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ABSTRACT

The diurnal variation of precipitation over the Dabie Mountains (DBM) in eastern China during the 2013 mei-yu season
is investigated with forecasts of a regional convection-permitting model. Simulated precipitation is veriﬁed against surface
rain-gauge observations. The observed morning precipitation peak on the windward (relative to the prevailing synoptic-scale
wind) side of the DBM is reproduced with good spatial and temporal accuracy. The interaction between the DBM and a
nocturnal boundary layer low-level jet (BLJ) due to the inertial oscillation mechanism is shown to be responsible for this
precipitation peak. The BLJ is aligned with the lower-level southwesterly synoptic-scale ﬂow that carries abundant moisture.
The BLJ core is established at around 0200 LST upwind of the mountains. It moves towards the DBM and reaches maximum
intensity at about 70 km ahead of the mountains. When the BLJ impinges upon the windward side of the DBM in the early
morning, mechanical lifting of moist air leads to condensation and subsequent precipitation.
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1. Introduction
The Yangtze–Huai River Basin (YHRB) is one of the major torrential rain centers in China (Zheng et al., 2016). The
mei-yu season, typically starting around mid-June and lasting
for one month or so, is one of the major rain periods in the
YHRB. During the mei-yu season, a cold air mass from the
north and warm moist air mass from the southern oceans associated with the summer monsoon converge in the YHRB,
forming a roughly west–east rain band, thousands of kilometers long, along the quasi stationary mei-yu front (Ding,
1992). Persistent precipitation leads to extreme ﬂooding,
causing billions of dollars’ worth of annual losses. Although
progress has been made in the prediction of large-scale meiyu front precipitation, local extreme rainfall, usually caused
by meso-β and meso-γ convective systems are still hard to
predict (Chen and Li, 1995; Li et al., 1997; Geng et al., 2009).
Previous studies on precipitation diurnal variations of the
YHRB have focused more on large-scale circulations. In the
YHRB, diurnal variations of precipitation have been shown
∗
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to exhibit bimodal structures (Ding and Chan, 2005; He et
al., 2016, 2017), with one peak in the early morning and the
other peak in the late afternoon (Yu et al., 2007; Chen et al.,
2009; Yuan et al., 2010, 2012; Luo et al., 2013a). The afternoon peak is clearly associated with convective precipitation
due to daytime solar heating (Xu and Zipser, 2011), while the
formation mechanism of the early morning peak is not as well
understood. There are three major views. The ﬁrst attributes
the cause to the eastward propagation of convective systems,
originally forming over the Tibetan Plateau in the afternoon
(Wang et al., 2005; Bao et al., 2011; Xu and Zipser, 2011)
and then propagating eastward. When reaching the YHRB,
the organized mesoscale convective systems (MCSs) usually
intensify in the evening and result in the morning peak precipitation in that region. But during the mei-yu season, especially during the post-mei-yu period, the propagating MCSs
retreat to the west of the YHRB, and are no longer responsible for the morning rainfall (Wang et al., 2005; Bao et al.,
2011). The second mechanism associates the morning peak
with large-scale thermally induced circulations between the
mountains in central China and the eastern plains, known as
the mountain-plains solenoid (MPS) (Sun and Zhang, 2012).
During the mei-yu season, convective cells form in the lee-
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side of the Wushan Mountains (∼114◦ E) in the daytime and
then move eastward along the mei-yu front. When reaching
the YHRB at night, the upward branch of the MPS circulation helps convective cells evolve into strong MCSs that reach
maximum intensity in the early morning. For this mechanism, the synoptic-scale southwesterly low-level jet (SLJ) at
850 hPa plays an important role in transporting moisture from
the Bay of Bengal, alongside that from land surface evaporation (Yamada et al., 2007), into the YHRB. As reported in
Chen et al. (2010) and Yuan et al. (2013), an anomalous (i.e.,
accelerated) low-level southwesterly ﬂow and an anomalous
northeasterly (i.e., decelerated southwesterly) ﬂow converge
over the YHRB at 0800 LST, resulting in a favorable zone
of storm formation and intensiﬁcation. The third mechanism
suggests that locally initiated MCSs tend to form in the late
afternoon and early evening in the YHRB. The time lag between the initiation and mature phase of the MCSs leads to
maximum rainfall during late night and early morning (Wallace, 1975; Dai et al., 1999; Nesbitt and Zipser, 2003).
The Dabie Mountains (DBM), with the highest peak
of 1774 m and several others topping 1500 m, is a major
mesoscale terrain in the YHRB and has important eﬀects on
storm propagation and rainfall distributions. Long-term averages from various observations show that the DBM is one
of the local precipitation centers in the YHRB, with rainfall
mainly located at the main peak area and its upwind region
(Luo et al., 2013b; Zheng et al., 2016). Along the synoptic
mei-yu front, the rain center at the DBM appears as an embedded local hotspot. In this study, we focus on explaining
the mechanism of the morning precipitation peak during a
mei-yu period over the DBM and its upwind range. Complementary to past studies, which mostly analyzed the synopticscale forcing on the morning rainfall peak, this study uncovers a new mechanism responsible for the nighttime upslope
ﬂow on the windward (relative to the prevailing synopticscale wind direction) side of the DBM. This mechanism appears to be the most pronounced factor causing the early
morning rainfall peak over the DBM.
The rest of this paper is organized as follows: In section
2, the data used, including forecasts from the Nanjing University 4-km real-time forecast system and rain gauge observations, are introduced. The forecasting results and the rainfall
peak mechanism are discussed in sections 3 and 4, respectively. In section 5, a mei-yu front case is presented to further
illustrate the contribution of a nocturnal boundary layer lowlevel jet (BLJ) and the DBM. A summary and discussion are
provided in section 6.

