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ABSTRACT: The modulation of the diurnal cycle (DC) of precipitation over the Maritime Continent (MC) by the
background annual cycle mean state was studied for the period of 1998-2014 through observational analyses and high-
resolution simulations using the Weather Research and Forecasting (WRF) Model. The observational analyses reveal that
there are statistically significant differences in the DC amplitude between boreal winter and summer. The amplitude of
precipitation DC reduces by about 35% during boreal summer compared to boreal winter, especially over the MC major
islands and adjacent oceans. A precipitation budget analysis indicates that the DC amplitude difference is primarily at-
tributed to vertically integrated convergence of the mean moisture by diurnal winds. The relative roles of the background
dynamic and thermodynamic states in causing the enhanced diurnal wind activity in boreal winter are further investigated
through idealized WRF simulations. The results show that the seasonal mean background moisture condition is most critical
in inducing the winter—summer difference of the precipitation DC over the MC, followed by atmospheric static stability (i.e.,
vertical temperature gradient) and circulation conditions.
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1. Introduction ocean has a relatively moderate DC with a peak in the early
morning. Several mechanisms for the early morning ocean
peak have been suggested. They include 1) nighttime radiative
cooling at the top of clouds that destabilizes the upper tropo-
sphere and raises the height of the tropopause (Kraus 1963;
Randall et al. 1991), 2) stronger radiative cooling at night over
clear-sky than cloudy regions that enhances low-level conver-
gence into cloudy regions and helps to further organize con-
vection (Gray and Jacobson 1977), 3) greater tropospheric
relative humidity and moisture at night (Sui et al. 1997; Frenkel
et al. 2011), 4) the life cycle of cloud systems that form in the
afternoon and develop into mesoscale convective systems
(MCSs) that mature in the early morning (Chen and Houze
1997), and 5) an effect of the semidiurnal tides on the early
morning rainfall over ocean (Deser and Smith 1998; Dai 2001).
The relative roles of the mechanisms proposed above, how-
ever, are unclear so far, and no consensus has been reached
(Sakaeda et al. 2017, 2018). Coastal areas often show offshore
diurnal propagation of precipitation associated with gravity
waves and land-sea breezes (e.g., Dai 2001; Yang and Slingo
2001; Kikuchi and Wang 2008; Love et al. 2011; Biasutti et al.
2012). The MC has many localized effects on the DC in this
region (e.g., Mori et al. 2004; Zhou and Wang 2006; Ichikawa
and Yasunari 2006, 2008; Wu et al. 2009; Rauniyar and Walsh
2011). The temporal and spatial distributions of precipitation
DC are related to the DC of insolation, the land-sea breeze
circulation, and the mountain—valley breeze circulation (Chang
et al. 2005; Qian et al. 2010).

The MC rainfall exhibits a clear annual cycle, for interactions
between the complex terrain and a simple annual reversal of the
Corresponding author: Tim Li, timli@hawaii.edu surface monsoonal winds throughout all monsoon regions from the

The Maritime Continent (MC) is located in the center of the
warm pool connecting the tropical Indian Ocean and western
Pacific (Fig. 1). It consists of many islands and shallow oceans with
complex land-sea and topography distributions. With abundant
moisture, the MCis one of the wettest regions on Earth, with a large
annual amount of precipitation. The latent heat release from the
precipitation drives the atmospheric circulation throughout the
tropics and even affects the middle latitudes (Ramage 1968;
Simpson et al. 1993; Neale and Slingo 2003). Therefore, examining
the variability of the rainfall over the MC is critical for a better
understanding of the regional and global climate.

The rainfall variability in the MC exhibits a wide range of
temporal scales from diurnal to interdecadal (Qian 2008;
Rauniyar and Walsh 2013). The diurnal cycle is one of the most
important components of natural climate variability in the MC
region (Yang and Slingo 2001). There has been a long history
of research on the diurnal cycle (DC) of precipitation in the
tropics using in situ and satellite observations (e.g., Gray and
Jacobson 1977; Hendon and Woodberry 1993; Janowiak et al.
1994; Yang and Slingo 2001; Tian et al. 2004; Yang and Smith
2006; Kikuchi and Wang 2008). A marked contrast of DC be-
tween the land- and ocean-based cycles was revealed. The
primary peak in precipitation tends to occur in the late after-
noon or evening over the land, driven by thermal destabiliza-
tion of the atmosphere from solar radiative heating of the
surface during daytime (Yang and Smith 2006), whereas the
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FIG. 1. Topography (m) of the Maritime Continent (MC), with
major islands and island groups labeled. The solid black box marks
the region of the MC (10°S-20°N, 90°-150°E), the long-dashed
black box marks the area of MMC (10°S-6°N, 95°~150°E), and the
short-dashed black box marks the model domain.

