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Abstract. Convection-permitting numerical experiments us- precipitation is an important energy source for driving the
ing the Weather Research and Forecasting (WRF) modegilobal atmospheric circulation (Nober et al., 2003). The di-
are performed to examine the impact of a thermally drivenurnal cycle of precipitation is one of the most basic forms
mountain—plains solenoid (MPS) on the diurnal variation of of climate patterns and has a considerable influence on the
warm-season precipitation over northern China. The focus ofegional weather and climate (Dai, 2001; Yang and Slingo,
the analyses is a 15-day simulation that uses the 8-day aveR001; Liang et al., 2004). The diurnal cycle of precipitation
age of the NCEP GFS gridded analyses at 00:00 UT betweeis often used to verify weather and climate models (Dai et
17 and 24 June 2004 for the initial conditions and the 8-dayal., 1999; Lin et al., 2000; Trenberth et al., 2003; Dai and
averages at 00:00, 06:00, 12:00, and 18:00 UT for the lateralrenberth, 2004). Under the influences of both the eastern
boundary conditions. Despite differences in rainfall inten- Asia monsoon climate (Tao and Chen, 1987) and complex
sity and location, the control experiment captures the essena®pography, there are clear seasonal and regional changes in
of the observed diurnal variation of warm-season precipi-the diurnal cycle of precipitation over eastern Asia. Recent
tation in northern China. Consistent with observations, thestudies have investigated the diurnal variation of precipita-
simulated local precipitation peak initiates in the afternoontion over eastern Asia, including different regions of China
on the eastern edge and the immediate lee of the mountai(Ohsawa et al., 2001; Wang et al., 2004, 2005; Hirose and
ranges due to the upward branch of the MPS. The peak subs&akamura, 2005; Yu et al., 2007a, b; Li et al., 2008; Xu et
quently propagates downslope and southeastward along thed., 2009; Huang et al., 2010; He and Zhang, 2010, hereafter
steering-level mean flow, reaching the central North Chinareferred to as HZ10; Bao et al., 2011; Sun and Zhang, 2012).
Plain around midnight and early morning hours, resulting in  The diurnal variation of precipitation is often induced by
a broad area of nocturnal precipitation maxima over the cendifferential diabatic heating between regions with different
tral plains. Sensitivity experiments show that, besides the imsurface topography. Several recent studies have focused on
pact of the MPS, cold pool dynamics play an essential rolethe diurnal cycle of precipitation over the large mountains
in the propagation and maintenance of the precipitation pealand adjacent plains/basins (e.g., Carbone et al., 2002; Wang
over the plains. et al., 2004, 2005; Yu et al., 2007a, b; Fitzjarrald et al.,
2008; Laing et al., 2008; Levizzani et al., 2010; Huang et
al., 2010; HZ10; Bao et al., 2011; Sun and Zhang, 2012).
Most of these studies have found that the diurnal cycle of
1 Introduction precipitation is strongly associated with the thermally driven
regional mountain—plains solenoid (MPS) circulation, with
Precipitation is closely related to human activity and is onethe diurnal precipitation peaks initiating on the top or lee of

of atmospheric parameters that are difficult to predict. Fur-the mountains in the afternoon and then propagating to the
thermore, the latent heat of condensation released from the
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Fig. 1. (a)Isochrones (phase fronts) of the local diurnal precipitation peaks at different times with terrain elevation shaded every 200 m. The
labels of the isochrones are in UT (8 h behind the local standard time, Beijing time). From Fig. 2b of (HZD@stance—time Hovidller

diagram of the normalized hourly precipitation deviation without filtering averaged along the northwest—southeast cross section within the
black box in(a). The dashed arrows show the southeastward phase propagation of the diurnal precipitation peaks. From Fig. 4 of HZ10.

plains during the night. The evolution of the MPS circulation eastward (Asai et al., 1998; Wang et al., 2004, 2005; Fuiji-
near large-scale mountains — including the Rockies in Northnami et al., 2005; Yu et al., 2007a; Zhou et al., 2008; Chen
America and the Tibetan Plateau in eastern Asia (as well agt al., 2009a, b; Xu and Zipser 2011; Bao et al., 2011). The
their adjacent plains) — has been studied extensively. In adplateaus and mountains of the second step also have an im-
dition, existing observation networks or analysis datasets ar@ortant influence on the local diurnal variation of precipi-
unable to resolve the MPS structure and evolution, as weltation: because they are much higher than the plains of the
as the interactions of the MPS and the diurnal precipitation third step, the differential solar heating rate between these
in detail. High-resolution simulations have already been usedwo steps yields a temperature gradient that can give rise to
to analyze the evolution of the MPS circulation near differ- the MPS circulation. Nevertheless, only a few studies have
ent mountain ranges (e.g., Tripoli and Cotton, 1986, 1989;explored the relation of MPS circulation and diurnal precipi-
Wolyn and McKee, 1994; Zhang and Koch, 2000; Koch et al., tation variations with a focus on these second and third steps
2001; Carbone and Tuttle, 2008; Trier et al. 2006, 2010; Liover China (HZ10; Bao et al., 2011; Sun and Zhang, 2012).
and Simith, 2010; Pritchard et al., 2011, Laing et al., 2012). HZ10 explored the diurnal variations of warm-season pre-
In China, the terrain height decreases from west to eastipitation over northern China using the CMORPH dataset
in a three-step pattern. The Tibetan Plateau is the first stepgnd the NCEP GFS analysis. Figure 1a (Fig. 2b from HZ10)
and has a mean elevation greater than 4500 m. The secorghows the phase fronts of the warm-season diurnal precipi-
step is located to the east and north of the Tibetan Plateatation peaks at different times from CMORPH observations,
and includes large-scale basins and several plateaus, with elvhereas Fig. 1b (Fig. 4 from HZ10) shows the distance—time
evations between 1000 and 2000 m. A northeast—southwestHovmobller diagram of the normalized hourly precipitation
oriented mountain line (which includes the Great Khin- deviation averaged along a northwest—-southeast cross sec-
gan, Taihangshan Mountain, Wushan Mountain and Xufengion in the focus domain. HZ10 found that the diurnal pre-
Mountain) divides the second and third steps. The third stegipitation peaks initiate over the mountains in the early af-
consists of plains and hills with a mean elevation of less tharternoon and then propagate downslope and southeastward to
500 m. Due to the strong heating effect of the Tibetan Plateauhe plains at a speed of 13ms! (Fig. 1b), and that the
on the regional weather and climate, most studies on the diurdiurnal variation of the MPS circulation is one of the impor-
nal cycle of precipitation focus on the Tibetan Plateau and theant factors on the diurnal cycle of precipitation. But HZ10
adjacent lee regions with lower terrain. These studies foundlid not investigate the detailed evolution of the MPS or its
that the diurnal precipitation peak usually begins over theinfluence on the diurnal variation in precipitation because of
Tibetan Plateau in the early afternoon and then propagatethe coarse temporal and spatial resolution of their dataset.
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Fig. 2. () The average 500 hPa relative vorticity (f0s~1, shaded), horizontal wind vectors, and geopotential height every 2 dam (magenta
contours) between 00:00 UT on 17 June and 00:00 UT on 24 June 2004 from GFS analysis. The blue box is the simulation domain. The
rectangle ABCD indicates the focus area, and the dashed line EF divides ABCD into north and south dbjrfaiersage daily precipitation

(mm) between 17 and 24 June from CMORPH.