2. Model description and observational data
The forecast data are from the 4-km Nanjing University real-time forecast system (Zhu et al., 2018), which uses
the Weather Research and Forecasting (WRF) model (Skamarock et al., 2005) (hereafter referred to as NJU WRF).
NJU WRF runs to 48 hours twice a day from 1 June through
31 August every year since 2013. Precipitation evaluations
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(e.g., Zhu et al., 2018) have shown that NJU WRF performs
better than both regional and global operational models, such
as ECMWF, NCEP GFS, JMA and CMA global forecasts,
over mainland China, especially for heavy rain forecasts.
NJU WRF has a 4 km horizontal grid spacing and 51 vertical levels extending to 50 hPa. Such a grid spacing is considered convection permitting and is able to resolve midlatitude MCSs (Weisman et al., 1997; Mass et al., 2002). Initial and lateral boundary conditions are obtained from the
NCEP real-time GFS (0.5◦ ). The land surface processes are
represented by the Pleim–Xiu scheme (Pleim, 2006). Other
key parameterizations include the Morrison double-moment
microphysics scheme (Morrison et al., 2005), the Pleim–
Xiu planetary boundary layer scheme (Pleim, 2007), and the
CAM radiation scheme (Collins et al., 2004). This set of parameterizations was evaluated and considered appropriate for
use over China, especially for heavy rainfall (Zhu and Xue,
2016).
The simulation domain of NJU WRF covers the whole
of mainland China (see small panel in Fig. 1). In this study,
only part of the model domain covering the YHRB is used for
the analyses (see Fig. 1). To investigate precipitation over the
DBM and its upwind sides, time series of mean precipitation
are calculated within the red rectangle in Fig. 1. The 12–36-h
forecasts initiated at 0000 UTC are used for the statistics.
The precipitation forecasts are validated against a dense
network of surface rain gauges (more than 30 000 sites) in
China. In some provinces near the coast, the mean distance
between sites is about 7 km. For this study, hourly rain-gauge
data from 1607 surface stations around the DBM were collected and quality controlled. Additionally, daily soundings
at a nearby sounding site [station number 57494 at (30.62◦ N,
114.13◦ E), marked by the cross in Fig. 1] are used to validate
simulated wind proﬁles. This sounding site is chosen also because it is on the upwind side of the mountains with respect
to the synoptic southwesterlies during the mei-yu season.

3. Description of mean precipitation patterns
Figure 2 presents the mean 24-h accumulated rainfall for
both observations and NJU WRF forecasts averaged over the
2013 mei-yu period from 23 June through 10 July. The observations in Fig. 2a show a clear heavy-rain center over the
DBM with a long tail extending southwest in the upwind direction and a short tail to the east of the mountains. The precipitation in the NJU WRF forecasts in Fig. 2b displays similar overall patterns. The forecasts successfully capture the
rainfall center over the DBM but underestimate precipitation
on both sides. In this study, we focus on precipitation over
the DBM and its upwind region.
Time series of observed and simulated hourly rainfall R
over the DBM are presented in Fig. 3, where angle brackets indicate the spatial average within the red rectangle in the
analysis domain shown in Fig. 1 and an overbar represents
the temporal average over the 18 days of the 2013 mei-yu
season. A bimodal pattern stands out in the observations. The
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Fig. 1. The analysis domain of the DBM. Terrain height is shown in gray shaded contours at 500-m intervals. The red rectangle represents the analysis region of Fig. 3. The
rectangle is aligned with the prevalent 850-hPa geostrophic wind direction. The blue
line indicates the location of the vertical cross section presented in Fig. 11. The location
of an upwind sounding site (57494) is marked by a red cross (used in Fig. 6). The topleft inset marks the location of the analysis domain with respect to the entire forecast
model domain. The black dots are the locations of rain gauge stations.

