
 

Instructions for use

Title Mechanism of Orographic Precipitation around the Meghalaya Plateau Associated with Intraseasonal Oscillation and
the Diurnal Cycle

Author(s) Sato, Tomonori

Citation Monthly Weather Review, 141(7), 2451-2466
https://doi.org/10.1175/MWR-D-12-00321.1

Issue Date 2013-07

Doc URL http://hdl.handle.net/2115/53972

Rights © Copyright 2013 American Meteorological Society (AMS).

Type article

File Information mwr-TSato2013_2451.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


Mechanism of Orographic Precipitation around the Meghalaya Plateau
Associated with Intraseasonal Oscillation and the Diurnal Cycle

TOMONORI SATO

Faculty of Environmental Earth Science, Hokkaido University, Sapporo, Japan

(Manuscript received 2 November 2012, in final form 6 January 2013)

ABSTRACT

Mesoscale processes that cause tremendous amounts of precipitation around the Meghalaya Plateau,

northeast India, were investigated using a regional atmospheric model, with a particular focus on the possible

role of an intraseasonal oscillation (ISO) and the diurnal cycle. A numerical experiment was conducted using

the Weather Research and Forecasting Model (WRF) to simulate a prominent submonthly-scale ISO event

observed during June–July 2004. A WRF experiment successfully simulated the timing and magnitude of

precipitation during the first active period and subsequent inactive period of the ISO, despite large biases in

the second active period. The WRF experiment revealed that the magnitude of prevailing southwesterly

winds in the lower troposphere differs significantly between active and inactive periods; strong southwesterly

flow transports abundant moisture to the southern slope of the Meghalaya Plateau during the active period,

which triggers forced lifting and brings orographic precipitation. However, low-level wind during the inactive

period is too weak to overcome the vertical stratification barrier; hence, it is unable to reach the condensation

level. The WRF experiment suggested that the diurnal cycle of precipitation is enhanced during the active

period, exhibiting an evening to early morning maximum, as observed by the Tropical Rainfall Measuring

Mission (TRMM). The experiment also indicated a prominent nocturnal low-level jet (LLJ) appearing at

900 hPa. The direction of the LLJ varies clockwise with time, which accelerates the preexisting southwesterly

flow during 1800–0600 LT. The diurnal variation of the LLJ is responsible for the evening to early morning

maximum of precipitation, thus contributing to the precipitation variability in the ISO.

1. Introduction

A tremendous amount of precipitation falls in South

and Southeast Asia. The diabatic heat released as a form

of water condensation heating is essential to sustain

the ascending branch of the Hadley circulation. The

record for the highest annual precipitation on the earth

(26 461 mm)was observed at Cherrapunjee (see Fig. 1 for

location; 25.258N, 91.738E), India, from August 1860 to

July 1861; the next highest precipitation values were re-

corded over the surrounding areas in South Asia. Cher-

rapunjee is located to the south of theMeghalaya Plateau

(Fig. 1), near the boundary between India and Bangla-

desh. The elevation of the plateau is typically lower than

2000 m, which is not particularly high compared to

the Himalayas to the north. Despite this relatively low

elevation, interaction between the plateau’s topography

and southerly flows from the Indian summer monsoon

is thought to be a primary cause of heavy precipitation in

this region.

In low-latitude regions, intraseasonal oscillations

(ISOs) are a dominant atmospheric variability mode;

therefore, they have been the targets of many studies. In

particular, a 30–60-day ISO referred to as the Madden–

Julian oscillation (MJO; Madden and Julian 1972) has

been studied intensively to understand its impacts

on low- and midlatitude atmospheric variability (e.g.,

Sardeshmukh and Hoskins 1988; Hendon and Salby

1994; Berbery and Nogu�es-Paegle 1993) because low-

frequency atmospheric variations such as ISOs are ex-

pected to have the potential to extend the lead time of

medium-range weather forecasts (e.g., Wheeler and

Weickmann 2001; Waliser et al. 2003; Miura et al. 2007).

In addition to the 30–60-day ISO, a high-frequency ISO

is involved in the summer monsoon variability around

South and Southeast Asia (e.g., Krishnamurti and

Bhalme 1976; Murakami 1976; Yasunari 1979). Ohsawa
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et al. (2000) later demonstrated a prominent pre-

cipitation variation with a 7–25-day frequency in Ban-

gladesh. Recently, Fujinami et al. (2011) found that the

precipitation spectrum in Bangladesh exhibited a pro-

nounced peak for about a 14-day period, while a peak

for a 30–40-day period was not statistically significant. In

addition, the submonthly scale (7–25 day) precipitation

variance was significantly larger than the 30–60-day

variance, suggesting that the submonthly-scale ISO ex-

erted a greater influence than the 30–60-day ISO on

the interannual variation of June–August mean pre-

cipitation (Fujinami et al. 2011). Because Bangladesh is

situated in the vicinity of the Meghalaya Plateau, it is

highly probable that the submonthly-scale ISO plays an

important role in the presence of heavy precipitation

around the plateau. Few observational studies have

been conducted previously of the mesoscale circulations

during the active phase of the submonthly ISO. Ohsawa

et al. (2000) analyzed radiosonde observations at

Dhaka, Bangladesh (90.388N, 23.768E), and found that

the southwesterly wind in the lower troposphere rotates

clockwise with increasing altitude. Fujinami et al. (2011)

investigated the three-dimensional structure of the cir-

culation using a reanalysis dataset, showing that the

westerly wind in the lower troposphere covers the Me-

ghalaya Plateau during the active phase. However, the

role of ISO-related mesoscale circulation and topogra-

phy in the heavy precipitation around the Meghalaya

Plateau remains unclear.