The current study follows HZ10 but uses higher-resolutionGlobal Forecast System (GFS) Final (FNL) . 1° opera-
numerical simulations to try to determine the causes of thetional analyses every 6 h are used to produce the initial and
diurnal variation in precipitation over northern China and lateral boundary conditions. The experimental runs all have
the influence of the MPS circulation (between the aforemen-one domain that covers northern China and adjacent areas
tioned second and third steps). The current work also comwith 749x 701 horizontal grid points and 3km grid spac-
plements the recent high-resolution modeling study of Suning (Fig. 2a). There are 31 vertical levels, with the top at
and Zhang (2012) which examined the impact of the MPS50 hPa. The model employs the Yonsei University (YSU)
on the diurnal variations of precipitation and mesoscale conBL scheme (Hong et al., 2006), the RUC land surface
vective vortices along the mei-yu front over the East Chinamodel, and the Rapid Radiative Transfer Model longwave
Plains. (Mlawer et al., 1997) and Dudhia (1989) shortwave radiation
To be consistent with HZ10, the focus area of this studyschemes. The WSM6 scheme is used for the microphysics
is over the Yanshan-Taihangshan mountain ranges along thgarameterization (Hong and Lim, 2006). No cumulus param-
eastern peripheries of the Loess—Mongolian plateaus and theterization is used.
adjacent North China Plain (Fig. 1a); here, the terrain de- The primary goal of the experiments is not to recreate
creases from northwest to southeast in a two-step patterrany single precipitation episode, but to capture more gen-
The Weather Research and Forecasting (WRF) modeling syseral characteristics of the diurnal cycle of warm-season pre-
tem is used to simulate the propagation of the diurnal pre-<cipitation over northern China and to examine the influence
cipitation peak during the period of 17-24 June 2004. Theof the MPS. We choose 17-24 June 2004 as the study pe-
primary objective of the current study is to examine the im-riod because there were several observed diurnally recur-
pacts of the MPS on the diurnal variation of precipitation ring episodes of precipitation propagating from the moun-
over northern China. Section 2 provides a description of thetains to the plains (Fig. 3a). A distance—time Hdler dia-
experimental design. Section 3 presents an overview of thgram of the rain rate averaged along the northwest—southeast
simulations and a comparison with the observations. The incross section over the region ABEF (see Fig. 2b) between
teractions of the MPS circulation and the diurnal precipita-00:00 UT on 17 June and 00:00UT on 25 June 2004 from
tion variation over northern China are discussed in detail iInCMORPH data (Fig. 6a) shows a similar feature of the diur-
Sect. 4. Two sensitivity tests with respect to latent heatingnal cycle of warm-season local precipitation (Fig. 1b).
and cooling are reported in Sect. 5. Section 6 gives the con- Table 1 lists the experiments conducted in this study and
cluding remarks of the study. gives a brief description of each. The experiment REAL
is initialized at 00:00 UT on 17 June 2004 with the lateral
boundary conditions updated every 6 h provided directly by
the reanalysis from 00:00 UT on 17 June to 00:00UT on
25 June 2004. Following Trier et al. (2010) and Sun and

Version 3.2 of the Advanced Research WRF (WRF-ARW) Zhang (2012), a 15-day diurnal control experiment (CNTL)
model (Skamarock et al., 2008) is employed in this study.!S Tun in order to reproduce the dlurpal variation of pre-
The National Centers for Environmental Prediction (NCEP) cipitation and research how the MPS influences the diurnal

2 Numerical model and experimental design
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Fig. 3. Hovmbller diagram of the rain rate (mmﬂ'lr) averaged along the northwest-southeast cross section over ABHRB)f&7—
24 June 2004 from CMORPH arfld) the final 10 days of the control simulation (CNTI¢$) Averaged terrain elevation along the northwest—
southeast direction over ABEF.

precipitation cycle. The CNTL experiment is initialized us- 3 The simulated results and comparison with

ing the 8-day (17-24 June 2004) averaged 00:00UT GFS observations

analyses, with lateral boundary conditions derived from the

8-day averaged 00:00 UT, 06:00 UT, 12:00 UT, and 18:00 UTFigure 2a shows the 8-day 00:00 UT average of the 500 hPa
GFS analyses. relative vorticity, horizontal wind, and geopotential height

Two sensitivity experiments are designed to examine thederived from the FNL analyses during the period of 17—
impact of latent heating and cooling on the diurnal variation 24 June 2004. A quasi-steady low-pressure system — often
and propagation of the local peak precipitation. The experseferred to as China’s “Northeast Cold Vortex” (NECV) —is
iment “Fake-dry” includes 10 consecutive 24 h simulationslocated to the north of the focus domain (box ABCD). This
configured the same as CNTL except that all forms of la-Subsynoptic cut-off low is one of the most important warm-
tent heating and cooling (between ice, liquid, and vapor) areseéason rain producers over northern and northeastern China
turned off; each simulation is initialized with the 00:00 UT (Zhang et al., 2008; Hu et al., 2010). Over this 8-day pe-
forecast of the last 10 days of the CNTL simulafioihe  riod, under the influence of NECV, the flow is predominantly
experiment “NOVAP” is also configured the same as CNTL northwesterly over the southwestern half of the focus domain
except that only the cooling associated with the evaporatior{box ABEF). We believe it is not so much the presence of
of liquid water is turned off, which essentially shuts off the the NECV circulation but the persistence and prevalence of
mechanisms for cold pool formation from moist convection. the northwesterly flow across the mountains and plains over

northern China that is important for the current study. Us-

1 Another sensitivity experiment was performed that completelyIng 7yr observational analyses (CMORPH and FNL), H_e
eliminates moist convection during the entire 15-day simulation.and_Zhang (20_1_0) _ShO\{ved that Southeas_tward propagation
However, since the large-scale circulation is drastically different O diurnal precipitation is quite common in warm seasons
from that in the CNTL, this simulation is not further discussed. Under cross-mountain northwesterlies, with and without the
There are also apparent inconsistency and discontinuity betweeNECVS. Figure 2b shows the observed daily-mean precipi-
this 15-day continuous dry simulation and the boundary conditionstation averaged over the 8-day period from the CMORPH
derived from the fully moist reanalysis used in CNTL. Nevertheless,
we found no evidence that the MPS in this longer-term continuous 2 The high-resolution global precipitation dataset from
simulation is stronger than that in the current Fake-dry experimentthe NOAA Climate Prediction Center's morphing technique
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Table 1. Summary of WRF numerical experiments.