averaged precipitation R increases from 0400 LST onwards,
and peaks at 0800 LST. Afterwards, R decreases before increasing again slightly around noon, resulting in a smaller
local peak at 1300 LST. In the afternoon, R decreases continuously until it reaches its minimum at 2000 LST. The forecasts reproduce the observed early morning and noon peaks
with similar magnitudes, but with an hour’s delay. The simulated diurnal minimum precipitation is found around 1900
LST, which is an hour earlier than in the observations. The
correlation coeﬃcient between the observation and forecast
time series is as high as 0.83.
The spatial distributions of hourly accumulated precipitation from evening to early morning reveal the details of the
formation of the morning rainfall peak (Fig. 4). Right after
sunset at 2000 LST (Fig. 4a), precipitation activities appear
least active, corresponding to the observed diurnal minimum
in Fig. 3. Some scattered rainfall areas are found over the
west and the southeast plains, away from the DBM. Only
a few precipitation spots are found at the foot of the DBM.
Later, at 0200 LST, the precipitation cluster propagates to the
mountains, and rainfall in the upwind region intensiﬁes (Fig.
4c). From 0500 (Fig. 4e) to 0800 LST (Fig. 4g), an obvious increase in rainfall occurs along the windward (relative
to the prevailing synoptic-scale wind) side of the DBM, and
a rain band forms that is oriented approximately southwest to
northeast. The intense rainfall around the DBM corresponds
to the morning precipitation maximum observed in Fig. 3.
The WRF forecasts capture the major spatial features of

the nighttime to morning rainfall (right-hand panel of Fig. 4),
including the propagation at late night (from 2000 to 0200
LST) and rainfall intensiﬁcation in the morning (from 0500
to 0900 LST). Note that the predicted rainfall peak is delayed
by about an hour compared to that of the observations (see
Fig. 3). To account for this delay, the 0900 LST forecast is
presented instead of using the same time as the observation.
Overall, the 4-km NJU WRF forecasts successfully reproduce the observed morning rainfall peak and capture the 24-h
diurnal precipitation pattern (Fig. 3). In the following section,
we use NJU WRF forecasts to investigate the mechanism of
rainfall from early morning to a few hours after sunrise.

4. Low-level jet and the morning rainfall peak
During the mei-yu season, the lower half of the troposphere over East China is dominated by an anticyclonic circulation associated with the western Paciﬁc synoptic high.
The prevailing winds in the YHRB at 950 hPa low-levels
are nearly southwesterly (Fig. 5). A prevalent low-level jet is
found in the southwest of the DBM. It is part of the northernmost extent of the southwesterly monsoon ﬂow. The DBM
are located along the path of the southwesterly ﬂow, which
has an abundant supply of moisture and is a favorable location for rainfall.
Figure 6 presents the vertical proﬁles of wind speed at
the windward side (see cross sign in Fig. 1) at 1200 and 0000
UTC (2000 and 0800 LST). Uncertainties associated with the

18

THE ROLE OF BLJ FOR THE MORNING PRECIPITATION

Fig. 2. (a) Mean observed 24-h accumulated rainfall (units:
mm) during the 2013 mei-yu period from 23 June to 7 July, and
(b) mean 24-h accumulated rainfall from WRF forecasts over
the same period. Terrain height is shown in black contours with
500 m interval.
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Fig. 3. Times series of observed (OBS) and simulated (WRF)
temporally and spatially averaged hourly rainfall over the DBM.
The spatial average is calculated over the area represented by
the red rectangle in Fig. 1. The temporal average is calculated
over the entire 2013 mei-yu season.