Indian Ocean to the South China Sea and the equatorial western
Pacific (Chang et al. 2005). A wet season occurs during boreal
winter (December—February) and a dry season occurs during bo-
real summer (June-August), under the impact of Asian and
Australian monsoons (Ramage 1971). There are significant con-
trasts in the prevailing wind and water vapor supply between wet
and dry seasons, in addition to the seasonal variation of solar ra-
diation. A typical wet (dry) season is accompanied by the monsoon
westerlies (easterlies) north of Australia. Following previous studies
(e.g., Haylock and McBride 2001; Hendon 2003; Chang et al. 2004;
Jiang and Li 2018), in this work we refer to JJA (June-August)
as a dry season and DJF (December-February) as a wet season
over the MC.

Most of the previous studies on the diurnal variation of
precipitation over the MC region have focused on the wet
season, during which a large number of rainfall events occur.
For example, a number of studies have examined the influence
of ENSO and the MJO on the DC of precipitation during bo-
real winter over the MC and northern Australia (e.g., Qian
et al. 2010; Rauniyar and Walsh 2011, 2013; Peatman et al.
2014, 2015; Birch et al. 2016; Sakaeda et al. 2017, 2018; Hung
and Sui 2018). Rauniyar and Walsh (2013) suggested that the
MC shows localized differences in the modulation of the
ENSO phases on the diurnal amplitude of rainfall. Physical
explanations for this modulation include the presence of the
rising branch of Walker circulation and the link between
rainfall anomalies and local moisture convergence. Peatman
et al. (2014, 2015) showed that the passage of the MJO mod-
ulates the amplitude and phase of the diurnal cycle of rainfall
and cloudiness. The amplitude of the precipitation DC tends to
peak a few days prior to the arrival of MJO convective centers
over the islands of the MC, and the influence of the MJO on the
DC amplitude differs between land and ocean. The timing of
the peak rainfall tends to be delayed by a few hours within the
convectively enhanced envelopes of the MJO, and this delay is
due to increased development of stratiform-anvil rainfall fol-
lowing the peak of deep convection (Sakaeda et al. 2017,2018).
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There are also scale interactions between the DC and equa-
torial waves over the MC. Vincent et al. (2016) showed that the
DC of precipitation changes with convectively coupled Kelvin
and equatorial Rossby waves in a manner similar to that of the
MJO. Baranowski et al. (2016) documented that the DC over
the islands of the MC can be phase-locked to convectively
coupled Kelvin waves.

Although there are fewer rainfall events and less rainfall amount
in the dry season, analyzing the DC of precipitation at this time and
the seasonality of it is helpful in understanding the physical mech-
anisms of the precipitation DC over the MC. Several studies have
examined the seasonal variation of the DC of precipitation over the
region. Sakurai et al. (2005) and As-syakur et al. (2019) investigated
the seasonal differences in the diurnal cycle of rainfall and cloud
system migration over Sumatra. Their study revealed that the ap-
pearance latitude of eastward cloud migration varied seasonally and
existed only when the low-level tropospheric wind was westerly,
while westward cloud migration appeared over the entire island
during virtually all seasons. The propagating characteristics were
rather complicated, depending on location and season. Worku et al.
(2019) documented that the diurnal variation of rainfall, convection,
and precipitation features over the MC have greater amplitude
during DJF than JJA. However, in previous studies the analysis of
the seasonal change in the diurnal rainfall over the MC has been
limited to a particular location such as Sumatra (Sakurai et al. 2005;
Yanase et al. 2017; As-syakur et al. 2019) or focused on the mi-
gration only. Therefore, it is still worth studying the seasonal vari-
ation of the precipitation DC over the MC more comprehensively
using data from much-longer periods and covering a wider region.

So far it is not clear through what physical (dynamic or
thermodynamic) processes the climatological annual cycle
modulates the DC of precipitation over the MC. The objective
of the present study is to understand the relative roles of at-
mospheric moisture, vertical temperature profile, and circula-
tion fields associated with the annual cycle in affecting the
precipitation DC over the MC through a series of idealized
numerical simulations with the Weather Research and
Forecasting (WRF) Model. The remainder of the paper is or-
ganized as follows. In section 2, the datasets, analysis methods,
and numerical models to be used are described. Section 3 is
devoted to presenting general features of the DC during dif-
ferent seasons. Mechanisms responsible for the modulation of
climatological annual cycle on DC and the verification by WRF
modeling are discussed in section 4. Section 5 gives a brief
conclusion and discussion.