Expt Obijectives Forecast lengths  Initial condition Lateral boundary  Description
and number of runs condition
REAL Real data simulation for One 8-day 00:00UTC, Real data from Full physics
8 days continuous run 17 June 2004 00:00UTC,

17:00-00:00 UTC,
25 June 2004

CNTL Sensitivity to diurnal One 15-day The mean of The means of As in REAL
cycle and initial continuous run 00:00UTC from 17 to 00:00, 06:00,
conditions 24 June 2004 12:00, and
18:00UTC
between
17 and
24 June 2004
Fake-dry  Sensitivity to both Ten consecutive The 00:00UTC Asin CNTL No latent heating or
latent heatingand 1-day runs forecasts of the last latent cooling; sensible
latent cooling 10 days of CNTL heating allowed
NOVAP  Sensitivity to As in Fake-dry As in Fake-dry Asin CNTL Latent heating is
evaporative cooling allowed; only cooling
only from the evaporation of
liquid water is turned
off.

dataset. There are two rainfall maxima in ABCD: one to thedue to the impact of the transient weather systems embed-
north over the immediate foothills of the northern mountain ded within the NECV that are purposely filtered out for the
ranges, and the other to the south over the center of the Nortbontrol simulations. The intensities and locations of rainfall
China Plain. We will focus on ABEF because the southernin experiments Fake-dry and NOVAP (Fig. 4c and d) are
rainfall maximum results primarily from the daily and noc- quite different from each other (as well as both REAL and

turnal precipitation peaks. CMORPH observations). For CNTL, precipitation covers the
whole southeast region and the maximum daily precipitation
3.1 Overview of the rainfall simulations occurs over the plains. In Fake-dry, the precipitation is much

less than that of CNTL, is barely existent near the mountains,
The observational rainfall data from CMORPH (Fig. 2b) is and essentially disappears over the plains in the south region.
compared with the mean daily precipitations of the four ex-|n NOVAP, on the other hand, the precipitation is about four
periments: the 8 days of REAL, the last 10 days of CNTL tjmes larger than that of CNTL; apart from the plains, another
(the first 5 days are ignored to lessen the sensitivity to themaximum in daily precipitation is located on the southeast
initial ConditionS), and the 10 consecutive 24 h forecasts Ofedge of the south domain. The local convection is enhanced
Fake-dry and NOVAP (Fig. 4). As a whole, REAL repro- in the absence of evaporative cooling. Thus, turning off evap-
duces the overall features of rainfall over northern China,orative Coo|ing (NOVAP) Significanﬂy increases precipita_
but shows less intense precipitation in the southeastern rejon, put turning off both heating and cooling for all phase
gion (Fig. 4a). Despite slightly stronger intensity and smallerchanges (Fake-dry) yields a large decrease in precipitation.
coverage, CNTL simulates reasonably well the maximumoQyerall, latent heating and cooling make a significant con-
rainfall area in the southern domain. However, the northernyipution to the initiation and intensity of precipitation over
rainfall in this experiment occurs to the east of the rainfall northern China, especially over the plains.
estimated by CMORPH (Fig. 2b); this difference is likely

, i , 3.2 The diurnal cycle of simulated precipitation
(CMORPH, Joyce et al., 2004) with a spatial resolution of 0.07277

is used as the observation. CMORPH has been verified with Chi-Fi ure 3a shows a Hoviller diagram of rain rate averaged
nese rain gauge reports from2000 stations and exhibits the best 9 9 9

performance among satellite precipitation estimates in depicting th(é”‘IC)n_g a northwest-southeast Cros§ Sectlor.1 in ABEF (marked
spatial and temporal variations of precipitation (Shen et al., 2010)in Fig. 2b) for CMORPH observations during the period of

The CMORPH dataset is used to study the diurnal cycle of precipi-17—24 June 2004. Consistent with the warm-season aver-
tation over different domains of China (e.g., HZ10; Bao et al., 2011;age from HZ10, there are at least five episodes of diurnally
Sun and Zhang, 2012). varying southeastward-propagating rain streaks during this

www.atmos-chem-phys.net/13/6965/2013/ Atmos. Chem. Phys., 13, 68882 2013
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(a) REAL (BST)) on the lee of the mountain ranges. The rainfall belt

: intensifies as it heads downward along the eastern slope of
the mountain ranges, and reaches the peak intensity on the
western edge of the plains between 12:00 and 15:00UT
(20:00 and 23:00BST). Propagating toward the southeast,
the rainfall belt starts its gradual weakening just before mid-
night (15:00 UT, or 23:00 BST) over the center of the plains;
the belt reaches the eastern edge of the focus domain be-
tween 21:00 and 00:00 UT (05:00 and 08:00 BST), by which
time the diurnal rainfall has almost completely faded away
(Fig. 5a and h). There are different propagation features be-
tween the north and south regions (separated by the dashed
line EF in Fig. 2b). It is clear that the diurnal precipitation
variations in the south region are more similar to that of
warm-season as in HZ10. This is the primary reason why we
focus on the southern region (ABEF) to analyze the impact
of the MPS on the diurnal variation in precipitation.

