
28:1827-1846

Mooney PA, Mulligan FJ, Broderick C (2016) Diurnal cycle of precipi-
tation over the British Isles in a 0.44A degrees WRF multiphys-
ics regional climate ensemble over the period 1990-1995. Clim
Dynam 47:3281-3300

Mooney PA, Broderick C, Bruyere CL, Mulligan FJ, Prein AF (2017)
Clustering of observed diurnal cycles of precipitation over the
United States for evaluation of a WRF multiphysics regional cli-
mate ensemble. J Climate 30:9267-9286

Mukhopadhyay P, Taraphdar S, Goswami BN, Krishnakumar K (2010)
Indian summer monsoon precipitation climatology in a high-reso-
lution regional climate model: impacts of convective parameteri-
zation on systematic biases. Weather Forecast 25:369-387

Otte TL, Nolte CG, Otte MJ, Bowden JH (2012) Does nudging
squelch the extremes in regional climate modeling? J Climate
25:7046-7066

Prein AF et al (2015) A review on regional convection-permitting cli-
mate modeling: demonstrations, prospects, and challenges. Rev
Geophys 53:323-361

Sato T, Yoshikane T, Satoh M, Miura H, Fujinami H (2008) Resolu-
tion dependency of the diurnal cycle of convective clouds over
the Tibetan Plateau in a mesoscale model. J] Meteorol Soc Jpn
Ser 11 86A:17-31

Sohn BJ, Han H-J, Seo E-K (2010) Validation of satellite-based high-
resolution rainfall products over the Korean Peninsula using


https://ntrs.nasa.gov/search.jsp?R=19990060930
https://ntrs.nasa.gov/search.jsp?R=19990060930
https://doi.org/10.1029/2002GL015311
https://doi.org/10.1029/2002GL015311
https://doi.org/10.21957/tkic6g3wm
https://www.ecmwf.int/node/18765
https://www.ecmwf.int/node/18765
https://doi.org/10.1029/2008JD009944
https://doi.org/10.1007/s00382-018-4368-z
https://doi.org/10.1029/2003JD004495

Simulation of summer precipitation diurnal cycles over the Tibetan Plateau at the gray-zone... 3539

data from a dense Rain Gauge network. J Appl Meteorol Clim
49:701-714

Su FG, Duan XL, Chen DL, Hao ZC, Cuo L (2013) Evaluation of the
global climate models in the CMIPS5 over the Tibetan Plateau. J
Clim 26:3187-3208

Sugimoto S, Takahashi HG (2016) Effect of spatial resolution and
cumulus parameterization on simulated precipitation over South
Asia. Sola 12A:7-12

Sun B-Y, Bi X-Q (2019) Validation for a tropical belt version of WRF:
sensitivity tests on radiation and cumulus convection parameteri-
zations. Atmos Ocean Sci Lett 12:192-200

Taylor KE (2001) Summarizing multiple aspects of model performance
in a single diagram. ] Geophys Res-Atmos 106:7183-7192

Tewari MF, Chen W, Wang J, Dudhia MA, LeMone K, Mitchell
ME, Gayno G, Wegiel J, Cuenca RH (2004) Implementation
and verification of the unified NOAH land surface model in
the WRF model. In: 20th conference on weather analysis and
forecasting/16th conference on numerical weather prediction,
Seattle, pp 11-15

Trenberth KE, Zhang Y, Gehne M (2017) Intermittency in precipi-
tation: duration, frequency, intensity, and amounts using hourly
data. J Hydrometeorol 18:1393-1412

von Storch H, Langenberg H, Feser F (2000) A spectral nudging tech-
nique for dynamical downscaling purposes. Mon Weather Rev
128:3664-3673

Waldron KM, Paegle J, Horel JID (1996) Sensitivity of a spectrally
filtered and nudged limited-area model to outer model options.
Mon Weather Rev 124:529-547

Walther A, Jeong JH, Nikulin G, Jones C, Chen DL (2013) Evaluation
of the warm season diurnal cycle of precipitation over Sweden
simulated by the Rossby Centre regional climate model RCA3.
Atmos Res 119:131-139

Wang S, Sobel AH, Zhang F, Sun YQ, Yue Y, Zhou L (2015) Regional
simulation of the October and November MJO events observed
during the CINDY/DYNAMO field campaign at Gray Zone reso-
lution. J Clim 28:2097-2119