2. Data, methods, and model formulation
a. Data

The primary datasets employed in this study include 1) The
Tropical Rainfall Measuring Mission (TRMM) 3B42 version 7
data with 3-hourly temporal and 0.25° horizontal resolution
(Huffman et al. 2007); 2) the TRMM 3G68 version 7 PR data
with hourly temporal and 0.5° horizontal resolution (these data
are available online at https:/pps.gsfc.nasa.gov); 3) hourly
evaporation data from Modern-Era Retrospective Analysis for
Research and Applications (MERRA; Rienecker et al. 2011)
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FIG. 2. The leading two EOF modes of precipitation DC averaged from 1998 to 2014: the horizontal distributions
of (a),(d) EOF1 and (b),(e) EOF2, and (c),(f) the time series of PC1 and PC2 (mm day !). Results are from (left)

TRMM 3B42 and (right) TRMM 3G68.

tavgl_2d_flx_Nx dataset, 3-hourly horizontal wind and specific
humidity data from MERRA inst3_3d_asm_Cp dataset; and 4)
elevation data from the Earth Topography-2 min (ETOPO2;
Smith and Sandwell 1997). The analysis period for all the data
spans from 1998 to 2014. The horizontal resolutions of the
MERRA product and ETOPO2 used in the study are 1.25° X
1.25° and 2’ of latitude X 2’ of longitude, respectively.

b. Methods

To focus on the diurnal variation and reduce higher-
frequency noises, a 4-h running mean was applied to the origi-
nal hourly 3G68 data (Negri et al. 2002). An EOF analysis was
further applied to obtain the first and second leading modes of
the observed precipitation DC, following Lorenz (1956).

A moisture budget analysis was applied to understand the relative
roles of dynamic (circulation) and thermodynamic (moisture) pro-
cesses in causing the difference of the precipitation DC between
boreal winter and summer. The column-integrated moisture budget
equation may be written as (Banacos and Schultz 2005)

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/13/24 01:44 PM UTC

APy =2 - 8 ((5)7) = aa¥ ¥, - A0V, Vo,
m

where V;, denotes the horizontal wind vector, E denotes the
surface evaporation, g denotes the specific humidity, V repre-
sents the horizontal gradient operator, an asterisk denotes the
diurnal range defined as the rainfall difference between 1500—
1800 LST (0600-0900 LST) and 0600-0900 LST (1500-1800
LST) over land (ocean), A denotes the seasonal difference
between boreal winter and summer (i.e., DJF minus JJA), and
angle brackets represent the vertical integration from 1000 hPa
to 100 hPa. The second term on the right-hand side of Eq. (1)
may be omitted because its magnitude is much smaller than the
rainfall rate. Thus we have

A(P*) = A(E*) = A((gV - V,,)%) — A((Y, - Vg)®), (D)

By decomposing each variable into a seasonal mean, a diurnal
and a residual component (i.e., =A+ A’ + A”) (Hsu et al.
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FIG. 3. The leading two EOF modes of precipitation DC averaged over different seasons: (a) EOF1 for DJF,
(b) EOF1 for JJA, and (c) PC1 for DJF (red line) and JJA (blue line). (d)-(f) As in (a)—(c), but for EOF2 and PC2.
The spatial patterns and the solid lines are derived from 3B42, whereas the dashed lines are derived from 3G68

(mm day™!).

2011; Wang et al. 2017, 2019), one may derive the moisture
convergence and advection terms in Eq. (2) as the following:

~A((gV -V, )*) = —A(@V -V, +qV -V, +qV -V}
+qV-V,+q V-V, +qV -V,
+q"'V-V, +4"V-V, +4"V- V¥, (3)
—A(V, - Vg)*)=-A(V,-Vqg+V,-Vq +V, - Vq"
+V,-Vg+V, Vg +V,-Vq"
+V, - VGg+V,-Vq' + V), -Vq")*). 4)

In the equations above, the overbar variable uses either the
boreal winter or summer mean state, the primed variable is
obtained from a 1.5-day high-pass filtering, and the double-
primed variable is obtained by subtracting the season mean
and the diurnal components from the total field. The terms in
Egs. (3) and (4) were calculated based on the MERRA inst3_
3d_asm_Cp dataset.
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¢. Model configuration

The Advanced Research Weather Research and Forecasting
Model (WRF-ARW, version 4.0) with a 25-km horizontal res-
olution is used to simulate the precipitation DC in this study.
The model top was set at 50 hPa with 40 layers in the vertical.
The simulation covers most of the MC and the domain consists
of 394 X 177 grid points (short-dashed box in Fig. 1). The clima-
tological states of boreal winter and summer are constructed using
the European Centre for Medium-Range Weather Forecasts in-
terim reanalysis (ERA-Interim) data with a resolution of 0.5° X
0.5° at 6-h intervals (Uppala et al. 2008), and used as initial and
lateral boundary conditions.