To further elucidate the diurnal variation and propagation
features of the precipitation over northern China from the dif-
N i s ferent experiments, Hovtler diagrams of the mean hourly

- J‘\k” J precipitation along the northwest-southeast cross section in
= r. ;;’,/.;Zg ABEF averaged over 8 days for CMORPH, the simulated fi-
@ mes e @ @SE nal 10 days for CNTL, and the simulated 10 days for Fake-
dry and NOVAP are shown in Fig. 6. Consistent with the
daily evolutions in Fig. 3b, the main characteristics of the
Fig. 4. Mean daily precipitation (mm) fota) REAL; (b) CNTL; mean diurnal cycle in CNTL (Fig. 6b) are broadly similar
(c) Fake-dry;(d) NOVAP. to those in CMORPH (Fig. 6a). The average phase speed

of the southeastward-propagating rain belt~d2ms1,

which is similar to the observed climatological dirunal prop-
8-day period, with rainfall peaks beginning near the east-agation phase speed estimated by HZ10. CNTL represents
ern top of the mountain ranges in the afternoon and subsethe main characteristics of the diurnal cycle described by
quently propagating southeastward to the plains overnightHZ10 in terms of both timing and propagation, although the
Figure 3b shows the corresponding HaMfaer diagram for  strongest rainfall happens over the central plains just before
the last 10 days of the control experiment. As in Trier et midnight (around 15:00 UT, or 23:00 BST, Fig. 6b) instead
al. (2010) and Sun and Zhang (2012), with diurnally vary- of over the foothills of the mountains in the evening hours
ing boundary conditions and after a 5-day spin-up period, then CMORPH observations (around 12:00 UT, or 20:00 BST,
southeastward-propagating rain streaks become more regirig. 6a). CNTL also reproduces well the diurnal variations
lar and occur every day for the last 10 days of CNTL. Theseof precipitation over ABEF. In the Fake-dry experiment, the
streaks take around 18 h to propagate from near the eastediurnal precipitation is much weaker and is confined to the
top of the mountain ranges in the afternoon to the southeastrea just near the mountains in the late afternoon and the
edge of the focus domain in the morning, with a phase speedight (rather than propagating southeastward). In the NO-
of ~12msL. This is approximately the mean steering flow VAP experiment, the mean diurnal precipitation is substan-
speed in the mid-levels, and is also similar to the 7 yr warm-tially higher than that of CNTL over the plains on the center
season average in HZ10 over this area. As shown in Fig. 1land southeast edge of ABEF; unlike Fake-dry, NOVAP pre-
HZ10 found the propagation speed of diurnal precipitationserves the characteristics of the diurnal propagation (albeit
peak to be~13mst. with a speed of-9ms1).

The experiment CNTL reproduces the diurnal variations
of precipitation over northern China. In order to present the
diurnal variations of precipitation in detail, Fig. 5a-h show 4 The MPS circulation and the diurnal precipitation
the diurnal hourly precipitation rate averaged over the final  variations over northern China
10 days at different times. Similar to Fig. 1a from HZ10,

Fig. 5i uses isochrones to depict the locations of the di-As discussed before, the diurnal control experiment broadly
urnal precipitation peak for the different hours shown in reproduces (in agreement with HZ10) the diurnal varia-
Fig. 5a—h. The diurnal rainfall belt starts in the early af- tion of precipitation and southeastward propagation of the
ternoon (around 06:00 UT, or 14:00 Beijing Standard Time peak phase of the diurnal precipitation from the lee of
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Fig. 5. Spatial distribution of diurnal hourly precipitation rate for final 10 days of CNTI(&gt00:00 UT; (b) 03:00 UT; (c) 06:00 UT;
(d) 09:00 UT;(e) 12:00 UT; (f) 15:00 UT;(g) 18:00 UT; and(h) 21:00 UT.(i) Isochrones (phase fronts) of the local diurnal precipitation
peaks at different times with terrain elevations shaded every 200 m. The isochrones are labeled in UT.

Yanshan—Taihangshan mountain ranges to the North Chind.1 The average MPS circulation and the diurnal
Plain over northern China. Using the rather coarse temporal variations of the MPS updraft
and spatial resolution of the GFS analysis, HZ10 found that

the MPS circulation has a close connection with the diurnal,:igure 7 shows the mean and anomalous horizontal and ver-
variation of warm-season precipitation over northern China.tica| velocities at 3 km from the CNTL simulation. In order to
To analyz_e the characteristics of the MPS circulation in fur- ignore small-scale disturbances, scales smaller than 200 km
ther detail, the results of the CNTL, Fake-dry and NOVAP gre truncated in this figure with the same 2-D spectral de-
experiments are compared and discussed. composition technique used by HZ10. Height—distance cross
sections of mean and anomalous winds and potential temper-
ature are shown in Fig. 8.
The average circulation over the last 10 days of CNTL
(Fig. 7a) is similar to the initial circulation (Fig. 2a). Under
the influence of the NECV in the northeast of the domain,

www.atmos-chem-phys.net/13/6965/2013/ Atmos. Chem. Phys., 13, 68882 2013
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(a) CMORPH (b)CNTL ' , 4.2 Diurnal variation of the MPS circulation and

its impacts

PON 00w

Past studies have found that the diurnal cycle of the MPS
is composed of four stages: developing and peak daytime
and nighttime phases (Wolyn and McKee, 1994; Zhang and
Koch, 2000; Koch et al., 2001; Huang et al., 2010; Sun and
Zhang, 2012). HZ10 discussed the characteristics of the MPS
during these four different stages over northern China. The
peak daytime phase is during the afternoon, coincident with
the maximum solar heating. At this time, the MPS updraft
is located over the top and the slope of the mountain ranges,
while the MPS downdraft is located over the plains. The peak
nighttime phase is almost the reverse of the peak daytime
phase.
In order to reveal the diurnal variation in the evolution of
o 20 40 0 @0 the MPS circulation, Fig. 8b—i show (at 3 h intervals) the po-
S s tential temperature argkviations from the daily meaf the
‘‘‘‘ three-dimensional circulation along the northwest—southeast
, ) , . cross section averaged over ABEF of experiment CNTL.
Fig. 6.Hovmoller diagram of the rain rate (mm‘H) averaged along A few hours after sunrise (00:00UT, or 08:00BST,

the cross northwest-southeast cross section over ABEf@fdr7— . g . : . .