The diurnal cycle is also an important feature of pre-

cipitation variability in the Asian monsoon region and

has been studied by data analysis (e.g., Barros et al. 2000;

Ohsawa et al. 2001; Nesbitt and Zipser 2003; Mori et al.

2004; Hirose and Nakamura 2005; Sato et al. 2007; Zhou

et al. 2008; Huang et al. 2010; Xu and Zipser 2011) and

numerical modeling (e.g., Yang and Slingo 2001;

Arakawa and Kitoh 2005; Kataoka and Satomura 2005;

Oouchi et al. 2009; Sato et al. 2009). A geostationary

satellite data analysis demonstrated that the precipi-

tation around the Meghalaya Plateau exhibits a mid-

night peak at approximately from 0000 to 0600 local

time (LT; UTC 1 6 h), which is obviously different to

that observed in surrounding areas (Ohsawa et al. 2001).

The earlier TropicalRainfallMeasuringMission (TRMM)

Precipitation Radar (PR) analysis also suggested maxi-

mum activity of precipitating convective systems during

0000–0600 LT (Romatschke and Houze 2011). Studies

have shown that the southward-propagating precipita-

tion systems over the Bay of Bengal (Webster et al.

2002) and Bangladesh (Kataoka and Satomura 2005)

also possess diurnal periodicity. However, few studies

have addressed the behavior of the diurnal cycle in as-

sociation with the ISO in this region. It is necessary to

clarify the possible effects of the diurnal cycle during the

active phase of the ISO on heavy precipitation around

the Meghalaya Plateau.

Recently, regional atmospheric models have been

applied widely in the study of mesoscale processes in

various regions of the world. An important advantage of

using regional models is their potential to simulate

orographically induced convective systems (e.g., Wang

et al. 2004; Sato and Xue 2013). Therefore, a regional

FIG. 1. Topography (m) around the study area for the (a) outer domain and (b) inner domain. A small square in (b)

indicates the location of Cherrapunjee station.
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model experiment driven by reanalysis data is a suitable

approach to investigate mesoscale atmospheric circula-

tion under a controlling large-scale forcing such as that

controlled by an ISO. The purpose of this study is, first,

to demonstrate a regional atmospheric model experi-

ment that captures much of precipitation variability

around theMeghalaya Plateau including the submonthly-

scale ISO and the diurnal cycle. Then, the mesoscale

circulation that characterizes active and inactive periods

of the submonthly-scale ISO is investigated to understand

the mechanisms of orographic precipitation around the

Meghalaya Plateau.

2. Description of submonthly ISO of summer 2004

It is important to conduct a long-term high-resolution

numerical experiment for understanding mesoscale

features in relation to the ISO. For example, with such

an experiment for many different years, we would be

able to analyze statistical characteristics of the meso-

scale circulations. However, the computation costs re-

quired to conduct such an experiment are considerable.

Therefore, as a first step, this study focuses on June and

July of 2004 as a target period to study mesoscale fea-

tures during the submonthly-scale ISO. In summer 2004,

a prominent submonthly-scale ISO was observed by

a rain gauge at Cherrapunjee (Murata et al. 2008).

Figure 2 illustrates precipitation time series averaged

over 248–268N, 908–928E, covering the Meghalaya Pla-

teau, using the Asian Precipitation Highly Resolved

Observational Data Integration Towards Evaluation of

Water Resources (APHRODITE; Yatagai et al. 2009,

2012) and TRMM3B42 dataset. To include as many rain

gauges as possible incorporated in APHRODITE, the

averaging area contains a part of the Hindustan Plains.

APHRODITE is a daily precipitation product on a

0.258 3 0.258 mesh grid based on a dense rain gauge

network with orographic effects taken into account

during interpolation (Yatagai et al. 2012). Since the

number of available rain gauges is limited around the

Meghalaya Plateau, the spatial mean precipitation pre-

sented in Fig. 2a largely reflects four gauge stations (also

see Fig. 7 for locations of the gauges) and the climatol-

ogy precipitation pattern (Yatagai et al. 2012). Figure 2b

illustrates the precipitation time series based on TRMM

3B42 (hereafter 3B42) observations on a 0.258 3 0.258
mesh grid, estimated using TRMM’smicrowave channel

data and infrared data from geostationary satellites.

Lines in Fig. 2 represent 7–25-day filtered time series for

the two datasets. There are several precipitation peaks

in the filtered daily precipitation time series of the

APHRODITE and 3B42 products. In APHRODITE,

a first peak occurs around 21 June, with more than

70 mm day21, followed by a weak precipitation period

until 4 July. A second peak appears from 7 to 11 July,

with maximum values of more than 100 mm day21.

FIG. 2. Time series of precipitation in (a) APHRODITE and (b) TRMM 3B42 around the

Meghalaya Plateau (248–268N, 908–928E). The 7–25-day filtered precipitation is shown with

solid line. A1 (5–9 Jul) and A2 (17–20 Jul) indicate the active periods and B1 (11–15 Jul)

indicates the break period.