The simulations utilize various physical parameterizations. These
include the Kain—Fritsch convective parameterization scheme,
the Yonsei University (YSU) boundary layer scheme, WRF single-
moment 6-class graupel, the RRTM longwave radiation and
the Dudhia shortwave radiation schemes, the Monin—-Obukhov
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FIG. 4. EOF1 amplitude (mm day ') composite for (a) DJF and (b) JJA. The green box denotes the MMC area
(10°S-6°N, 95°~150°E). (c) The MMC-averaged EOF1 amplitude (mm day ') composite for DJF (orange bar) and
JJA (light blue bar). (d)—(f) As in (a)—(c), respectively, but for EOF2 amplitude.

surface-layer scheme, and the unified Noah land surface model
scheme. Such parameterizations were used by Du and Rotunno
(2018) to investigate the characteristics and mechanisms of diurnal
rainfall and winds near the south coast of China and could be used
to capture the diurnal propagation signals off the east coast of China
(Du and Rotunno 2015).

We performed a control experiment and four sensitivity ex-
periments. The control experiment (CTL) was designed for the
wet season in the MC (i.e., DJF). The 17-yr-averaged DJF mean
state including surface pressure, wind fields, geopotential height,
temperature, SST, and specific humidity was used as the initial
and lateral boundary conditions (Cao et al. 2014). Sensitivity
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experiments were conducted and results were compared with
the control experiment to identify impacts of moisture, tem-
perature, and circulation on the amplitude of precipitation DC.
In EXP1, the area-averaged vertical profile of specific humidity
in JJA was specified while other variables remain the same as in
the control experiment. This experiment was specially designed
to reveal the moisture effect. In EXP2, the area-averaged tem-
perature vertical profile in JJA was specified while the specific
humidity and other circulation variables remain the same as in
the control experiment. This experiment is to examine the pure
effect of atmospheric static stability. In EXP3, the circulation
field in JJA was specified while the area-averaged vertical
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FIG. 5. Evolution of precipitation represented by the combina-
tion of EEOF1 and EEOF2 for DJF over the western MC. See the
text for the complete description of the procedure. The corre-
sponding LSTs are shown at the top-left corner of panels. Diagonal
black lines indicate offshore propagation.
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FIG. 6. Difference in diurnal range of precipitation (mm day ')
between DJF and JJA (DJF minus JJA). Results passing the sig-
nificant test at 95% confidence level are presented. The green box
denotes the MMC area (10°S-6°N, 95°~150°E).

profiles of specific humidity and temperature are the same as
those in the control experiment. By comparing the simulations
between this experiment with the CTL, one may reveal the
circulation effect. In EXP4, all dynamic and thermodynamic
fields were replaced by the JJA mean state. The model was run
for 90 days for all the experiments above.

3. Observed features of precipitation DC in boreal winter
and summer

Figure 2 shows the horizontal patterns and principal com-
ponents of the leading two EOF modes of the annual mean
precipitation DC for the period of 1998-2014. Both the TRMM
3B42 and 3G68 datasets were used. The first EOF mode ex-
plains 53%-58% of the total variance, with a clear land-sea
contrast with positive (negative) values over land (ocean)
(Figs. 2a,d). The corresponding principal component (PCl;
Fig. 2c) derived from 3B42 shows a clear diurnal cycle with a
peak in the early evening (1800 LST) over land and in the
morning (0900 LST) over ocean. The leading EOF mode
reflects a typical DC over the MC in association with the DC of
land surface heat flux due to solar heating and longwave ra-
diative cooling. The second EOF mode (Figs. 2b,e) explains
27%-30% of the total variance, and reflects a complementary
geographical variation, which represents a component deviat-
ing from the typical DC. This diurnal mode is possibly attrib-
uted to the modulation of island shape and terrain height and
orientation. It may somehow relate to the interaction of the
DC with gravity waves, density currents, and local circulations
around coasts and mountains (Kikuchi and Wang 2008; Qian
2008; Rauniyar and Walsh 2011; Teo et al. 2011). Comparing to
the diurnal signal over open oceans, the signal over land and
coastal region is stronger because it has a larger magnitude of
the eigenvectors in both EOFs.

The horizontal patterns of the leading EOF modes from the
3G68 contain similar characteristics. However, the principal
components derived from 3G68 lead those from 3B42 by
2-3h (Figs. 2c,f), due to the fact that the former was a direct
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observation of precipitation, whereas the latter was estimated from
TRMM Microwave Imager (TMI) and infrared (IR), and the time
of occurrence of maximum rainfall in IR-estimated rainfall is
strongly affected by cloud cover and tends to lag behind in situ ob-
servations by approximately 3 h (Kubota and Nitta 2001). Previous
studies suggested to use the temporal phase from 3G68 because of its
higher temporal sampling but to use the spatial pattern from 3B42
because of its larger spatial sampling (e.g., Kikuchi and Wang 2008;
Wang et al. 2011). Rauniyar and Walsh (2011) also discussed the
time evolution difference from both the datasets. Since the precipi-
tation peaks occur in a time range based on the two datasets,
hereafter we simply use the ensemble mean of the two datasets to
describe the observed DC phase with a peak phase at 1500-1800
LST (0600-0900 LST) over land (ocean).