observation and forecast almost overlay each other, which
means that there is no signiﬁcant diﬀerence between the two.
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From evening to early morning, both observations and WRF
forecasts exhibit intensiﬁcation of wind speeds in the lower
half of the troposphere, with the maximum wind speed located between 950 and 925 hPa. However, for both times, the
forecast wind speeds are higher than the observations at lower
elevations and the forecast height of maximum wind speed is
closer to the surface. Note that the observed soundings are
only available at speciﬁc levels. The diﬀerences between observations and WRF forecasts are partly attributable to inadequate observation levels at lower elevations. The potential
temperature (θ) proﬁles from the observations and the forecasts are also presented in Fig. 6. The forecasts reach overall
agreement with the observations, except close to the surface.
At 0800 LST, the WRF-forecasted θ has a cold bias between
1000 and 950 hPa of up to 2 K. This indicates a shallower
nighttime stable boundary layer in the forecasts. This might
correspondingly lower the peak of the forecasted boundary
layer low-level jet, as shown in Fig. 6b.
The SLJ exists between 900 and 600 hPa, with maximum winds usually located between 850 and 700 hPa (Chen
et al., 1994, 1997; Du et al., 2012). Being a synoptic-scale
ﬂow phenomenon, the SLJ does not exhibit apparent diurnal variations. The BLJ, on the other hand, is associated with
signiﬁcant diurnal variations (Du et al., 2012). Over land,
in addition to the thermally induced MPS mechanism mentioned in the introduction, the Blackadar mechanism should
be taken into consideration (Blackadar, 1957; Du et al., 2015)
for the BLJ’s formation. During daytime, a near balance
is achieved among the pressure gradient force, the Coriolis
force, and the frictional force. With surface cooling at night,
the near-ground static stability increases, which acts to suppress turbulent mixing. As a result, the middle and upper portions of the boundary layer become decoupled from the surface layer. The force balance in the layer residing between
roughly 500 to 1500 m above ground level is disrupted, because the frictional force is eﬀectively turned oﬀ. This force
imbalance causes an inertial oscillation of the winds, which
leads to super-geostrophic winds and a nocturnal low-level
wind maximum in the overnight hours (Blackadar, 1957; Van
De Wiel et al., 2010). Given the formation mechanism of
the BLJ, its nighttime peak magnitude is set by the background geostrophic ﬂow and the daytime time frictional forcing. As shown by the color shading in Fig. 5, the diurnalaveraged wind speeds, which are representative of the background ﬂow, varies spatially around the DBM. Wind speeds
southwest of the DBM (i.e., the windward side) are generally
higher than those on the northeast leeward side. With similar
daytime heating, which is mostly dictated by solar radiation,
spatial variations of the BLJ strength in the DBM region are
expected as a result of the diﬀerences in the background ﬂow
(This is evidenced later in Fig. 9).
Vertical proﬁles of the wind speeds upwind of the DBM
are presented in Fig. 7 at 3-h intervals to demonstrate the diurnal cycle of winds and the nighttime formation of the BLJ.
The wind speeds are averaged over the black box in Fig. 5.
The nighttime acceleration of winds from 1700 LST onwards
is observed in the boundary layer up to around 850 hPa. Wind

JANUARY 2019

FU ET AL.

Fig. 4. Shaded contours of time-averaged hourly accumulated rainfall (units: mm) from surface rain gauge measurements at 2000, 0200, 0500 and 0800 LST. The left-hand panels are from observations and the right from the NJU WRF
forecasts. Terrain height is superimposed as black contours at 500-m intervals. The rain gauge observations are
remapped onto the WRF grid using bilinear interpolation. Terrain height is shown in black contours with 500 m
interval.
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speeds peak at 0500 LST between 950 and 900 hPa, reaching
over 12 m s−1 . From then on, winds decelerate as friction
associated with the daytime boundary layer increases.
To investigate the forces responsible for the formation of
the BLJ, time series of the forcings in the momentum budget
are presented in Fig. 8.