JULY 2013 SATO 2453



A third peak occurs from 18 to 19 July and exhibits the

highest precipitation for the whole of summer 2004. The

timing of the precipitation peaks in APHRODITE is

very similar to that by gauge-based sounding at Cher-

rapunjee (Murata et al. 2008). The precipitation from

3B42 exhibits a weak peak in late June and another two

pronounced peaks in July, which agrees roughly with the

APHRODITE. However, the first peak is smaller and

second peak ismuch stronger than that inAPHRODITE.

This discrepancy probably results from differences

between the algorithms used in the precipitation

products, as described by Yatagai et al. (2012). Despite

the differences in absolute values, the two datasets are

consistent with respect to the timing of active and in-

active precipitation during July 2004. Here we define

two active periods, A1 (5–9 July) and A2 (17–20 July),

and an inactive period, B1 (11–15 July), as shown in Fig.

2. These periods correspond to dates when either of the

filtered precipitation data exceeds one standard de-

viation, calculated for the filtered time series during

June–July 2004; the standard deviations are 20.8 and

24.5 mm day21 for APHRODITE and 3B42, respec-

tively. The temporal variations of area-averaged pre-

cipitation are very similar to the in situ measurement at

the Cherrapunjee (Murata et al. 2008), which suggests

the area-averaged precipitation in Fig. 2 well represents

the time series of precipitation at the Meghalaya Pla-

teau. Since the 3B42-derived precipitation in late June

was rather small, this study focuses mainly on July.

Figure 3 depicts a mean precipitation distribution and

850-hPa-level wind in the National Centers for Envi-

ronmental Prediction–U.S. Department of Energy

(NCEP–DOE) Reanalysis 2 data (NCEP2; Kanamitsu

et al. 2002) averaged over the A1, B1, and A2 periods.

During the A1 period, heavy precipitation is located

around theMeghalaya Plateau and along the Himalayas

(Fig. 3a). Low-level winds are predominantly westerly

and southwesterly around the Meghalaya region from

the Indian continent and Bay of Bengal. Likewise,

marked precipitation is located around the Meghalaya

Plateau during the A2 period, together with strong

westerly flow in the lower troposphere (Fig. 3c). In

contrast, low-level wind is very weak around the Me-

ghalaya Plateau during the B1 period, in association

with cyclonic circulation over the northwestern Bay of

Bengal that weakens the low-level westerly flow. The

difference in lower-tropospheric circulation between

active and inactive periods suggests that the westerly/

southwesterly wind toward theMeghalaya Plateau plays

an important role in the heavy precipitation anchored on

the Meghalaya Plateau. This agrees with a previous

study by Fujinami et al. (2011), which analyzed 20 years

FIG. 3. Mean precipitation (mm day21) in

APHRODITE dataset and 850-hPa-level wind in

NCEP2 for (a) A1, (b) B1, and (c) A2 periods.
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of reanalysis data and identified the anomalous circu-

lation related to a 7–25-day ISO. Therefore, precip-

itation features from July 2004 represent synoptic-scale

circulation features similar to the typical submonthly-

scale ISO and are suitable for investigation of meso-

scale processes by means of a dynamical downscaling

approach.

To examine the diurnal cycle of convective activity,

Fig. 4 illustrates day-by-day variation of the diurnal cy-

cle of precipitation around the Meghalaya Plateau. A

pronounced diurnal cycle appears during the A1 and A2

periods but is very weak during June and the B1 period.

The diurnal cycle during A1 and A2 exhibits a mature

phase from evening until the morning hours, which is in

agreement with the satellite observations shown in

Ohsawa et al. (2001), who showed a midnight maximum

of convective activity over northern Bangladesh using

blackbody temperature obtained from a geostationary

satellite.

3. Model and numerical experiment

A regional atmospheric model, the Advanced Re-

search Weather Research and Forecasting Model

(ARW-WRF), version 3.2.1 (Skamarock et al. 2008), is

adopted in this study. Horizontal mesh size is 3.6 km

(151 3 151 grids), centered around the Meghalaya Pla-

teau, two-way nested within an 18-km (1333 133 grids)

mesh grid domain that covers 148–348N, 788–1028E
(Fig. 1). The elevation near the plateau center is higher

than 1500 m in the 3.6-km mesh domain, whereas

the topography in the 18-km mesh domain is rather

smoothed. Model topography for the nested domain

shows that the 3.6-km mesh is sufficient to capture the

detailed features of the Meghalaya Plateau. The vertical

grid number is 40 layers. Physics parameterizations

adopted are the cumulus convection scheme (Kain 2004),

cloudmicrophysics scheme (Hong et al. 2004), shortwave

radiation scheme (Dudhia 1989), longwave radiation

scheme (Rapid Radiative Transfer Model; Mlawer et al.

1997), planetary boundary layer scheme (the 2.5 level of

Nakanishi and Niino 2004, 2006), and the Noah land

surface model (Chen and Dudhia 2001). One may an-

ticipate that the domain size (Fig. 1a) could be too

small. A northern lateral boundary located over high

mountains, such as the Tibetan Plateau, sometimes

generates computational errors. However, another

experiment with a larger domain size, which contained

the whole Tibetan Plateau, failed to simulate realistic

timing and structure of the ISO, as will be mentioned in

the following section. This is probably because of the

overheating and erroneous convection that was un-

realistically generated in the model (not shown), which

eventually destroyed realistic atmospheric fields. Such

defects were improved upon by using a smaller domain

size. The sensitivity of the simulated circulations to the

domain size is consistent with the earlier studies, which

clarified the higher downscaling skills as reducing

a domain size (Leduc and Laprise 2009). Therefore,

this study uses a small domain to preserve the realistic

large-scale circulation patterns that are required to

characterize the ISO phase.