By applying the same analysis method to the precipitation DC
in different seasons, we find that the largest difference appears
between DJF and JJA (figure not shown). Therefore, boreal
winter and summer seasons are selected to investigate the sea-
sonal contrast of precipitation DC. Figure 3 shows the patterns
and principal components of the two leading EOFs in DJF and
JIJA, respectively. EOF1 (EOF2) explains about 60% (30%) of
the total variance in both the seasons. It is clearly seen that both
the geographical distribution and time series of the leading two
EOF modes in DJF and JJA are quite similar. The major dif-
ference lies in the amplitude, with significantly larger amplitudes
during DJF over the MC major islands and adjacent oceans.
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To clearly illustrate the amplitude difference between bo-
real winter and summer, we plotted the horizontal distributions
of EOF1 and EOF2 amplitude (Fig. 4). Note that both the
EOF1 and EOF2 amplitudes are greater in boreal winter than
in boreal summer, especially over the major islands and adja-
cent oceans. Figures 4c and 4f display the EOF1 and EOF2
amplitudes averaged over the MC major islands and adjacent
oceans (MMC; 10°S-6°N, 95°-150°E) in DJF and JJA. The
average EOF1 amplitude in DJF is 6.9 mm day ', whereas it
becomes 4.5 mm day ! in JJTA, reducing by 35% from its DJF
counterpart. The EOF2 amplitude shows a similar reduction
rate, with an averaged value of 44mm day ! in DJF and
2.9mm day " in JJA.

To better capture the diurnal rainfall propagation feature,
an extended EOF (EEOF) analysis similar to that of Kikuchi
and Wang (2008) was conducted. The EEOF was performed on
the 3B42 with two lags of =3 h. The constructed figure (Fig. 5)
shows a half of the diurnal precipitation cycle from 1800 to
0600 LST. The counterpart half cycle can be expressed by
patterns with the signs opposite to Fig. 5. Because similar
propagation features appear in JJA, here we only show the
DJF result. As shown in Fig. 5, the maximum diurnal precipi-
tation occurs over the Sumatra land at 1800 LST, and then it
propagates offshore with time over the west coast of Sumatra
Island. At 0600 LST, the precipitation center appears about
200km away from the coast. Over the northwest coast of
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Borneo, the offshore propagation is also clearly seen. These
propagation features are consistent with previous studies (e.g.,
Mori et al. 2004; Ichikawa and Yasunari 2006, 2008; Kikuchi
and Wang 2008). While the propagation feature is similar be-
tween DJF and JJA, the main difference lies in the magnitude,
which is closely associated with the DC amplitude. Therefore,
we will focus on examining the seasonal difference of DC
amplitude in the following.

The amplitude difference may be measured by the diurnal
range of precipitation, which is defined as the difference of
rainfall rate between 1500-1800 LST (0600-0900 LST) and
0600-0900 LST (1500-1800 LST) over land (ocean). The hor-
izontal pattern of the diurnal range difference between DJF
and JJA, i.e., DJF minus JJA, is shown in Fig. 6. It is clearly
seen that the diurnal range is greater in boreal winter than in
boreal summer in the MMC. The regions with large diurnal
range differences appear in the MMC where the diurnal range
of precipitation is large. The difference over land and coastal
oceans is larger than that over open oceans. The same result
was obtained when a different definition of the diurnal range
(based on daily maximum and minimum precipitation; Kikuchi
and Wang 2008) was used. The pattern correlation coefficients
between results from the two different diurnal range defini-
tions are about 0.9, and are statistically significant above a 95%
confidence level.

4. Mechanisms for annual cycle modulation on DC

An interesting question is what causes the DC amplitude
difference between boreal summer and winter? To address this
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question, we first perform a vertically integrated (1000-
100 hPa) moisture budget analysis over the MMC.

Figure 7a shows the contribution from each of the vertically
integrated moisture budget terms. The cause of a positive
anomaly in A(P*), which represents a larger diurnal range of
precipitation during DJF compared to JJA, is primarily at-
tributed to the vertically integrated horizontal moisture con-
vergence term [i.e., —A((¢V - V,)*)]. In addition to the
convergence effect, the evaporation and horizontal moisture
advection both contribute quite little and the contribution
from evaporation is negative. If one separates the vertically
integrated horizontal moisture convergence term according to
Eq. (3), one may find that the leading term comes from the
horizontal convergence of the seasonal mean moisture by di-
urnal wind [i.e., term2: —A((gV - V},)*)], while the other terms
all contribute quite limited (Fig. 7b).