∂v
∂u
∂v
= − u  + v  + f (Ug − u) + 
F
(1)
∂t
∂x
∂y
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III
I

Fig. 5. Time-averaged, WRF-simulated wind vectors at 950
hPa. Shading represents the wind speeds at 950 hPa. The black
rectangle marks the area used in the momentum budget analysis
in Fig. 8. Terrain height is shown in black contours with 500 m
interval.
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The axes are rotated such that the new y -axis is aligned with
the BLJ direction as shown in Fig. 5, where u and v are the
wind components in the x and y directions, and Ug is the
corresponding geostrophic wind. The four terms of Eq. (1)
represent the tendency (Term I), horizontal advection (Term
II), Coriolis force acting on ageostrophic wind (Term III), and
frictional force (Term IV), respectively. The frictional force
is computed as a residual term following Du et al. (2014).
The budget terms are spatially averaged within a box around
the sounding site in Fig. 5 to obtain representative conditions
of the upstream ﬂow. Time series of the wind component
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Fig. 6. Time-averaged vertical wind and potential temperature proﬁles at the sounding site indicated in Fig. 1 at (a)
1200 UTC (2000 LST ) and (b) 0000 UTC (0800 LST), with the 25th/75th percentiles of wind data represented by horizontal error bars. The NJU WRF results are spatially averaged over a 1◦ × 1◦ box centered on the sounding site. The
temporal averaging was calculated over the entire 2013 mei-yu season, using 12- and 24-h forecasts from 1200 UTC,
respectively, corresponding to the times of twice-daily soundings. The solid and dashed lines represent the observed
and NJU WRF-forecast soundings, respectively.
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Fig. 7. Vertical proﬁles of wind speeds at 3-h intervals averaged
over the area represented by the black box in Fig. 5.
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Fig. 8. Diurnal variations of individual terms in the horizontal momentum equation at the 950-hPa level averaged over
the upwind region (inside the black rectangle in Fig. 5) of the
DBM. The momentum budget in the y direction is calculated.
Term I: Tendency; Term II: Advection; Term III: Coriolis on
ageostrophic; Term IV: Residual. The gray dashed line is the
average wind speed inside the black rectangle in Fig. 5.

along the y -axis averaged over the same area are also presented in Fig. 8. Given the latitudes of the DBM at 31◦ N
( f = 0.75 × 10−4 s−1 ), the period of the inertial oscillations
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is close to 24 hours (2π/ f = 23.3 h). The wind component
exhibits strong diurnal variation, with low speeds during the
day and high speeds at night. The maximum and minimum
wind speeds occur in the early morning at around 0500 LST
and late afternoon at 1800 LST, respectively. The tendency
term, which is responsible for the changes in wind speed, exhibits similar patterns, with negative (positive) values during daytime (nighttime). Among the three forcings on the
right-hand side of Eq. (1), the Coriolis force acting on the
ageostrophic wind dominates the tendency term at nighttime
between around 2100 to 0600 LST when the friction term is
almost zero. During that time, the contribution of the advection term is also very small. At sunrise, shortly after 0600
LST, the frictional force suddenly increases (becomes more
negative) due to the onset of daytime boundary layer convection. It reaches its maximum at 1000 LST and then decreases
steadily for the rest of the daytime. The frictional force is
largely responsible for the changes in the overall tendency
for the daytime. Overall, the frictional force dominates the
momentum tendency during the daytime, while the Coriolis
force acting on the ageostrophic wind plays an important role
for nighttime.
A signature of the nocturnal BLJ is the inertial oscillation (i.e., clockwise turning in the Northern Hemisphere) of
the low-level winds with time. This is presented in Fig. 9
where the perturbation wind vectors at the 950-hPa elevation
is plotted at every 3 h during the course of the day. The perturbation winds from the NJU WRF forecasts are computed
by subtracting the daily mean values from the winds at every
grid point. To help visualize veering of the winds, thick open
arrows are drawn in each subﬁgure to indicate the dominant
direction of the winds southwest of the DBM. The magnitudes of the upstream perturbation wind vectors, spatially averaged winds over the black box in Fig. 5, are presented in
the hodograph in the middle panel of Fig. 9. The clockwise
turning of the upstream winds unaﬀected by the DBM over a
period of approximately 24 h is well simulated by the 4-km
NJU WRF.
Notably, in Fig. 9, the perturbation winds are pointing
towards the southwest direction against the dominant background southwesterly ﬂow during the daytime (see Figs. 9e–
h). In contrast, in the evening, the perturbation wind vectors
gradually turn to align with the synoptic ﬂow, and enhance
the supply of moisture towards the DBM (see Figs. 10a–c),
creating favorable conditions for moist convection. The formation and development of the jet at nighttime is visualized
by the color contours indicating the magnitudes of the perturbation winds. At 0200 LST in Fig. 9b, some fast-moving
strips of air, indicated by the orange colors, start to form in the
southwest corner of the model domain, about 200 km away
from the DBM in the upwind direction. (Note that the spatial
inhomogeneity of the jet speed is a consequence of the variations of the background ﬂow as illustrated in Fig. 5. Veering
of the wind vectors occurs unanimously within the model domain). Correspondingly, the strength of water vapor ﬂux in
the windward region of the DBM is greatly enhanced (see
Fig. 10b). At 0500 LST (Fig. 9c), the core of the jet has ad-
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Fig. 9. (a–h) Mean simulated 950-hPa perturbation wind speed (shaded; units: m s−1 ) and wind vector every 3 h. Perturbations
at each grid point are computed by subtracting the daily-mean values at that grid point. (i) Hodograph of 950-hPa perturbation
winds spatially averaged over a 1◦ ×1◦ box centered at a sounding site indicated in Fig. 1, showing clear clockwise rotation. The
temporal averaging is calculated over the entire 2013 mei-yu season. The thick open arrow in each panel indicates the general
direction of perturbation wind vectors upwind of the DBM. Terrain height is shown in black contours with 500 m interval.