WRF is driven using atmospheric forcing data

obtained from NCEP2. The four outermost rows of the

grid points from the lateral boundary are nudged to the

forcing dataset. The weekly mean optimum inter-

polation sea surface temperature (OISST; Reynolds

et al. 2002) is given as an ocean surface boundary con-

dition. The simulation was initiated on 15 June 2004 and

terminated on 25 July 2004.

FIG. 4. Date and time section of TRMM 3B42 precipitation around the Meghalaya Plateau

(248–268N, 908–928E).
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4. Results

a. Low-level wind

Figure 5 illustrates the time series of 850-hPa-level

wind speed around the Meghalaya Plateau. Zonal wind

speed becomes greater than 10 m s21 during A1 and A2

in the WRF experiment, which roughly follows the

NCEP2 time series. During B1, zonal wind in NCEP2 is

markedly weaker than in the active periods and shows

weak easterly flow reflecting a cyclonic circulation (Fig.

3b). Although WRF simulates a weakening of zonal

wind during B1, its wind speed is much stronger than

that in NCEP2.

The 850-hPa meridional wind around the Meghalaya

Plateau shows very similar temporal variation in NCEP2

and WRF (Fig. 5). The southerly wind increases a few

days prior to the precipitation peak duringA1 andA2.A

large difference between NCEP2 and WRF is present

during 14–16 July, corresponding to the latter part of B1;

simultaneously, WRF shows southerly wind that is too

strong. During B1, both the zonal and meridional

components of the 850-hPa-level wind indicate large

biases in the WRF experiment. In addition, zonal wind

in NCEP2 exhibits a lag of 1 day compared to that of

WRF, which is obvious during the onset of A1 and A2.

For example, the zonal wind increased on 4 July in

NCEP2 but on 3 July in WRF (Fig. 5a). Both the bias

and time lag in the zonal wind variation are consistent

with the errors in simulated precipitation that will be

addressed in the following section.

b. Precipitation

Figure 6 illustrates the precipitation time series

around the Meghalaya Plateau in WRF. WRF success-

fully simulates heavy precipitation in early July and the

following break period in mid-July. The heavy pre-

cipitation corresponding to A1 starts on 3 July in WRF,

which is earlier than the observed onset (5 July). The

precipitation maximum during A1 is 140 mm day21,

which is between the values derived fromAPHRODITE

and 3B42. The break of daily precipitation is clearly

identified in mid-July. However, the timing and

FIG. 5. Time series of (a) zonal and (b)meridional wind speed at 850 hPa over theMeghalaya

Plateau (248–268N, 908–928E). The solid gray line and the broken line indicate NCEP2 re-

analysis and WRF experiment (outer domain), respectively.

FIG. 6. Time series of precipitation (mm day21) simulated in WRF experiment around the

Meghalaya Plateau (248–268N, 908–928E). The daily mean (bar) and 3-h mean (line) values are

plotted together.
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magnitude of precipitation in late July differ from those

observed. In the earlier part of B1 (11–13 July), simu-

lated precipitation was very low. Meanwhile, WRF

overestimates precipitation in the later part of B1 (14–15

July). The simulated precipitation indicates a peak

corresponding to A2, although the amount of rainfall is

approximately half of that observed.

The earlier onset of precipitation for A1 in WRF is

consistent with the earlier shift in zonal wind variation at

850 hPa. The large bias in 850-hPa zonal and meridional

wind during B1 (Fig. 5) is also consistent with WRF’s

overestimation of precipitation during the latter part of

the B1 period. These results suggest that the perfor-

mance of the regional model in simulating ISO-related

precipitation around the Meghalaya Plateau is very

sensitive to the quality of the large-scale circulation.

Furthermore, the model biases in large-scale circulation

result in considerable differences in the amount of pre-

cipitation.

A dominant diurnal cycle in simulated precipitation

appears during the A1 period, which is in good agree-

ment with 3B42 observations (Fig. 4), whereas the

presence of the diurnal cycle is ambiguous during the B1

and A2 periods (Fig. 6). Although the diurnal cycle

seems to be active during days with high daily pre-

cipitation in B1 and A2, its amplitude is much smaller

than that seen in A1. We will discuss the relationship

between low-level winds and the diurnal cycle of pre-

cipitation in section 5.

Spatial distribution of total precipitation is compared

for the APHRODITE, 3B42, andWRF experiments for

the A1, B1, and A2 periods (Fig. 7). In APHRODITE’s

figure, grid boxes that contain rain gauge(s) are overlaid

to identify the location of the most reliable value. Dur-

ing A1, the APHRODITE and 3B42 depict most pre-

cipitation over the southern slope of the Meghalaya

Plateau (241 and 235 mm day21 for grid values, re-

spectively). 3B42 tends to overestimate the precipitation

over the Hindustan Plain. WRF reproduces observed

precipitation centers along the southern slopes; how-

ever, precipitation is overestimated compared to the

observations (685 mm day21). Strong northeastward

moisture transport toward the Meghalaya is obvious in

the lower troposphere. To the northeast of the Megha-

laya Plateau, both observations and WRF show very

small precipitation, suggesting reduced precipitation as

a result of the rain shadow effect on the lee side of the

plateau. WRF successfully simulates the small pre-

cipitation over the Hindustan Plain. During A2, ob-

served precipitation patterns are very similar to those in

A1. Meanwhile, the WRF precipitation again shows

overestimation over the mountains: maximum precip-

itation values over the Meghalaya Plateau are 284, 262,

and 368 mm day21 for APHRODITE, 3B42, andWRF,

respectively. Although the total precipitation in WRF is

lower than that during A1, it is still higher than obser-

vations. The moisture flux again shows northeastward

moisture transport in the lower layer. Although there is

uncertainty in spaceborne precipitation estimates over

a region without ground truth, the results indicate that

the WRF obviously overestimates precipitation near

the mountains. The precipitation patterns during B1

seem different between the two observation products.