24 June 2004 from CMORPHb) the final 10 days of CNTL(C) the t':h'g' 8':2' t?te Mpfh's Stl'".moigy in the nighttime phtise’ W'ttr;]

10 days of Fake-dry(d) the 10 days of NOVAP. e updraft over the plains (the maximum is over the south-
eastern plains) and the downdraft near the Taihang Mountain
Range. Above 2km, the wind is southeasterly, whereas be-

northwesterly flow dominates over the south region (ABEF).low 2km the wind is northwesterly. At 03:00 UT (11:00 BST,
Intense ascending motion (as high as 5cfss located ~ Fig- 8¢), solar radiation (and therefore surface heating) be-
near the mountains, whereas the vertical motion over thdlins to increase. Consequently, the mountains are heated
plains is weak (in the range of1 to 1cms?). The average more than the plains, reversing the direction of the temper-
northwesterly component of wind speed increases graduallfture gradient and transforming the MPS from the nighttime
with height (Fig. 8a). pattern to the daytime pattern. The downward motion occurs
Consistent with the southeastward movement of diurnainear the top and the slope of the mountains, and the upward
precipitation peaks, an obvious belt of anomalous upWarOmotion diminishes further. The phenomenon illustrates that
motion is located along the mountains around 06:00 UTMPS circulation is in the developing daytime phase (Fig. 8c).
(14:00 BST) and then propagates southeastward to the plains In the early afternoon (06:00 UT, or 14:00 BST, Fig. 8d),
(Figs. 7d and 8d). A downdraft belt divides the updraft into near the time of maximum solar heating, the daytime tem-
two parts at 09:00UT (17:00 BST, Figs. 7e and 8e), with Perature gradient between mountains and plains is at its
the stronger one arriving at the northwest edge of the plainsStrongest. Surface solar heating over the mountain ranges
and the weaker one remaining near the mountains. The upand the adjacent slopes has driven a flow reversal from the
drafts are separated by 6h in time or 300km in distance Nighttime pattern, with upslope flow now prevailing in the
Al vertical motions weaken by the early morning (18:00 UT, lee of mountains. Because the temperature over mountains
or 02:00 BST). The main updraft gets to the southeast edgés higher than that over the plains, the MPS is in the peak
of ABEF, while the secondary updraft arrives at the cen-daytime pattern with the main updraft U1 near the southeast
tral plains. At this time, the downward motion deviation be- Slope of mountains and the main downdraft over the plains.
gins to appear near the top of mountains (Figs. 7h and 8h)This daytime pattern of the MPS circulation is characterized
Three hours later (21:00 UT, or 05:00 BST), the main updraftPy & low-level upslope southeasterly flow and a reversed re-
moves out of this south region and the secondary updrafturn flow in the mid-levels. At this time, the strong updraft
reaches the southeast plain, downdraft appears on and ne@psociated with the MPS circulation triggers rain along the
the mountains (Figs. 7i and 8i). The main updraft is primar- €€ slope of the mountains.
ily responsible for the occurrence of the diurnal precipitation  In the late afternoon (09:00UT, or 17:00BST, Fig. 8e),

and the southeastward propagation of the rainfall belt. the updraft intensifies as it moves down the southeast slope
of the mountains. Latent heat release causes the moist air in

the rising branch to warm, which enhances the vertical mo-
tion and results in heavier rainfall behind the main updraft
U1l. Evaporative cooling caused by the falling precipitation
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Fig. 7. (a) The average vertical velocity (shaded, cntsand horizontal wind vectors at 3km a.g.l. for CNTL. The diurnal variation of
the deviations from these averages are plotted(tipr00:00 UT; (c) 03:00 UT; (d) 06:00 UT; (e) 09:00 UT; (f) 12:00 UT;(g) 15:00 UT;
(h) 18:00 UT;(i) 21:00 UT. The thick maroon line denotes the location of the phase fronts of the updraft.

forms a cold pool near the surface behind the main updrafthe surface and triggered new convection remotely. The com-
Ul. A horizontal pressure gradient force (PGF) is producedplex interaction between the cold pool and the warm moist air
because the pressure in the cold pool is much higher tham the updraft further enhances the vertical motion, yielding
that of the warm moist air to the southeast in the main up-even stronger precipitation. At this time, a secondary updraft
draft U1. Although the southeastward movement of convec-U2 is still located near the southeast slope of mountains but is
tion is primarily due to the mid-tropospheric steering-level no longer the main part of the MPS, and thus this secondary
flow (HZ10), the PGF contributes to accelerating the mainupdraft U2 has no distinct contribution to the diurnal precip-
updraft Ul southeastward as well. Away from the old convec-itation.

tion, some new convection is triggered by PGF and grows in  During the evening hours (12:00UT, or 20:00BST,
front of the main updraft U1. This is somewhat reminiscent Fig. 8f), the two updrafts and the downdraft continue propa-
of Wang et al. (2011), who found that the forward-directed gating southeastward. The main updraft U1 and the down-
horizontal PGF caused acceleration further downstream neatraft arrive in the central plains and are enhanced due to

www.atmos-chem-phys.net/13/6965/2013/ Atmos. Chem. Phys., 13, 68882 2013



6974 Xinghua Bao and Fuging Zhang: Impacts of the mountain—plains solenoid and cold pool dynamics

(a) average

)
Distance (kmj

Distance (km)

Distames (k)

12UTC (20BST)

(d) 06UTC (14BST) (e) 09UTC (17BST)
" ™ 7 " M ]

_____ '

Hleight {km)

] 200 400 w00
Distance (km) Distance (km)

(h) 18UTC (02BST)

Dissance (km)

(g) 15UTC (23BST)

Height (km)

&f

] 2 400
Destance (k) Dristance (km) Disanee (km)

. N o
10 m/s

40 20 10 5 3 1 5 0.5 1 3 5 10 20 40 cmfs

Fig. 8. (a)Height—distance cross section of daily mean potential temperature (solid lines, K), vertical velocity (shadely,amashe mean
circulation vectors (horizontal wind component along the northwest—-southeast cross section and 100 times the vertical velocity) averaged
over ABEF from CNTL. The thick blue line shows where the northwesterly wind is equal to Iﬂn(lb;—i) As in (a) except that the vertical

velocity and circulation vectors are the diurnal perturbations from the daily mean (potential temperature contours are of their full values). The
black shading represents topography. The thick blue lines show that the potential temperature value is equal tqt24} Kle arrows

show the pressure gradient force (PGF). U1 and U2 represent the main updraft and the secondary updraft, respectively.