vanced much closer to the mountains, covering a wide area of
the upwind region. Meanwhile, the strength of water vapor
ﬂux reaches its maximum (see Fig. 10c). The intensiﬁcation
of water vapor transport results in intense precipitation on
the windward side of the DBM from 0500 LST to 0800 LST
(note that rainfall may need some time to form after convective initiation). At 0800 LST (Fig. 9d), while the location
and the spatial extent of the jet remain similar to the previous time, its strength is much weakened due to the onset of
daytime boundary layer convection. Correspondingly, the intensity of water vapor ﬂux begins to weaken (shown in Fig.
10d). Around noon (Fig. 9e), the jet completely disappears,
and perturbation winds veer to weak northerly ﬂows.
As shown in Fig. 9, the BLJ forms initially around 0200
LST, reaches its maximum intensity and widest spatial coverage at 0500 LST, and weakens at 0800 LST. To further investigate the vertical extent of the BLJ, perturbation winds projected onto the vertical cross sections are presented in Fig.
11. The direction of the vertical slice is along the y -axis

in Fig. 5. At 0200 LST (Fig. 11a), a BLJ forms at the lefthand end of the vertical cross section on top of a weaker and
much wider SLJ extending to 2 km above ground level. Wind
speeds are enhanced between 250 m and 1 km. At 0500 LST,
the BLJ strengthens signiﬁcantly. The “nose” or the maximum wind speed of the jet is clearly visible at about 500 m
above ground level (∼950 hPa) between 115◦ E and 116◦ E,
reaching the foothills of the DBM. After sunrise (Fig. 11c),
the horizontal and vertical extents of the BLJ remain similar
to the previous time, while the jet is weakened.
The changes of upstream winds with the formation and
development of the BLJ oﬀer a plausible explanation to the
morning rainfall peak on the upwind side of the DBM. As the
ﬂow accelerates and impinges upon the mountain range, it is
forced to reorient into an apparent updraft in the lower troposphere (Figs. 11b and c). Accompanied by the abundant lowlevel moisture of the background synoptic ﬂow, the upward
motions would lead to condensation and subsequent precipitation. The time lag between the maximum BLJ strength at
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23

Fig. 10. Mean simulated 950-hPa vapor ﬂux [shaded; units: g hPa−1 (cm s)−1 ] and wind vector during the night: (a)
2300 LST; (b) 0200 LST; (c) 0500 LST; (d) 0800 LST. Terrain height is shown in black contours with 500 m interval.

0500 LST and the rainfall peak at 0800 LST (Fig. 3) is mainly
due to the time needed for the development of moist convection.
While the results presented above point to a linkage between the nighttime BLJ (speciﬁcally, its associated moisture
transport and its dynamic eﬀects in enhancing the upslope
ﬂow) and the morning precipitation peak over the DBM, we
are yet to establish a formal causal relationship between the
BLJ and the morning rainfall. In the next section, we attempt
to shed more light on this relationship by reporting the results
of a sensitivity experiment conducted based on a typical case.
Nevertheless, the conclusions drawn from the case study are
still far from complete. More work will be needed before it
is possible to claim that the BLJ is responsible for morning
rainfall over the DBM. One important factor that should be
considered in future work is the role of the mei-yu front, including its location and orientation with respect to the DBM,
which sets the synoptic environment that aﬀects the BLJ and
the large-scale rainfall patterns.