APHRODITE shows maximum precipitation along the

Himalayas but 3B42 does not. Simulated precipitation

for B1 is overestimated compared to the observations,

despite the amount being smaller than that for the two

active periods. The 900-hPa-level moisture flux tends to

exhibit a northward direction. As we have confirmed in

Fig. 6, precipitation in the latter part of B1 is over-

estimated in WRF. To compare precipitation patterns

during a break period, mean precipitation patterns

during 11–13 July (indicated as B10 in Fig. 6) are also

compared. The simulated precipitation for B10 is obvi-
ously smaller than that for B1, with weaker northward

moisture flux. The horizontal extent of the area experi-

encing precipitation is rather limited, which agrees with

observations.

To examine the vertical structure of simulated pre-

cipitation during the active period of the 7–25-day ISO,

a vertical cross section of the convective system is ana-

lyzed. Figure 8a displays a snapshot of cloud pattern at

1100 LT 6 July using an infrared (10.8 mm) channel

obtained from the Visible and Infrared Scanner (VIRS)

and near-surface rainfall rate measured by the PR sen-

sor on board TRMM. Orographic precipitation of more

than 30 mm h21 is found over the Meghalaya Plateau in

the PR image, showing heavy precipitation on the pla-

teau and very weak precipitation in the surrounding

areas. The vertical cross section along the A–A0 line
indicates that convective clouds are widely distributed

over the Meghalaya Plateau and southern slopes. The

maximum rainfall rate, higher than 48 mm h21, appears

over the southern slope. The rainfall rate exhibits max-

imum values at 1–5 km, and the mean top height of

convective cells is approximately 7–8 km. Another snap-

shot for 0600 LT 17 July, corresponding to the A2 period,

shows distinct orographic enhancement in near-surface

rainfall (Fig. 8b). In spite of the low brightness tem-

perature near the foot of the plateau, heavy pre-

cipitation was present only over the Meghalaya Plateau.

The surface rainfall on the southern slope exceeds

80 mm h21, suggesting a very strong rainfall event around

Cherrapunjee. The vertical cross section indicates high

convective systems developed over the southern slope,

with the cloud top reaching 14-km altitude. The spatial
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FIG. 7. Total precipitation during A1, B1, A2, and B10 periods (mm day21). Data sources are (left) APHRODITE, (middle) TRMM

3B42, and (right) theWRF results. Grid boxes with rain gauge(s) are shown with solid square symbols in APHRODITE’s figures. Vectors

in WRF result indicate moisture flux at the 900-hPa level (g m kg21 s21).
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distribution of precipitation in the case of 17 July is

narrower than that observed on 6 July. The simulated

precipitation and mesoscale circulation corresponding

to the date of the TRMM snapshot is shown in Fig. 9.

Although it is difficult to evaluate a long-termmesoscale

simulation on the basis of a snapshot for a typical event,

simulated convective systems possess similar structures to

those observed by TRMM PR. In both cases, WRF pro-

duces orographic enhancement of precipitation around

the Meghalaya Plateau. Northeastward moisture trans-

port is strong at the 900-hPa level, suggesting that the

stronger southwesterly wind with abundant moisture

brings orographic precipitation along the Meghalaya

Plateau than the climatology condition. A vertical cross

section shows that surface precipitation is centered near

the top of the mountain and that the mixing ratio of

the condensed water has a maximum value around the

500-hPa level for both days. The horizontal distribution

of condensed water on 6 July was spread widely over the

lee side of mountain, while on 17 July the cumulus con-

vection was isolated on the upwind side of the slope;

these features are consistent with properties observed by

TRMM PR (Fig. 8). The WRF experiment also suggests

the importance of low-level wind for convective pre-

cipitation. Vertical structures of southwesterly wind in

the two snapshots show stronger horizontal wind in

the lower troposphere. In particular, southwesterly wind

reaches a maximum value, stronger than 15 m s21, below

800 hPa, suggesting a low-level jet (LLJ) structure.

In this section, the WRF simulation is evaluated using

reanalysis data, satellite, and rain gauge–based surface

precipitation products, and the vertical structure of

convective systems from TRMM PR. WRF successfully

simulates the temporal variation of low-level winds ex-

cept for biases in the B1 period and an earlier shift prior

to the A1 and A2 periods. The precipitation time series

agrees roughly with observations. However, precip-

itation amounts over the mountains are poorly simu-

lated. The vertical structure indicates a feature of

orographically induced precipitation that is in good

agreement with TRMM observations. In the following

section, the relationship between the simulated diurnal

cycle of precipitation and mesoscale circulation will be

addressed using the WRF results.