Wang Y et al (2017) Evaluation of precipitable water vapor from
four satellite products and four reanalysis datasets against GPS
measurements on the Southern Tibetan Plateau. J Climate
30:5699-5713

Wei G, Lii H, Crow WT, Zhu Y, Wang J, SuJ (2018) Comprehensive
evaluation of GPM-IMERG, CMORPH, and TMPA precipitation
products with gauged rainfall over Mainland China. Adv Meteorol
2018:3024190. https://doi.org/10.1155/2018/3024190

Wilks DS (2006) Statistical methods in the atmospheric sciences, 2nd
edn. Vol., 91. Academic Press, Cambridge, p 64891

Xie P, Joyce R, Wu S, Yoo S-H, Yarosh Y, Sun F, Lin R (2017) Repro-
cessed, bias-corrected CMORPH global high-resolution precipita-
tion estimates from 1998. J Hydrometeorol 18:1617-1641

Xu J, Zhang B, Wang M, Wang H (2012) Diurnal variation of summer
precipitation over the Tibetan Plateau: a cloud-resolving simula-
tion. Ann Geophys-Germany 30:1575-1586

Yang B, Zhou Y, Zhang YC, Huang AN, Qian Y, Zhang LJ (2018)
Simulated precipitation diurnal cycles over East Asia using dif-
ferent CAPE-based convective closure schemes in WRF model.
Clim Dynam 50:1639-1658

Yang L, Wang S, Tang J, Niu X, Fu C (2019) Evaluation of the effects
of a multiphysics ensemble on the simulation of an extremely hot
summer in 2003 over the CORDEX-EA-II region. Int J Climatol
39:3413-3430

YuR, XuY, Zhou T, Li J (2007) Relation between rainfall duration
and diurnal variation in the warm season precipitation over cen-
tral eastern China. Geophys Res Lett 34:L.13703. https://doi.
org/10.1029/2007GL030315

Yu E, Wang H, Gao Y, Sun J (2011) Impacts of cumulus convective
parameterization schemes on summer monsoon precipitation
simulation over China. Acta Meteorol Sin 25:581-592

Yuan WH, Yu RC, Zhang MH, Lin WY, Li J, Fu YF (2013) Diur-
nal cycle of summer precipitation over subtropical East Asia in
CAMS. J Clim 26:3159-3172

Zhang Y, Chen HM (2016) Comparing CAMS5 and Superparameter-
ized CAMS Simulations of summer precipitation characteris-
tics over Continental East Asia: mean state, frequency-intensity
relationship, diurnal cycle, and influencing factors. J Climate
29:1067-1089

Zhang Q, Pan Y, Wang S, Xu J, Tang J (2017) High-resolution regional
reanalysis in China: evaluation of 1 year period experiments. J
Geophys Res 122:10801-10819

Zhang W, Huang AN, Zhou Y, Yang B, Fang DX, Zhang LJ, Wu Y
(2017) Diurnal cycle of precipitation over Fujian Province dur-
ing the pre-summer rainy season in southern China. Theor Appl
Climatol 130:993-1006

Zheng Y, Alapaty K, Herwehe JA, Genio ADD, Niyogi D (2016)
Improving high-resolution weather forecasts using the weather
Research and Forecasting (WRF) Model with an Updated Kain-
Fritsch Scheme. Mon Weather Rev 144:833-860

Zhou T, Yu R, Chen H, Dai A, Pan Y (2008) Summer precipitation
frequency, intensity, and diurnal cycle over China: a compari-
son of satellite data with Rain Gauge Observations. J Climate
21:3997-4010

Zhou X, Yang K, Wang Y (2018) Implementation of a turbulent oro-
graphic form drag scheme in WRF and its application to the
Tibetan Plateau. Clim Dynam 50:2443-2455

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1155/2018/3024190
https://doi.org/10.1029/2007GL030315
https://doi.org/10.1029/2007GL030315

	Simulation of summer precipitation diurnal cycles over the Tibetan Plateau at the gray-zone grid spacing for cumulus parameterization
	Abstract
	1 Introduction
	2 Methodology
	2.1 Model configuration
	2.2 Data sets
	2.3 Diurnal cycles
	2.4 Precipitation events

	3 Results and discussion
	3.1 Simulated summer mean precipitation
	3.2 Simulated diurnal cycles
	3.3 Simulated precipitation events

	4 Concluding remarks
	Acknowledgements 
	References