5. A mei-yu front case study
A typical mei-yu front case is selected to further illustrate
the contribution of the BLJ and the mountain topography to

nighttime precipitation over the DBM. Figure 12 presents the
diurnal precipitation time series of the forecast and the raingauge observations for the selected case on 24 June 2013.
Similar to the time-averaged precipitation statistics (see Fig.
3) over the mei-yu period, a bimodal pattern is clear in both
the forecast and observation, with one peak in the afternoon
(1700 LST) and another in the morning between 0900 and
1000 LST. Here, the result from the real-time forecast is used
as the control experiment.
Two additional experiments are conducted. The ﬁrst experiment, NoSHF, is setup to investigate the impact of BLJ
on precipitation, in which the surface heat ﬂux is set to zero.
Without the diurnal surface heat ﬂux forcing, turbulent mixing processes in the boundary layer are driven solely by the
geostrophic winds, day and night. Without vigorous turbulent
mixing to oﬀset the geostrophic balance during the daytime,
the nighttime acceleration of the wind due to stability-limited
turbulence is also absent. Correspondingly, no rapid intensiﬁcation of low-level wind is observed in the boundary layer. By
comparing the results of NoSHF with the control simulation,
the contribution of the BLJ can be identiﬁed. The purpose of
the other experiment, NoDBM, is to examine the contribution of the mountain topography. In this experiment, we set
the terrain height of the DBM to 1/10 of their original height.
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Fig. 12. Observed and forecast hourly mean precipitation rainfall over the DBM for a forecast start from 0000 UTC 24 June
2013. The spatial averaging is calculated over the area represented by the red rectangle in Fig. 1.

Fig. 11. Contours of time-averaged simulated vertical speed
(shaded; units: 0.01 m s−1 ) and perturbation (from the daily
mean) wind speed (contours; units: m s−1 ), and perturbation
wind vectors at (a) 0200, (b) 0500 and (c) 0800, in a vertical
cross section along the blue line in Fig. 1. The vertical wind
speed is ampliﬁed by 100 times for the vector plotting to improve visualization. The temporal averaging is calculated over
the entire 2013 mei-yu season. The black shaded represents terrain height.

The mean height of the DBM after adjustment is about 150
m, which is close to the height of the surrounding plain.

Figure 13 presents the results of three experiments. For
the control experiment, at 0400 LST, convection (as indicated by red contours of higher than 35 dBZ reﬂectivity)
forms in the convergence line mainly induced by the outﬂow of the mei-yu front and the northward water vapor ﬂux
(Fig. 13a). The intensiﬁcation of convection between 0400
LST and 0800 LST is most likely attributable to the intensiﬁcation of the northward water vapor ﬂux (see Fig. 13b),
since the northerly ﬂow associated with the mei-yu front is
still far away. Without diurnal oscillation of winds in the
boundary layer, there is no continuous intensiﬁcation of wind
speed overnight. As we can see from experiment NoSHF, the
strength of the BLJ is greatly reduced at 0800 LST and 0900
LST (see Figs. 13e and f). Also, the wind direction does not
turn as the inﬂux of water vapor approaches the DBM. The intensiﬁcation of convection in the NoSHF experiment is likely
associated with the southward moving mei-yu front. However, this does not mean the intensiﬁcation of the BLJ has
no impact on precipitation intensiﬁcation along the convergence line. We believe that both the northerly (mei-yu front)
and southerly ﬂows (associated with the BLJ) contribute to
intense precipitation in this region and the contribution from
the two parts may be diﬀerent depending on the strength of
the BLJ.
From 0800 to 0900 LST, the transport of water vapor is
reduced in the control experiment. The intensiﬁcation of precipitation for that time period is due to orographic lifting by
the DBM. Without the DBM, the strength of convection is
clearly reduced (see Figs. 13h and i). The other impact of
the DBM is from the barrier eﬀect. Without the DBM, water vapor does not accumulate on the windward side. This
can be seen more clearly in the vertical cross sections in Fig.
14. From 0700 to 0800 LST, in the control experiment, the
strength of water vapor ﬂux is greatly enhanced when approaching the DBM (Figs. 14a and b). Convection is enhanced when climbing up the DBM. When topography is essentially removed, the strength of water vapor ﬂux does not
intensify from 0700 to 0800 LST. Without the terrain barrier
eﬀect, at 0800 LST, the strength of water vapor ﬂux of the
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Fig. 13. Water vapor ﬂux (shaded) and wind vector at 950 hPa. The red contours are the forecast composite reﬂectivity above
35 dBZ: (a) 0400 LST; (b) 0800 LST; (c) 0900 LST. The second and third rows are the same as the ﬁrst row but for the NoSHF
and NoDBM sensitivity experiments, respectively. The red lines indicate the location of the corresponding vertical cross section
presented in Fig. 14.