5. Diurnal cycle and mesoscale circulation

As inferred from 3B42 (Fig. 4) and the WRF simula-

tion (Fig. 6), the diurnal cycle of precipitation is distinct

during the active phase of the submonthly ISO. In this

FIG. 8. Near-surface rainfall rate (mm h21) and brightness temperature (K) observed by TRMM sensors on

(a) 6 and (b) 17 Jul. (bottom) Vertical cross sections of rainfall rate (mm h21) along the A–A0 line are shown. The

thick solid line indicates the range of the TRMM PR observations. The black shading in the cross section indicates

surface clutter.
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section, the relationship between the diurnal cycle of

precipitation and mesoscale circulations is investigated

to clarify the mechanism responsible for orographic

precipitation around the Meghalaya Plateau. Figure 10

shows precipitation patterns and vertical cross sections

across the Meghalaya Plateau from 1800 LT 6 July to

1500 LT 7 July during A1. The convective system that

was shown in Fig. 9 has moved to the eastern part of the

plateau and weakened by 1800 LT 6 July (Fig. 10a). The

low-level southwesterly is weak over the Hindustan

Plain. The vertical cross section also shows a weakened

LLJ relative to that at 1200 LT (Fig. 9). At 2100 LT,

southwesterly winds start increasing over the plain. The

vertical distribution of the wind speed clearly shows that

the LLJ develops around the 900-hPa level (Fig. 10b).

The LLJ is further intensified at 0000 LT 7 July, even-

tually reaching the southern slope of the Meghalaya

Plateau (Fig. 10c). At the northern tip of the jet, strong

southwesterly winds climb the slope and initiate upward

motion (not shown) in addition to the cloud condensa-

tion. The LLJ is dominant over the plain from 0000 to

0600 LT (Figs. 10c–e), which agrees well with the time of

heavy precipitation over the plateau. The top of the

convective system indicated by the high liquid water

content reaches 200 hPa. The LLJ reaches a mature

state at 0600 LT and, simultaneously, the strongest

convection occurs over the plateau. The LLJ and con-

vective precipitation begin to weaken at 0900 LT (Fig.

10f), and the orographic precipitation becomes weak as

the LLJ structure diminishes at 1200 and 1500 LT (Figs.

10g,h). These results from theWRF experiment strongly

suggest that the diurnal cycle of the LLJ plays a crucial

role in regulating the diurnal cycle of precipitation over

the Meghalaya Plateau. Since the diurnal cycle of pre-

cipitation tends to be pronounced during the active

phase of the submonthly ISO, the nocturnal LLJ is also

an important process for ISO-related precipitation.

Moreover, the WRF experiment suggests that the ele-

vation of the Meghalaya Plateau is sufficient to initiate

forced lifting along the southern slope because the LLJ

developed around the 900-hPa level.

Figure 11 illustrates the diurnal variation of the

900-hPa-level wind during 6–7 July corresponding to

A1. The vectors represent the anomaly from 2-daymean

wind (i.e., from the southwest during this period as

shown in Fig. 9). The southwesterly wind to the south of

the Meghalaya Plateau increases overnight, especially

from 0000 to 0600 LT. Conversely, the southwesterly

FIG. 9. Distributions of precipitation (mm h21) and 900-hPa-level moisture flux (g m kg21 s21) in the WRF ex-

periment at (a) 1200 LT 6 Jul and (b) 0600 LT 17 Jul. (bottom) Cross section of horizontal wind speed (shaded;

m s21), mixing ratio of hydrometeors (contour; g kg21), and precipitation (mm h21) along the B–B0 line.
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wind decreases in the afternoon hours of 1200–1800 LT.

It is interesting that the anomalous wind direction turns

clockwise with time over the plain regions, especially to

the southwest of the Meghalaya Plateau where the to-

pography is nearly flat. Terao et al. (2006) and Murata

et al. (2008) discovered a similar clockwise rotation of

low-level wind using radiosonde observations at Dhaka

(23.768N, 90.388E). They also pointed out that the ver-

tical profile of wind vectors exhibited the Ekman spiral

structure, in which the wind direction rotates clockwise

with increasing altitude. The WRF results in this study

also display a similar profile (not shown). It is evident

fromFigs. 10 and 11 that the nocturnal LLJ is distributed

widely over the eastern part of the Hindustan Plain. The

development of the nocturnal LLJ is likely induced by

atmospheric boundary layer processes over the plain.

The LLJ in this study develops at approximately

900 hPa after the evening hours. The level of maximum

wind speed corresponds to the height where the night-

time stable layer first establishes after the deformation

of the daytime mixed layer. Then, the wind speed in

the LLJ begins to increase after the upper planetary

boundary layer is released from surface friction. The

nocturnal LLJ can develop even during inactive periods,

FIG. 10. (left) Precipitation (mm h21) and 900-hPa-level moisture flux (g m kg21 s21) from 1800 LT 6 Jul to 1500

LT 7 Jul. (right) Vertical cross section for wind speed (shaded; m s21) and mixing ratio of hydrometeors (contour;

g kg21) along the C–C0 line.
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but the direction and wind speed is unsuitable for initi-

ating orographic precipitation (Figs. 5 and 13). The

WRF result for a typical rainfall event suggests that this

is why the diurnal cycle of precipitation becomes more

stimulated during the active phase.

