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Abstract. In this study, the Weather Research and Forecasteause different regions to have varying diurnal character-
ing model was used to simulate the diurnal variation in sum-istics. In general, the diurnal variation in precipitation is
mer precipitation over the Tibetan Plateau (TP) at a cloud-closely related to the diurnal variation in circulation. How-
resolving scale. Compared with the TRMM, precipitation ever, there are relatively few studies on the diurnal varia-
data shows that the model can well simulate the diurnal raintion in circulation (Chow and Chan, 2009). With its com-
fall cycle with an overall late-afternoon maximum precipi- plex topography and substantial surface inhomogeneity, the
tation in the central TP and a nighttime maximum in the TP may have unique diurnal variations in regional circulation
southern edge. The simulated diurnal variations in regionabnd precipitation.
circulation and thermodynamics are in good correspondence The pioneer numerical simulation of the diurnal cycle over
with the precipitation diurnal cycles in the central and south-the TP has been carried out by Kuo and Qian (1981) us-
ern edge of TP, respectively. A possible mechanism responsing a coarse resolution “dry” model (no precipitation) with
ble for the nocturnal precipitation maximum in the southernonly five vertical levels. Different physical fields are shown
edge has been proposed, indicating the importance of the TB have significant diurnal variations. Based on an evaluation
in regulating the regional circulation and precipitation. of reanalysis data at 00:00 and 12:00 UTC, Yanai et al. (1992)
as well as Yanai and Li (1994) have found that vertical mo-
tion, surface temperature and convection have significant di-
urnal variations over the TP in summer. The convective ac-
tivity is strong at 12:00 UTC and weak at 00:00 UTC. Recent
studies using field observations, radar data and satellite data
1 Introduction have confirmed these results (e.g., Liu et al., 2002; Bhatt and
Nakamura, 2005; Fujinami et al., 2005).
The Tibetan Plateau (TP) has crucial influences on the Asian The very recent study of Liu et al. (2009) using the TRMM
monsoon climate and global climate system. In summer, thenulti-satellite precipitation analysis product with high spa-
TP is a huge elevated heating source (Yanai et al., 1992)ja| and temporal resolutions reveal that summer rainfall over
that exerts a significant effect on the atmospheric motionthe TP has a significant diurnal variation. Summer rainfall is
Krishnamurti and Kishtawal (2000) have pointed out that maximum in the late-afternoon/evening and predominantly
continental-scale circulation changes can be observed in thginimum in the early morning. A notable exception is the
upper troposphere over the TP in summer. prevalent nocturnal maximum around the periphery. Some
Numerous studies (e.g., Dai, 2001; Nesbitt and Zipserstudies have attempted to simulate rainfall over this region
2003; Hirose and Nakamura, 2005) have demonstrated thz’:ﬂsing regiona| climate models (e_g_, Meinke et al., 2007;
summer precipitation over land regions has significant diur-Rockel and Geyer, 2008), although the diurnal variability is
nal variation and usually reaches the maximum in the latenot well simulated. Sato et al. (2008) have investigated the

afternoon. However, topography, land-sea contrast, surfacesolution dependency of the precipitation diurnal cycle over
heterogeneity, convection propagation and other factors can
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Fig. 1. Nested model domains and topography (m) of the simula- 4Ng
tion.

the TP in spring using a mesoscale model. They suggest thasen g
finer resolutions less than 7 km are necessary to simulate the; (G
realistic phase.

Based on the observations of Liu et al. (2009), the present
study investigated the capability of a cloud-resolving model .,
(CRM) in simulating the diurnal variation in summer pre- 2
cipitation over the TP. The high-resolution simulation by the zj:
CRM is used to explore the dynamics of the diurnal cycle ,,
in TP regions with complex topographies and heterogeneous

land surfaces. 2 4 6 8 10 12 14 16 18 20

99E 102E

Fig. 2. Precipitation (mm day?) averaged in July 2008a) TRMM
2  Model and numerical simulation data,(b) model simulation. Solid lines indicate the 3000 and 500 m
topographies, respectively.
The Weather Research and Forecasting (WRF) model ver-
sion 3.3 developed by the National Center for Atmospheric
Research was used in the present study (Klemp et al., 20078
The WRF model is a fully compressible nonhydrostatic

model, and uses the Arakawa C grid for horizontal and . ) .
terrain-following hydrostatic-pressure vertical coordinates. ered as the model spin-up time). TRMM 3B42 data, which