NoDBM experiment is much lower than that of the control
experiment (Figs. 14b and e). At 0900 LST, as the perturbation winds turn towards the east, the intensity of water vapor
ﬂux for the NoDBM experiment is reduced rapidly (Fig. 14f).
Correspondingly, the precipitation is also reduced; while in
the control experiment, convection continues to intensify due
to orographic lifting by the DBM, although the intensity of
water vapor ﬂux is also reduced (Figs. 13c and 14c).

6. Summary
The diurnal cycle of mei-yu precipitation in the year 2013
over the DBM is studied using a dense network of surface

rain gauges and WRF forecasts at 4-km horizontal grid spacing. The spatial rainfall distributions based on the observations reveal a rainfall center over the DBM and its upwind
side relative to the background synoptic southwesterly ﬂow.
As many previous studies in the YHRB region suggest, the
precipitation diurnal cycle over the DBM exhibit a bimodal
pattern, with a morning peak at 0800 LST and a secondary
afternoon peak at 1300 LST. The 4-km NJU WRF forecasts
successfully reproduce the spatial patterns of rainfall in the
YHRB, and capture the rainfall center over the DBM. The
temporal variations of rainfall, especially the bimodal pattern, are well forecast, with good agreement with observations in terms of magnitude, although the timing of peak pre-
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Fig. 14. Vertical slice of water vapor ﬂux (shaded) and wind vector through the red line in Fig. 13. The black contours are
the forecast reﬂectivity above 35 dBZ: (a–c) forecast from the control experiment at 0700 LST, 0800 LST and 0900 LST,
respectively; (d–f) as in (a–c) but from experiment NoDBM.

cipitation is slightly delayed by about an hour. The correlation coeﬃcient of hourly mean precipitation between the
NJU WRF forecasts and observations is as high as 0.83. The
NJU WRF forecast winds are also validated against twicedaily radiosonde observations. The forecast wind proﬁles
compare well with observations. The elevation of the lowlevel (below 900 hPa) peak winds is lower in the forecasts
than in the observations, although this might be attributable
to the coarse vertical resolution of the sounding data.
Validated against observations, the NJU WRF forecasts
are then used to investigate the formation mechanism of the
morning precipitation peak over the DBM. After sunset at
2000 LST, precipitation begins to form in the southwest of
the DBM and then propagates towards the foot of the mountains. There is a strong breakout of rainfall along the windward side of the mountains from 0500 to 0800 LST, which
results in the morning precipitation peak over the DBM. This
local intensiﬁcation is found to be related to the BLJ and the
local topography. Diurnal oscillation results in a clockwise
turning of the boundary layer winds, leading to a nocturnal
low-level wind maximum in the overnight hours. When the
direction of perturbation winds is aligned with the prevailing synoptic-scale southwesterly at 0500 LST, the boundary
layer winds reach maximum intensity. This helps transport
the moisture-rich southwesterly air along the foothills to the
top of the DBM. As the BLJ impinges upon the mountains,
it is forced into a convective updraft, resulting in the formation of subsequent precipitation around the DBM a few hours
later.
In order to identify the impact of the BLJ and the mountain topography on morning precipitation, two additional experiments are conducted. One involves setting the surface
heat ﬂux to zero to examine the impact of the BLJ, and the

other removing the DBM in the model terrain. A typical
mei-yu front case is selected to conduct sensitivity experiments. In the control experiment, the precipitation intensiﬁes
as the BLJ intensiﬁes. When convection moves up towards
the DBM, the precipitation further intensiﬁes. In the experiment without heat ﬂux, without acceleration of wind during
the night, the strength of the BLJ in the early morning is signiﬁcantly reduced. However, in this case, convection continues to grow as the mei-yu front moves to the south. That does
not mean the intensiﬁcation of the BLJ makes no contribution. The intensiﬁcation of convection is likely contributed by
both the intensiﬁcation of the BLJ and the increased strength
of the mei-yu outﬂow as the mei-yu front heads towards the
south. In the other experiment, where the mountain topography is removed, precipitation intensiﬁcation over the DBM
between 0800 and 0900 LST is no longer found. The orographic lifting of the DBM is believed to be the main factor
behind precipitation intensiﬁcation during that time period.
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