Given that both the seasonal mean moisture change and the
diurnal wind change from DJF to JJA contribute to the change
of horizontal moisture convergence term, we next examine
specific processes that give rise to the positive difference in the
horizontal moisture convergence. Figure 7c displays their rel-
ative contributions based on the total differential relationship
(Chen et al. 2015):

d(A'B) = d(A")B + A'd(B) + d(A")d(B), )

where d( ) indicates the change from DJF to JJA (i.e., DJF
minus JJA), A’ denotes the diurnal part, and B denotes the
seasonal mean part. Equation (5) states that the change of the
product of A’ and B can be decomposed into three parts. The
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averaged seasonal mean specific humidity (gkg ') between DJF
and JJA (DJF minus JJA). Dots denote regions above the 95%
confidence level. The green box denotes the MMC area (10°S-6°N,
95°-150°E).

first part is attributed to the change in diurnal wind, the second
part is attributed to the change in seasonal mean moisture, and
the third part is the residual part related to covariance between
the seasonal mean moisture and diurnal wind changes. Note
that the major contributor to the change in the convergence of
seasonal mean moisture by diurnal wind [—A({(gV - V},)*)] lies
in the change in diurnal wind (i.e., V}), which accounts for
about 85%, while the change in seasonal mean moisture has a
much smaller contribution.

The horizontal patterns of 950-850-hPa-averaged diurnal
wind and divergence fields at 0600-0900 and 1500-1800 LST
are shown in Fig. 8. In both the seasons, the diurnal wind tends
to converge over ocean and diverge over land in the morning,
and acts oppositely in the afternoon. It corresponds well to the
diurnal change of precipitation shown in Fig. 3. While their
horizontal patterns are quite similar, their amplitudes differ
between the winter and summer.

Figure 9a compares the diurnal range of the wind divergence
averaged over the MMC during DJF and JJA. The diurnal
range of the divergence is calculated by the 950-850-hPa-
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averaged diurnal wind divergence during 1500-1800 LST
(0600-0900 LST) minus that during 0600-0900 LST (1500-
1800 LST) over land (ocean), in a way similar to the calculation
of diurnal range of precipitation. It is found that the diurnal
range of the low-level wind convergence decreases by about
35% in JJA compared to DJF.

What causes the stronger diurnal wind variability over the
MC in DJF that helps strengthen precipitation DC? Figure 9b
presents the difference in 950-850-hPa-averaged seasonal
mean moisture between DJF and JJA. One can see clearly
that a greater background moisture condition appears in the
MMC during DJF. The vertical profiles of vertical velocity,
divergence, zonal wind, relative humidity, and temperature
anomaly averaged over the MMC during DJF and JJA are
displayed in Fig. 10. A stronger ascending motion, low-level
convergence, and upper-level divergence appear during DJF
compared to JJA. As stronger easterly shear (Wang and Xie
1996), larger relative humidity, and stronger static instability
are all favorable environmental conditions for the perturbation
growth (solid lines in Figs. 10a—d), it is desirable to investigate
the relative roles of the background dynamic and thermody-
namic fields in generating the stronger diurnal variability
over the MC.

To address the issue above, we design a set of idealized
numerical experiments using the WRF Model, with a focus
on evaluating the simulated rainfall DC. Comparisons are
made between diurnal composites derived from the WRF
simulations for DJF and JJA. Figure 11 shows the results of
the EOF analysis from the WRF simulation and the corre-
sponding EOF1 and EOF2 amplitude averaged over the
MMC. Note that there is general similarity in EOF1 spatial
patterns in DJF and JJA. The contrast of precipitation DC
represented by EOF1 over the land and sea is clearly seen.
The WREF simulation also shows good agreement in the
temporal phase with the TRMM observation. The simulated
precipitation DC peaks at 1600 LST over land and around
0600 LST over ocean. The EOF2 spatial patterns and tem-
poral phase in DJF and JJA are also well simulated, espe-
cially for the rainfall signal off the west coast of Sumatra and
the northwest coast of Borneo. In addition, the amplitude
difference ratios between boreal winter and summer for
both the EOF modes are well captured (Figs. 11d,h), com-
pared to the observed.

To compare the simulated offshore propagating feature with
the observed, we conducted the same EEOF analysis for the
WREF simulation. As shown in Fig. 12, the offshore rainfall
propagation in DJF over the coasts of Sumatra and Borneo is
to a large extent captured by the model, even though there is a
bias in the timing of the diurnal precipitation near the coast. A
similar propagation appears in JJA with a weaker amplitude
(figure not shown).