increased precipitation, whereas the secondary updraft U2 aand continues to weaken, resulting in a reduction of precip-
rives at the northwest edge of the plains and weakens. Witlitation. Additionally, because the mountains cool faster than
the cessation of surface solar heating, there is only outgothe plains, the direction of the temperature gradient reverses;
ing longwave radiation, which serves to weaken the temperthis reversal causes the enhancement of the secondary up-
ature gradient between the mountains and the plains. Just beraft U2 over the northwestern plains and the appearance of
fore midnight (15:00 UT, or 23:00 BST, Fig. 8g), the main a weak downdraft near the mountains, signaling the develop-
updraft/downdraft couplet moves to the southeastern plainsnent of the nighttime pattern of the MPS.
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In the early morning of the second day (18:00UT, or development of a pronounced MPS over the Rocky Moun-
02:00BST, Fig. 8h), the main updraft Ul dissipates andtains due to differential solar heating. A strong MPS updraft
moves out of the focus domain. In the meantime, a broadriginated near the mountaintop in the afternoon and then
region of updraft begins to span over the northwestern plainsnoved downslope, accelerating to a propagation speed of
while a downdraft develops over eastern edge of the moun- 11 ms! as the associated rearward cold pool/density cur-
tains, signaling that the nighttime pattern is fully established.rent — which was produced by a rainband generated along the
A few hours before sunrise (21:00 UT, or 05:00 BST, Fig. 8i), MPS leeward updraft/convergence zone — accelerated down
the MPS is still in the nighttime pattern, and the broad updraftthe mountainside under the pressure gradient force. Never-
moves to the southeastern plains. theless, there are obvious differences between these two stud-

Hovmbller diagrams of the mean vertical velocity at 3 and ies. Koch et al. (2001) showed that the density current be-
6 km (Fig. 9a and b) from CNTL show that the diurnal char- hind the MPS updraft — both of which were propagating east-
acteristics of vertical velocity change greatly with height. At ward — merged with a separate, westward-propagating den-
3km, two parallel upward motion lines are present in the fo-sity current to produce an even stronger cold pool that pushed
cus domain, separated by300km in horizontal distance the greatly strengthened updraft eastward (under the steering
and~ 6 hiin time; both lines originate near the mountains andlevel flow).
then move southeastward. The main updraft shows similar Our control experiment reproduces the evolution process
characteristics to the diurnal precipitation peaks. At 6 km, theof the MPS circulation. The MPS circulation possesses ap-
secondary (weaker) updraft line gradually weakens before fiparent diurnal variations, and has an important influence on
nally fading away. Meanwhile, the main upward velocity belt the diurnal cycle of local precipitation. The MPS circulation
becomes stronger at 6 km than it is at 3km. A local upwardis in its daytime peak pattern during the afternoon when the
velocity belt that is separate from the main updraft appearssolar heating is maximized (around 06:00 UT, or 14:00 BST),
over the southeast part of the plains in the afternoon (06:00-with the updraft on the lee of the mountains and the down-
12:00 UT, or 14:00-20:00 BST) and is quite evident at 6 km.draft over the plains; the process reverses to the nighttime
Consequently, the vertical velocity over the southeast domairpeak pattern, when surface radiative cooling is much stronger
of the plains has two diurnal peaks (i.e., a semi-diurnal vari-over the mountains than the plains (around 21:00 UT, or
ation). The feature of the diurnal vertical velocities at 6 km 05:00 BST).
closely fits that of the diurnal precipitation peaks.

In summary, the main updraft branch of the MPS orig-
inates near the top of the Taihangshan Mountain Rangé& Impact of latent heating and cooling on the
in the afternoon during the strongest solar heating (around development of convection
06:00 UT, or 14:00BST, in the afternoon), and then propa-
gates southeastward at an average speed of 12 arnal The CNTL experiment indicates that convection is first trig-
precipitation occurs behind the updraft, and the precipitation-gered by the MPS updraft induced by differential diabatic
induced downdraft divides the updraft into two parts (unlike heating/cooling. Convection grows deeper after precipitation
the simple feature shown in HZ10). While the main updraft happens, and subsequently propagates from the lee side to
Ul progresses to the lee of the mountains, the secondarthe plains due to the southeastward movement of the up-
updraft U2 remains located near the southeast slope of thevard branch of the MPS along with the cold pool dynamics.
mountains in the late afternoon (09:00 UT, or 17:00 BST) be-The above analysis shows that latent heating and (to a much
fore following the main updraft southeastward with a lag of greater extent) cooling are responsible for the development
6 h and 300 km. The main updraft U1 is the primary factor for and propagation of the convective system. The evaporative
the initiation of precipitation. The latent heat released whencooling from precipitation produces the cold pool, which en-
the main updraft U1 lifts warm moist air enhances the verti- hances the precipitation while moving the updraft and rain-
cal motion, resulting in increased precipitation. Evaporatingfall belt southeastward. The Fake-dry and NOVAP experi-
precipitation behind the main updraft forms a cold pool thatments are run to analyze how the latent heating/cooling and
interacts with warm moist air to the southeast, which alsocold pool influence the development and propagation of con-
promotes precipitation. Furthermore, on the one hand, therection and the associated precipitation. The results of the
PGF caused by the cold pool (with more dense air) can pusiO consecutive simulations from Fake-dry and NOVAP are
the main updraft (with less dense air) towards the southeasfiveraged every hour individually to get the diurnal charac-
and, on the other hand, the PGF can induce new convectionteristics of the environmental and precipitation fields. The

Related work by Koch et al. (2001) used numerical sim- 10 consecutive runs are used instead of one continuous sim-
ulations to explore the role of a MPS in the generation ofulation in CNTL to ensure that the synoptic flow patterns in
a second wave episode during the Cooperative ConvectivEake-dry and NOVAP do not differ greatly from CNTL.
Precipitation Experiment. The results of our current con- The daily precipitation from the two sensitivity experi-
trol experiment are generally consistent with the findings ofments is shown in Fig. 4c and d. As discussed before, the
their study. Their MM5 control simulation clearly shows the precipitation decreased drastically in Fake-dry and increased
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(a) CNTL 3km (b) CNTL 6km CNTL, with the updraft over the mountains and very w&ak
R e e N IR T IR ? ey downdraft over the plains. For NOVAP, on the other hand,
there is a remarkably strong updraft over almost the entire
domain except at mid-levels over the mountains.