The TRMM observation andWRF experiment reveal

that the precipitation around the Meghalaya Plateau

shows the prominent diurnal cycle during the active

period of the submonthly ISO. During the A1 and A2

periods, westerly and southwesterly wind increases at

the 850-hPa level (Figs. 4 and 5). During a typical heavy

precipitation case, the LLJ over the upwind side of the

mountain slope develops from midnight to early morn-

ing and initiates convective precipitation along the

Meghalaya Plateau. The WRF failed to reproduce the

diurnal cycle of precipitation during the A2 period. This

could perhaps be attributed to its poorer performance

for large-scale circulation after the latter part of the B1

period. In spite of exhibiting the minimum precipitation

during the diurnal cycle, daytime precipitation during

the active period is still higher than the daily total during

the inactive period (Figs. 4 and 6). This indicates that the

diurnal cycle of precipitation is not always necessary for

the total rainfall amount in the active period. However,

the diurnal cycle plays an important role in increasing

maximum precipitation and contributing distinct dif-

ferences in precipitation amount between the active and

inactive periods of the submonthly ISO.

6. Discussion

The role of the LLJ in modulating the diurnal pre-

cipitation cycle during the A1 period was addressed in

section 5. Further analysis is carried out in this section

to understand the differences in mesoscale properties

during active and inactive periods of the submonthly

ISO. We have confirmed the differences in large-scale

circulation (Figs. 3 and 5) and downscaled wind pattern

(Fig. 7) between active and inactive periods. It is nec-

essary to examine atmospheric vertical profiles to in-

vestigate from a thermodynamic point of view. Vertical

profiles of potential temperature and specific humidity

over the Hindustan Plain are illustrated in Fig. 12. Two-

day averages for 6–7 and 11–12 July, corresponding to

the A1 and B10 periods, are shown. Potential tempera-

ture profiles for the two periods are very similar, except

below 700 hPa. Potential temperature during this active

period is larger than that in the inactive period at levels

below 800 hPa. The stability is very similar for the active

and inactive periods at levels below 850 hPa. However,

between the 850- and 700-hPa levels, the active period

exhibits more stable stratification. The vertical profile of

specific humidity indicates that the active period is sig-

nificantly wetter than the inactive period between the

600- and 975-hPa levels. The difference in specific hu-

midity results in higher equivalent potential tempera-

ture in the same layer during the active period. As

a result, the equivalent potential temperature profile in

the lower troposphere exhibits stronger convective in-

stability in the inactive period than the active period.

The vertical temperature and moisture profiles imply

FIG. 11. Simulated diurnal variation of wind vectors (m s21) at

900 hPa during 6–7 Jul. Arrows indicate anomalous wind in which

2-day mean wind vectors are removed.

FIG. 12. Vertical profiles of potential temperature, equivalent

potential temperature, specific humidity, and wind vectors over

248–258N, 918–928E during active (6–7 Jul) and inactive (11–12 Jul)

periods.
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that the inactive period more likely favors cumulus

convection. However, in the active period, it is plausible

that potential temperatures are subjected to vertical

mixing owing to the subgrid-scale updraft/downdraft,

which can make vertical stratification more stable as

a consequence.We needmore case studies to investigate

the vertical temperature profiles in relation to the sub-

monthly ISO.

Since the vertical temperature profile during the ac-

tive period does not appear to be very unstable, a kine-

matic process should be crucial during the active period.

Here a nondimensional Froude number (Fr) is used to

describe the state of stratified flow over the obstacles,

and is defined as

Fr5U/NH , (1)

where U is the wind speed, N is the Brunt–V€ais€al€a fre-

quency, andH is the height scale of the obstacle. Here Fr

is defined for nonrotating flow; hence, it is applicable

only for mesoscale circulations. If Fr # 1, vertical

stratification effects are relatively important and vertical

displacement of the flow is restricted by the stratifica-

tion (Cushman-Roisin 1994). Parameters are defined in

consideration of the mean state of the lower tropo-

sphere;U is calculated from vertical mean wind speed at

975–850 hPa, and N is calculated by assuming a linear

gradient of potential temperature from 975 to 850 hPa.

Equation (1) is transformed as Hc 5 U/N when Fr F 1.

Namely, N is close to the frequency of vertical dis-

placement forced by the obstacle (U/H). Then, Hc

represents the altitude that stratified flowwith a speed of

U can attain against the stratification barrierN. Figure 13

depicts horizontal distribution of Hc for active and in-

active periods. To the southwest of the Meghalaya

Plateau, Hc is lower than 400 m during the inactive pe-

riod (Fig. 13b). Conversely, Hc is higher than 1000 m in

the active period, indicating that the southwesterly wind

is strong enough to climb the southern slope of Me-

ghalaya. Since the lifting condensation level near the

slope is below Hc (not shown), the low-level wind

around the southern slope reaches condensation level

and is able to develop further with the aid of conden-

sation heating. In contrast, southwesterly flow must pass

around the plateau during the inactive period (Fig. 13b)

because Hc is lower than the Meghalaya Plateau. A re-

markable difference in Hc between the two periods is

due primarily to the wind speed difference. Wind speed

at 900 hPa is more than 2 times stronger in the active

period than in inactive periods (Fig. 13). Despite similar

vertical stratification, there are distinct differences in

low-level wind speed between the A1 and B1 periods.

The stronger low-level wind during the A1 period can

result in a larger potential for initiating cumulus con-

vection over the mountain slope. Since the LLJ is

dominant from midnight to early morning, there are

more opportunities for convective initiation during this

time. Furthermore, the wet lower troposphere during

the active period will be an additional factor for the

development of convective systems.