Given that the model is capable of simulating the distinc-
tive contrast between boreal winter and summer, different
combinations of seasonal mean moisture, temperature, and
circulation fields are then prescribed in order to examine
their relative roles. Detailed experiment setup is depicted
in section 2c. Here we also use the diurnal range to identify
the amplitude of precipitation DC. Averaging over the MC



1396

div (x 107 s
-0.30 0.00

100 AL

JOURNAL OF CLIMATE

VOLUME 34

250 —

300 —
350 —
400 —
450 —
500 —
550 —
600 —
700 —

Level(hPa)

850 4
925 Y
1000

T

1
4~

T

LIS B R N L B S

-6.0 -4.0 -2.0

o (x 107 pas!)

LI B B S

-8.0 0.0 2.0 4.0

100

6.0 -18 -15 -12 -9 -6 -3 0 3

u(ms)

o~

250

300

350
400
450
500

550
600

700

Level(hPa)

850
925
1000

~=>.

.,

1
P e
~
S
T

L1111
-———
TTTTT

55.0 60.0 65.0 70.0

rh (%)

75.0 80.0 85.0

——— .
90.0

0.0 1.0 2.0 3.0

t anomaly (K)
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but for temperature anomaly. The solid lines represent difference between DJF and the annual mean and the
dashed lines denote difference between JJA and the annual mean.

region, one may calculate the relative contribution of mois-
ture, atmospheric static stability, and circulation to the rain-
fall DC amplitude change (Fig. 13). It is clearly seen that the
amplitude difference with the CTL is largest in EXP4, fol-
lowed by EXP1, EXP2, and EXP3. This indicates that the
main factor that affects the distinctive seasonal contrast of
precipitation DC between boreal winter and summer is the
vertical profile of specific humidity. The second important
factor is atmospheric stability or area-mean vertical temper-
ature profile, whereas the third factor is the circulation. The
ratios of the moisture, temperature, and circulation contri-
butions are 59%, 26%, and 15%.
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In the previous experiments, a time-dependent lateral
boundary condition was specified. To examine the sensitivity of
the model result to the choice of lateral boundary condition,
experiments with a fixed seasonal mean lateral boundary
condition were carried out, and a similar result was obtained,
with the ratios of the moisture, temperature and circulation
contributions being 61%, 25%, and 14%, respectively (figure
not shown). Thus one may conclude that the seasonal mean
background moisture condition is most critical in modulat-
ing the annual cycle of precipitation DC over the MC, fol-
lowed by the seasonal mean atmospheric static stability and
circulation fields.
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F1G. 11. The leading two EOF modes of precipitation DC averaged over different seasons derived from WRF
simulations: (a) EOF1 for DJF, (b) EOF1 for JJA, (c) PC1 for DJF (red line), and JJA (blue line). (d) The MMC
(10°S-6°N, 95°~150°E)-averaged EOF1 amplitude (mm day ') composite for DJF and JJA derived from WRF
simulations. (e)-(h) As in (a)-(d), respectively, but for EOF2.

To connect to the moisture budget analysis, we also examine
the diurnal wind and the associated divergence. Figure 14
displays the area-averaged diurnal range of the diurnal wind
divergence at low levels (averaged at 950-850 hPa) for the
controlled and sensitivity experiments. The diurnal range of
the low-level wind divergence matches the diurnal range of
precipitation, which is largest in CTL, followed by EXP3,
EXP2, EXP1, and smallest in EXP4.

Based on the precipitation budget diagnosis and the nu-
merical experiments above, a mechanism for the modulation of
precipitation DC by climatological annual cycle is proposed.
This mechanism can be summarized as follows. Assume that
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the diurnal wind perturbation has the same amplitude initially.
A greater background mean moisture during DJF results in a
stronger condensational heating on the diurnal scale, which
further enhances the diurnal wind activity and strengthens
the precipitation DC amplitude. Meanwhile, the background
mean static stability and circulation are also favorable for the
growth of the perturbation wind activity in DJF. Therefore, the
favorable seasonal-mean atmospheric thermodynamic and dy-
namic conditions in DJF promote a positive circulation—
convection feedback on the diurnal time scale to enhance the
precipitation DC activity (Lu et al. 2019). Opposite processes
operate during JJA.
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5. Conclusions and discussion

In this study, we examined the influences of the background
mean annual cycle on the precipitation DC over the MC. The
precipitation DC for the period of 1998-2004 is examined in
boreal winter and summer seasons.