The diurnal variations in the vertical circulations of Fake-
dry (Figs. 9c and 10b—i) and NOVAP (Figs. 9d and 11b—i)
are substantially different from CNTL (Figs. 8b—i and 9a).
The distinct differences between Fake-dry and CNTL first
appear in the late afternoon (09:00 UT, or 17:00 BST): un-
like the two strong updrafts found in CNTL, there is only
one weaker and slower-moving distinct updraft which barely
reaches the center of the plains by the early morning of the
second day (21:00 UT, or 05:00 BST). The sole updraft in
this experiment matches closely with the trailing updraft in

Time of Day (hour UTC)
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E ¥ . CNTL before 12:00 UT (20:00 BST), except that the mean
10 VNE St propagation speed is 6 ms-1, which is about half of that in
Ca— o T o o 433%”6:% a0 7000 CNTL. In other words, the cold pool in CNTL acts to divide
T the MPS updraft into two parts and to push the precipitation
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southeastward while enhancing the precipitation by forcing a
Fig. 9. Hovmbller diagrams of vertical velocity (cnm2) at(a) 3 km new updraft along its leading edge. It is worth noting that the
of CNTL; (b) 6 km of CNTL; (c) 3 km of Fake-dry(d) 3 km of NO- system in Fake-dry propagates at about half the speed of that
VAP averaged along the northwest—southeast cross section through CNTL from the top of the mountains (around 250 km) to
ABEF. The dashed arrows show the southeastward phase propagthe foot (around 600 km), which implies that the significant
tion of the updraft. sloping terrain provides synergy on the system propagation.
The influence of cold pool dynamics on the organization
and propagation of mesoscale convective systems is consis-
tent with many past studies (e.g., Coniglio et al., 2012; Mor-
significantly in NOVAP compared with CNTL. Latent heat- rison et al. 2012) that can be traced back to the Rotunno—
ing and cooling are the key factors of diurnal precip- Klemp—Weiman (RKW) theory (Rotunno et al., 1988). The
itation over northern China, especially over the plains. RKW theory argues the importance of both the environmen-
Hovmoller diagrams of the hourly rainfall averaged along tal vertical wind shear and the density current (i.e., cold pool)
the northwest—southeast cross section in ABEF from thdn maintaining the circulation of the squall lines and asso-
two sensitivity experiments are shown in Fig. 6¢ and d. Forciated mesoscale convective systems (Rotunno et al., 1988;
Fake-dry (Fig. 6¢), precipitation only occurs near the easteriVeisman and Rotunno, 2004; Bryan et al., 2006). The RKW
slope of the mountains from the afternoon through the earlytheory may be applicable to CNTL. The cold pool in the lead-
morning of the next day (09:00 UT-00:00 UT, or 15:00 BST- ing edge of the updraft eventually becomes more intense than
08:00 BST) without apparent downslope propagation. Prethe vertical wind shear that resulted in the updraft leaning
cipitation for NOVAP (Fig. 6d) is different than CNTL in upshear, which subsequently moves southwestward with the
terms of location and intensity but has the characteristics oftcold pool.
a southeastward propagation, albeit at about two-thirds the For NOVAP, the vertical circulation reveals some explicit
speed of CNTL. This implies that the cold pool plays an im- features of the diurnal variation of the convective system
portant role in the intensity of the precipitation and the dis- found in CNTL, but has a much stronger updraft. Similar to
tance of its southeastward propagation, whereas without angNTL, the MPS updraft appears near the lee of the moun-
latent heatingr cooling there will be no diurnal propagation tains at 06:00 UT (14:00 BST) and then propagates south-
of the precipitation. eastward towards the eastern part of the plains at a speed of
The height—distance cross sections of potential tempera=9msL. Furthermore, in line with Fake-dry, there is nei-
ture and the mean and anomalous three-dimensional circulaher a secondary updraft nor a cold pool. Nevertheless, the
tion in ABEF from sensitivity experiments Fake-dry and NO- NOVAP experiment retains very clear signals of the MPS
VAP are shown in Figs. 10 and 11, respectively; Hoer structure and the diurnal variation. Temperatures in NOVAP
diagrams of the mean vertical velocity at 3 km from these twoincrease faster than both CNTL (because evaporative cooling
experiments are shown in Fig. 9c and d. Figures 10a and 118 turned off) and Fake-dry (because latent heating is turned
reveal the vertical structure of the averaged circulations fromon). The higher temperatures enhance the development of
Fake-dry and NOVAP, respectively; each sensitivity experi-
ment preserves some features of the CNTL MPS circulation. 3 tis only seen in the vector field with a magnitude smaller than
The vertical circulation from Fake-dry is similar to that of the first negative value contoured in Fig. 8a.
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Fig. 10.As in Fig. 8, but for Fake-dry experiment.

local convection, and are the cause of the stronger updrafts Under similar synoptic flow patterns with the same solar
over the central and eastern parts of the plains. The negativieating cycle, both Fake-dry and NOVAP preserve some of
effects of the evaporative cooling on the intensity of convec-the diurnal variations found in CNTL, with the peak day-
tive precipitation were also indicated in Schumacher (2009)time pattern in the afternoon and the peak nighttime pat-
and Trier et al. (2011). The stronger precipitation in NOVAP tern at night. Nevertheless, without the cold pool, the updraft
can thus be attributed to a stronger updraft due to less enis much stronger and moves downslope much more slowly.
ergy loss by evaporative cooling, along with a smaller mov- This is consistent with the control and fake-dry simulations
ing speed due to the lack of cold pool by turning off evap- of Koch et al. (2001) in their study of an MPS circulation and
orative cooling, and more precipitation reaching the groundrelated precipitation over North America. The differences
without evaporative cooling. in the intensity of convection and the propagation speed of
the MPS updraft between Fake-dry and NOVAP show that
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Fig. 11.As in Fig. 10, but for NOVAP experiment.

cooling from the evaporation of liquid water is the key fac- the updraft in Fake-dry (NOVAP) decreases to only about
tor in forming the cold pool, whereas latent heating plays anhalf (2/3) of that in CNTL. The thick blue lines are plot-
important role in the intensification and acceleration of theted to show where the northwesterly component of the wind
updraft. is equal to 12ms! (the propagation speed of the updraft
Some past studies have also noted that the mid-level flown CNTL). In Fake-dry (NOVAP), the intensity of the mid-
is one of the key factors influencing the propagation speed ofevel wind is only slightly weaker (stronger) than CNTL
the diurnal precipitation peak and the MPS updraft (HZ10; over the mountains, where the 12 rtdsotach is near 6 km
Bao et al., 2011). Figures 8a, 10a, and 11a show the vertiin CNTL, 7km in Fake-dry, and 5km in NOVAP. Over
cal profiles of the mean three-dimensional circulation fromthe plains, the 12 nTg isotach in CNTL is slightly higher
experiments CNTL, Fake-dry and NOVAP, respectively. As (lower) than Fake-dry (NOVAP). It is clear from these plots
said before, the speed of the southeastward propagation dhat changes in mid-level winds are not the primary reason
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for the differences in updraft propagation speed between th&FS gridded analyses at 00:00 UT for the initial conditions
two sensitivity experiments and CNTL. This further demon- and the 8-day averages at 00:00 UT, 06:00 UT, 12:00 UT and
strates that the diurnally varying MPS induced by the dif- 18:00 UT for the lateral boundary conditions (to allow for di-
ferential surface sensible heating is the main factor for theurnal variations). In addition to the control experiment, two
generation and evolution of the convective system, but playsensitivity experiments are performed to better understand
the secondary role in the propagation of precipitation. Con-the roles of evaporative cooling (for cold pool formation) and
versely, latent heating and cooling can enhance the convedatent heating on the evolution of the MPS circulation.
tion and modulate its propagation. To sum up, apart from the Despite differences in the rainfall intensity and location,
mid-level steering flow and the pressure gradient force prothe control experiment successfully simulated the diurnal
duced by the cold pool, the mountain slope and the divergenvariation of precipitation and southeastward propagation of
outflow may have also contributed to the propagation of thethe peak phase of the diurnal precipitation from the lee of
convective system propagation. Yanshan—-Taihangshan mountain ranges to the North China
Figure 12 shows the spatial distributions of the 10-dayPlain (which have been presented in HZ10). The diurnal pre-