The configurations used in numerical simulation had twoha“’e a (5° x 0.25° resolution and ouiputs at 3h intervals

nested domains of 15 and 3 km grid spacings (Fig. 1). D1 haJrom 00:00UTC to 21:00 UTC, were used for verification.
288x 180 grid points and D2 had 1164626 grid points.
The simulation used 31 vertical levels. The Rapid Radia-3 Analytical method
tive Transfer Model (RRTM) longwave radiation scheme
(Mlawer et al., 1997), Dudhia shortwave radiation schemeHarmonic analysis (Roy and Balling, 2005) was used to
(Dudhia, 1989), WRF Single-Moment 6-class (WSM6) mi- examine the diurnal time series of 3 h-accumulated rain-
crophysics scheme (Hong and Lim, 2006), and the Unifiedfall averaged in July 2003 (the measurable precipitation de-
Noah Land Surface Model (Chen and Dudhia, 2001) werefined was>0.02 mm h! for the simulated precipitation and
used for this simulation. The Kain—Fritsch (new Eta) (Kain, TRMM observation (Zhou et al., 2008).
2004) cumulus parameterization scheme was used in D1, and N2 o
explicit convection was used in D2 (3 km resolution). There- , = _ et
sults from D2 were used for analysis. P=r+ ;A’ COS<Z N (p’>’

The initial and boundary conditions were derived from Na-
tional Centers for Environmental Prediction (NCEP)xl ~ whereP and P are the precipitation and corresponding daily
1° reanalysis data. The simulation started at 00:00 UTC,mean, respectivelyy = 8 is the number of total daily ob-
25 June 2003 and ended at 00:00 UTC, 1 August 2003. Eighservations or outputs of the modelis the time of day, and

utputs from 00:00 UTC to 21:00 UTC were generated each
ay at 3h intervals. Only simulation results in July 2003
were analysed (the first 6 days of simulation were consid-
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(b) WRF3.3

Fig. 3. Phase (UTC) of the diurnal harmonic of 3 h rainfgfl) TRMM data,(b) model simulation. Solid lines indicate the 3000 and 500 m
topographies, respectively. The dashed rectangles represent the central plateau.
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Fig. 4. Diurnal variation in precipitation (mmt) averaged over(a) the central plateab) the southern edge.

A; andg; are the amplitude and phase of thth harmonic  areas (Fig. 2b). However, compared with the TRMM obser-
mode, respectively. The calculated is the timing of the  vation, the simulated precipitation is a bit large overall. Other
maximum. meteorological variables, such as the wind vector and geopo-
tential height, are also well simulated (not shown).
The phase of the diurnal harmonic of 3 h rainfall in Fig. 3a

4 Results indicates that the occurrence of the maximum precipita-
. o S tion has salient geographical dependence. Overall, the maxi-
4.1 Diurnal variation in precipitation mum precipitation in the central TP mostly occurs at around

. . 12:00 UTC, equivalent to late-afternoon/evening local solar
Figure 2 shows the mean precipitation in July 2003. The pres;e (LST), whereas a nocturnal maximum prevails during
cipitation descends northward (Fig. 2a). The rainfall amount; g.99_24:00 UTC (00:00-06:00 LST) at around the plateau
. 1 . P . . . .