Recently, many studies have discussed a modulation

of the diurnal cycle in relation to ISO phases, especially

FIG. 13. Horizontal distribution of Hc (m; shaded) and 900-hPa wind (m s21) in WRF experiment during (a) active

and (b) inactive periods.
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those related to the MJO, since the 30–60-day ISO and

the diurnal cycle are the dominant modes in tropical

regions (Yang and Slingo 2001). Rauniyar and Walsh

(2011) found that the amplitude of the diurnal pre-

cipitation cycle becomes one and a half times larger than

normal during the active MJO phase, although this de-

pends on the region. The propagation of diurnal cycle

signals is also influenced by the MJO; this was revealed

by TRMM observations (Ichikawa and Yasunari 2008;

Oh et al. 2012) and by GPS (Fujita et al. 2011) around

theMaritime Continent. Oouchi et al. (2009) performed

a global cloud-resolving model experiment that dem-

onstrated that the direction of diurnal cycle propagation

varies corresponding to dry/wet periods of the ISO.

Conversely, the influence of the submonthly-scale ISO

on the diurnal cycle of precipitation is poorly un-

derstood. Yokoi et al. (2007) found that regions of large

variability in radar reflectivity for 30–60- and 10–20-day

ISO modes over the Indochina Peninsula are clearly

separated as a result of topographic effects because the

dominant synoptic-scale winds for the two ISO modes

are different that causes the orographic precipitation in

the different places. Geostationary satellite data analy-

sis suggested the prominent diurnal cycle of cloud ac-

tivities during the active phase of the submonthly ISO

over Bangladesh (Ohsawa et al. 2000). TRMM obser-

vations suggested that the diurnal cycle of convective

activity is reinforced when the 5–20-day ISO becomes

active over the Bay of Bengal (Hoyos and Webster

2007). The WRF experiment in this study revealed the

influence of the submonthly-scale ISO inmodulating the

diurnal cycle of precipitation around the Meghalaya

Plateau as a result of the intensification of the nocturnal

LLJ. The nocturnal LLJ can develop even in inactive

periods, but its direction and wind speed are unsuitable

for initiating orographic precipitation. As mentioned in

section 1, the submonthly-scale ISO in this region plays

an important role in modulating interannual variability

(Fujinami et al. 2011). Therefore, the diurnal cycle of

precipitation is likely to have important connections

with seasonal/annual mean precipitation variability. This

study focusesmainly on typical rainfall events during July

2004. To understand the influence of the submonthly

ISO on the diurnal cycle and role of the diurnal cycle in

modulating heavy precipitation around the Meghalaya

Plateau, further comprehensive studies are needed, es-

pecially those using longer numerical simulations. In

addition, the number of rain gauges around the Megha-

laya Plateau is obviously insufficient for the quantitative

evaluation of the numerical experiment although this

study used the high-resolution daily precipitation dataset.

It is desirable to have more in situ observations in this

region as well as the satellite remote sensing.

This study confirms that the regional atmospheric

model is capable of simulating submonthly-scale ISO-

related precipitation and associated mesoscale circula-

tions. To improve the regional model’s performance

in simulating mesoscale processes under large-scale at-

mospheric forcing, it would be necessary to reduce

model biases in synoptic-scale circulation and improve

the physics schemes used. In addition, the mechanism of

the nocturnal LLJ in this region is an interesting topic

that we have left for future studies.

7. Conclusions

Motivated by clarifying the mechanism responsible

for the huge amount of rainfall that falls around the

Meghalaya Plateau, a numerical experiment using a re-

gional atmospheric model is conducted with 3.6-km grid

size. Since a submonthly-scale ISO is a dominant mode

in precipitation variability in the region, this study fo-

cuses on June and July 2004, when a distinct 7–25-day

ISO was observed. Active and inactive periods in sum-

mer 2004 are defined using the 7–25-day filtered time

series of precipitation obtained fromAPHRODITE and

TRMM observations. The lower-level circulation pat-

tern in the reanalysis data indicates stronger westerly to

southwesterly flow running toward the Meghalaya Pla-

teau during the active period.

The WRF simulation roughly reproduced the timing

andmagnitude of precipitation peaks in association with

the submonthly-scale ISO. However, the large-scale

southwesterly wind in the B1 period is too strong, which

probably results in unrealistic precipitation for the latter

part of the B1 period and the A2 period. WRF tends

to overestimate precipitation around the Meghalaya

Plateau and Himalayas. The evaluation using TRMM

Precipitation Radar indicates that WRF has the ability

to simulate mesoscale convective processes during typ-

ical heavy rainfall events around theMeghalaya Plateau.

The vertical structure of simulated wind indicates

a distinct nocturnal LLJ running at the 900-hPa level

over the Hindustan Plain that is remarkable from 0000

to 0600 LT. The LLJ intensifies forced lifting along the

southern slope of the Meghalaya Plateau and initiates

developed convection there from midnight to early

morning. The simulated diurnal cycle of precipitation

becomes prominent during the active period of the

submonthly ISO, which is in agreement with 3B42 ob-

servations. During the A1 period, the nocturnal LLJ

accelerates preexisting southwesterly winds toward the

southern slope of the Meghalaya Plateau and brings

strong orographic precipitation. However, during the

inactive period, the weaker low-level wind is insufficient

to overcome the vertical stratification barrier and is
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unable to reach the lifting condensation level. There-

fore, the intensity of southerly/southwesterly low-level

wind is a crucial factor in heavy precipitation during the

active period.
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