averaged maximum convective available potential energycipitation peak initiates on the lee of mountain ranges in
(CAPE) at 09:00 UT, 12:00UT, and 15:00 UT for all three the afternoon (06:00 UT, or 14:00 BST) at the time of max-
experiments. Counterintuitively, Fake-Dry has the largestimum solar heating and then propagates southeastward at a
CAPE yet produces the least precipitation, while CNTL andmean speed of 12 nT$. The peak reaches the plains in the
NOVAP have a more or less similar amount of CAPE over thenighttime hours, reaching its maximum intensity over the
plains before the arrival of the convection. The larger amountcentral plains before midnight (12:00-15:00 UT, or 20:00-
of CAPE in Fake-Dry than CNTL is due to the artificial sup- 23:00BST), and has a lag of 3h or 200 km compared with
pression of the convective potential energy release (and thuslZ10.
more accumulation) by turning off latent heating release. We Using the coarse spatial and temporal resolution of the
also compared other mean thermodynamic conditions an@&FS analysis, HZ10 found that the MPS circulation is closely
the stability indices of the atmosphere over the plains amongonnected with the diurnal variation in the warm-season pre-
the three experiments (not shown), but for the same reasonspitation over northern China. In this study, CNTL captures
(artificial suppression of convection or turning off evapora- (in high spatial and temporal resolution) the detailed evolu-
tive cooling) none of these measures provides obvious extionary process of the MPS circulation. The MPS circulation
planations of the difference in the precipitation amount. Aspossesses an apparent diurnal variation that is caused by the
discussed in earlier text, the updraft has the smallest amplidifferential heating between mountains and plains, and has
tude in Fake-Dry, which leads to the least amount of precip-an important influence on the diurnal cycle of local precipi-
itation. Although the stability condition (and CAPE) is sim- tation. The MPS circulation is in the daytime peak pattern in
ilar between CNTL and NOVAP, without the cooling due to the afternoon at the time of maximum solar heating, with the
evaporation, NOVAP may attain higher amplitude of updrafts updraft over the lee of the mountains and the downdraft over
that can enhance the precipitation rate, consistent with somthe plains; the circulation then reverses to the nighttime peak
previous studies (e.g., Schumacher, 2009; Trier et al., 2011)pattern when the surface longwave cooling is much stronger
Moreover, without the cold pool from evaporative cooling over the mountains than over plains. The diurnal variation of
in NOVAP, the updraft will move much slower. A slower- the MPS circulation is shown to be the primary factor in the
moving but stronger updraft will further enhance the local initiation and organization of convection. The main updraft
accumulated precipitation in NOVAP more than in CNTL. initiates on the southeast slope of the mountains in the after-

noon, with precipitation occurring behind the updraft; both

features propagate southeastward towards the plains.
6 Concluding remarks In an experiment that turned cfl latent heatingind cool-

ing (Fake-dry), the MPS circulation was still generated and
This study follows HZ10 and examines the impact of the had the diurnal variations of the control. Nevertheless, the
mountain—plains solenoid (MPS) circulation on the diurnal MPS updraft was much weaker and slower in propagating
cycle of warm-season precipitation over northern China. Us-southeastward compared with CNTL. The cold pool is not
ing high-resolution WRF simulations over several days, thisproduced without evaporative cooling, which is also the rea-
study examines in detail the diurnal variations of precipita- son why the updraft moves more slowly and then halts on
tion and the MPS circulation. the central plains. In an experiment that only turned off cool-

The base period is 17-24 June 2004, which featuredng from the evaporation of liquid water (NOVAP), the MPS

several episodes of southeastward-propagating precipitatioairculation was stronger than in CNTL but with a slower-
over northern China that originated from the “second-step”moving updraft (although not as slow as Fake-dry). This re-
mountain ranges and moved to the “third-step” plains with sult implies that latent heating plays an important role in de-
an apparent diurnal cycle. The control experiment (CNTL) istermining the intensity of MPS circulation. The interaction
a 15-day simulation that uses the 8-day average of the NCEBetween the cold pool and environment vertical wind shear
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(such as in the RKW theory) may lead to the longevity andDai, A., Giorgi, F., and Trenberth, K. E.: Observed and model-
maintenance of convection, while the pressure gradient force simulated diurnal cycles of precipitation over the contiguous US,
(PGF) produced by the heavy cold pool can accelerate the up- J- Geophys. Res., 104, 6377-6402, 1999.
draft southeastward-propagation. One the other hand, withPudhia, J.: Numerical study of convection observed during the
out the evaporative cooling, the updraft intensity could be winter monsoon exp_erlment using a mesoscale two-dimensional
stronger (without the net loss of energy) and slower (without_ ™°4€l: J- Atmos. Sci., 46, 3077-3107, 1989.
the push by the cold pool by cooling), which may asaresuItF'tZJarrald’ D. R, Sakai, R. K., Moraes, O. L. L., Cosme de

s ' Oliveira, R., Acevedo, O. C., Czikowsky, M. J., and Bel-
enhance the Iocal.preC|p|tat|on. The Cu_rrem study comple- dini, T.: Spatial and temporal rainfall variability near the
ments recent studies on the relationship between the MPS Amazon-Tapdjs confluence, J. Geophys. Res., 113, GOOB11,
circulation and the diurnal variation of warm-season precip-  doi:10.1029/2007JG000598008.
itation over the large-scale mountains and adjacent plaingujinami, H., Nomura, S., and Yasunari, T.: Characteristics of diur-
(HZ10, Bao et al., 2011; Sun and Zhang, 2012). nal variations in convection and precipitation over the Southern

Tibetan Plateau during summer, SOLA, 1, 49-52, 2005.
He, H. and Zhang, F.: Diurnal variations of warm-season precipita-
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