Is over 10mm da;y' in the southern edge of TP, butitis only perjphery. The main characteristics are well captured by the
about 2mmday" in the southeast plateau. In the vast aréasgjm jation (Fig. 3b). Nevertheless, the simulated maximum
of the northwest TP and the Qaidam Basin, the precipitation, .15 4 h |ater than the TRMM data in some regions in the

is less t_han 2.mm day. The_primary features are well si_m- central western plateau, such as Ngari Sandi EB8% N),
ulated, including the precipitation pattern and heavy rainfall
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Fig. 5.500 hPa streamlinga) daily-mean(b) difference between 12:00 and 00:00 UTC. The shaded areas are above 3000 m and the dashed
rectangles represent the central plateau.
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Fig. 6. 250 hPa divergenc¢a) daily mean 108 s1), (b) difference 10> s~1) between 12:00 and 00:00 UTC. Solid lines indicate the
3000 m topography. The dashed rectangles represent the central plateau.

probably due to the simulation results being limited by very nocturnal maximum in precipitation will be discussed in the
complex topography. The drought in this area may conferfollowing Sect. 4.4.
difficulty in detecting precipitation using satellites. In addi-
tion, the simulated amplitude of the diurnal harmonic is also4.2 Diurnal variation in circulation and
comparable with the observations (figure not shown). thermodynamics

The simulated precipitation in the northern TP is too small
to reach the measurable precipitation (Fig. 3b). ThereforeThe possible factors affecting the diurnal variation in sum-
focus is mainly given on the central and southern edge ofmer precipitation over the TP have been explored using the
the TP. Figure 4a presents the diurnal precipitation variatiorhigh-resolution outputs of simulation. In the low troposphere
averaged over the central TP (8285 29-36 N). A strik- over the TP (500 hPa), a southwest-to-northeast oriented con-
ing diurnal variation can be seen from the TRMM data, with vergence zone dominates the central area (Fig. 5a). The dif-
the minimum at 03:00UTC, a subsequent rapid increaseferential streamline field (Fig. 5b) indicates stronger conver-
the maximum at 09:00-12:00UTC, and a slow weakeninggence in the late-afternoon relative to early morning in the
throughout the night. The model can capture well the precipcentral area, whereas the converse is evident in the south-
itation diurnal cycle. However, the simulated magnitude isern edge. At the 250 hPa level, the mean flow (Fig. 6a) ex-
about twice as large as the TRMM data. The nocturnal maxi-ibits overall divergence except in the west. In the central
mum precipitation along the southern edge is also reasonablglateau, a stronger divergence prevails at 12:00 UTC than
reproduced in the simulation (Fig. 4b). Similarly, the precip- 00:00 UTC. In the southern edge, a convergence dominates.
itation is overestimated. Possible mechanism to explain theraken together, the lower-level convergence and upper-level

Ann. Geophys., 30, 1575t586 2012 www.ann-geophys.net/30/1575/2012/



Jianyu Xu et al.: Diurnal variation of summer precipitation over the Tibetan Plateau 1579
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Fig. 7.500 hPa temperaturéQ): (a) daily-mean(b) difference between 12:00 and 00:00 UTC. The shaded areas are above 3000 m, and the
dashed rectangles represent the central plateau.
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Fig. 8. 450 hPa water vapour mixing ratio (gkg): (a) daily mean,(b) difference between 12:00 and 00:00 UTC. Solid lines indicate the
3000 m topography. The dashed rectangles represent the central plateau.

divergence favour summer convection in the TP, and its en4.3 Diurnal variation in total hydrometeors
hancement in the late-afternoon relative to early morning in
the central TP corresponds well with the precipitation diur- The distribution of the vertically integrated total hydrome-
nal cycle in the area. In contrast, the opposite flow diurnalteors (Fig. 9a) indicates that in the central plateau, convec-
cycle in the southern edge of the TP matches the nighttimdion occurs at 06:00UTC and greatly develops at 09:00—
maximum precipitation. 12:00 UTC. After sunset (12:00 UTC), the convection grad-
In summer, the TP is a huge elevated heating sourcaélally decays and almost disappears at 00:00-03:00 UTC. In
(Fig. 7a) with the warmest centred in the central southernthe southern edge, convection appears at around 12:00 UTC,
plateau. The temperature in the central part is abc@ 4 develops as time passes, reaches the maximum at 18:00—
higher at 12:00 UTC than 00:00UTC (Fig. 7b), which is 21:00UTC, and then decreases and disappears at about
beneficial to convection development. Figure 8a presents th€9:00 UTC. The diurnal variations in convection in the cen-
mean water vapour mixing ratio at the 450 hPa level. Thetral and southern edge of the TP are consistent with the pre-
centre of moisture is located in the south and decreases t¢sipitation diurnal cycle. The total hydrometeors in the central
ward the north. In the central part, the enhanced late-day troplateau are almost composed of solid particles (ice, snow and
pospheric humidity is favourable to convection developmentdraupel), whereas in the southern edge, the content of solid
and rainfall production, and the opposite is true in the south-2nd liquid particles (cloud water and rain water) are roughly
ern edge of the TP (Fig. 8b). equal (Fig. 9b and c).