The EOF analysis during boreal winter and summer seasons
shows that the difference in precipitation DC between the two
seasons is statistically significant. There is no recognizable
distinction in the pattern and time evolution of precipitation
DCbetween DJF and JJA. The precipitation DC tends to peak
in the afternoon (1500-1800 LST) over land and in the morning
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FIG. 14. The MMC-averaged (10°S-6°N, 95°-150°E) diurnal
range of wind divergence (10™°s™1) over the 950-850-hPa com-
posite for the control experiment and various sensitivity
experiments.




15 FEBRUARY 2021

LU ET AL.

1399

diurnal scale

" PBL wind \\I
(a) DJF | convergence 1
' :
i stronger ]
: precipitation condensatlonali
! heating i
2 S hﬁ _________ e
V.4 vl
z Ag>0
s =7
25
vz 2 V- 75 V4
diurnal scale
(b) JJA ," PBL wind N\
H convergence :
i i
I weaker I
i precipitation coniensgational i
i eating H
\ =T /
725
25
7z 2 oz 78 V4

FIG. 15. Schematic diagram illustrating the mechanism of precipitation DC over the MC
modulated by the climatological annual cycle during (a) DJF and (b) JJA. Ag, S, and V
represent seasonal mean moisture, instability, and circulation, respectively. The dotted boxes
in (a) and (b) represent stronger and weaker positive circulation—convection feedback pro-

cesses on the diurnal scale, respectively.

(0600-0900 LST) over coastal ocean during both the seasons.
The difference mainly arises from the amplitude of precipita-
tion DC, which reduces by about 35% in JJA compared to
DJF. The propagation feature is similar between DJF and JJA,
the main difference lies in the magnitude.

An analysis of the vertically integrated precipitation bud-
get over the MC indicates that the horizontal moisture con-
vergence term [i.e., —A((¢V - V;))*)] dominates and is the
major term affecting the winter—summer difference. A further
decomposition shows that the leading term is the conver-
gence of the seasonal mean moisture by diurnal wind [i.e.,
—A((@V - V;)*)]. The relative role of the seasonal mean
moisture and the diurnal wind was further examined. It is
found that the major contributor lies in the diurnal wind (i.e.,
V,). The difference in the diurnal wind field between DJF and
JJA lies in their intensity, not their pattern. The diurnal range
of low-level wind convergence decreases by about 35% in JJA
compared to DJF. The cause of the diurnal wind intensity
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difference, however, is ultimately attributed to the difference
of the seasonal mean state between boreal winter and summer.
Sensitivity numerical experiments with the WRF Model
were conducted to investigate the relative roles of the back-
ground dynamic and thermodynamic fields in generating the
distinctive seasonal contrast of the precipitation DC over the MC.
The results indicate that the background moisture field is most
important (~60%), followed by the atmospheric static stability
contribution (~25%) and the circulation contribution (~15%).
The schematic diagram in Fig. 15 summarizes the mecha-
nism through which the seasonal cycle mean state modulates
the DC amplitude. In boreal winter, the seasonal mean mois-
ture anomaly (relative to the annual mean state) is positive
over the MC major islands and adjacent oceans, which provides
more energy for the diurnal cycle perturbation to grow. In
boreal summer, the seasonal mean moisture anomaly is nega-
tive over the MC major islands and adjacent oceans, which
provides less energy for the diurnal cycle perturbation. The
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increase of the background moisture, along with the favorable
static stability and circulation conditions in boreal winter,
strengthens a positive circulation—convection—moisture feed-
back on the diurnal time scale, increasing the amplitude of the
diurnal wind and precipitation.

This study discusses the relative roles of the background
dynamic and thermodynamic states in causing the seasonal
difference in precipitation DC by the WRF Model, while it is
worth mentioning that the seasonal mean moisture difference
is caused by the difference of the seasonal mean monsoon
circulation, and that even though the circulation difference
shows less sensitivity in the WRF modeling results, it does not
mean that it is not important in regulating the seasonal dif-
ference of the diurnal precipitation. While this study provides
insights into the physical processes controlling the interactions
between diurnal precipitation and the climatological annual
cycle over the MC, further analyses are required to reveal the
similarities and differences between the physical mechanisms
behind the modulation of the DC by different large-scale cli-
mate variabilities. Some mechanisms of how large-scale cli-
mate variabilities could impact the DC over the MC have been
proposed (Rauniyar and Walsh 2011, 2013; Peatman et al.
2014, 2015; Baranowski et al. 2016; Birch et al. 2016; Sakaeda
et al. 2017, 2018; Hung and Sui 2018); however, no consensus
has been reached. Therefore, the roles of moisture, radiation,
static stability, large-scale circulation, and cloud life cycles,
etc., along with their interactions, need to be examined under
different large-scale background states in greater detail in the
future to understand the physical mechanisms that modulate
the DC over the MC.
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