www.ann-geophys.net/30/1575/2012/ Ann. Geophys., 30, 157584 2012
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(a) Total hydrometeors (b) Cloud water and Rain water (c) Ice, snow and graupel
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Fig. 9. Diurnal variation in vertically integrated hydrometeors (kg#. (a) total hydrometeorgb) cloud water and rain wate(g) ice, snow
and graupel. Solid lines indicate the 3000 m topography.
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Fig. 10. Latitude-pressure cross-section averaged ovér&® E for vertical velocity (shaded, nTd) and the divergence (contoured,
x107%s1 where green solid indicates divergence and blue dashed indicates convergence).
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Fig. 11. The rain-rate (mmtil) Hovmoller time-latitudinal diagram averaged fron@8 92° E for July 20031(a) TRMM data, (b) model
simulation.
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Fig. 12. Latitude-pressure cross-section averaged over88 E for vertical velocity (shaded, nT$), and the vertical circulation vectors
(v-wind and 50 times the vertical velocity).
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B (a) Mean flow at 900-hPa (b) Mean flow at 200—hPa
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Fig. 13. Daily-mean velocity field (vectors) at level@) 900 hPa(b) 200 hPa; Diurnal variations (18:00 UTC minus daily mean) of diver-
gence k10~°s~1, shadings) and velocity field (vectors) at levéts:900 hPa(d) 200 hPa.

4.4 Possible mechanism responsible for the nocturnal nocturnal maximum in precipitation at the lower part of the
precipitation maximum over the southern edge of  southern slope is not from the southward shift of the precip-
TP itation at the higher elevation up to the southern edge of the
TP. Therefore, the mountain-plain solenoid which is widely
i i i used to explain the diurnal variation and propagation of con-
Figure 10 shows a latitude-pressure cross-section of the vVetaction (e.g., Carbone et al., 2002; He and Zhang, 2010:
tical velocity averaged over 8892 E. In the day time, the  \y3nq et al., 2004) is likely to be not suitable here. Based on
surface over the TP is heated by the sun. At 06:00 UTCie model results, the authors propose a new possible mech-
(12:00LST), upward motion can be observed over the TPynism responsible for this nocturnal precipitation maximum.
This upward motion increases and reaches the maximum at a: 9g:00 UTC (12:00LST), the upslope flow can be seen
12:00 UTC (the precipitation at_this time is the largest) along ¢ the upper part of the southern slope of the TP. The upslope
with the stronger surface heating. After the sunset, the upf gy increases as the solar heating continues, resulting the
ward motion over the TP decreases gradually and almost dissnhancement and expansion of the divergence over there. At
appears at 00:00-03:00UTC. _ o 12:00 UTC (18:00 LST), this divergence along with the weak
The Hovribller diagram of the rain-rate (Fig. 11) indicates qnyergence at the southern foothill of the TP produces the
that the maximum precipitation at the lower part of the SO“th'upward motion at the lower part of the southern slope of the
ern slope of the TP is separated from the precipitation in therp after 12:00 UTC, the low-level convergence caused by

north. Further, there is no downslope flow at the southermy,e gnhanced low-level nocturnal jet (it also brings a lot of
slope of the TP in the simulation results (Fig. 12). So the

Ann. Geophys., 30, 1575:586 2012 www.ann-geophys.net/30/1575/2012/
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