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Abstract

This study estimated the sensitivity of rainfall characteristics (rainfall amount, rainfall frequency, rainfall intensity, and
rainfall extremes based on 30-min intervals) to land-surface conditions over Southeast Asia, which has a wet land
surface during the rainy season. To obtain the regional difference in sensitivity and simulate basic cloud-precipitation
systems, we used a high-resolution regional climate model. To extract the systematic signals of sensitivity and exclude
random errors, a series of six sensitivity experiments, which were driven by a reanalysis dataset and the observed sea
surface temperature (SST), were conducted over the Indochina Peninsula. In our experiments, soil moisture was
prescribed at 0.20, 0.25, 0.30, 0.35, 0.40, and 0.45 m> m~3 over the whole domain and during the whole calculation
period. More experiments would allow us to divide the responses into systematic signals and random noise. The slope
of a meteorological variable as a function of the six prescribed soil moisture values was defined as the sensitivity. It was
found that the sensitivity of rainfall frequency to soil moisture was positive overall, whereas the sensitivity of rainfall
intensity was negative overall, although evapotranspiration (sensible heat flux) increased (decreased) in a manner
similar to the increase in soil moisture over the whole domain. The sensitivity of rainfall amount to an increase in soil
moisture was dependent on the location. This implies that the response of rainfall characteristics to soil moisture is

Soil-rainfall feedback

not simple, suggesting that changes in rainfall characteristics are not solely determined by evapotranspiration. In
addition, the sensitivity of rainfall characteristics displayed remarkable regional characteristics. The characteristics
described above were noticeable over the inland flat plains. We also discussed the mechanism in the response of
rainfall characteristics to soil moisture. The coupling of an increase in water vapor in the planetary boundary layer and
a decrease of sensible heat flux can explain the response. The increase in water vapor in the planetary boundary layer
was associated with a reduction of the development of deep convections and an increase of boundary layer clouds.
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Introduction

The land-atmosphere coupling is a significant compo-
nent of the climate system. Changes in surface con-
ditions can alter the regional climate. In terms of the
effects of human activities on regional climate changes,
changes in land-surface conditions by human activities,
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such as deforestation and urbanization, and conversion to
cropland, are major drivers.

Changes in land-surface conditions, such as soil mois-
ture, can change the balances of water and energy at
the Earth’s surface. Many previous studies using global
and regional climate models have examined the realis-
tic or potential impacts of deforestation on the regional
and global climates (e.g., Henderson-Sellers and Gornitz
(1984); Shukla et al. (1990); Polcher and Laval (1994);
Pielke (2001); Takata et al. (2009)). There is a general
agreement that deforestation leads to reduced rainfall
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and evaporation and increased surface temperature in
regions where soil moisture changes have occurred. The
land-atmosphere coupling strength has been investigated
in terms of the improvement of seasonal forecasts; for
example, Koster et al. (2004) found that the key soil
moisture regions for seasonal forecasts are semi-arid
regions (boundary regions between wet and dry regions).
However, these previous studies used coarse-resolution
climate models.

Recent studies have used high-resolution observations
or high-resolution regional climate models to explore
the feedback between soil moisture and precipitation.
Taylor et al. (2012) showed that a dry surface resulted in
a large amount of rainfall over the drier regions of West
Africa. Taylor (2015) demonstrated the role of the hor-
izontal non-uniformity of soil moisture on an initiation
of convection over Europe. These results were sup-
ported by the direct observation of the mesoscale circu-
lations driven by heterogeneous soil moisture conditions
(Taylor et al. 2007). As a climate modeling study,
Froidevaux et al. (2014) suggested that a dry soil patch
activates an initiation of convection and a wet soil patch
generates precipitation due to a convectively unstable
condition. The importance of surface flux heterogeneity
was also examined by a large-eddy simulation (Rochetin
et al. 2017). In addition, Tuttle and Salvucci (2016) sug-
gested the different response of precipitation to soil
moisture due to the background regional aridity. Thus,
understanding of feedback over drier regions has gradu-
ally improved on mesoscale, whereas over wetter regions
it is still limited. Over wetter regions, a few numerical
studies using a high-resolution climate model (Takahashi
et al. 2010; Sugimoto and Takahashi 2017) have investi-
gated changes in rainfall due to changes in soil moisture.
This study focused on the wetter Asian monsoon region,
because of a lack of previous studies with a focus on wetter
climates.

It is well known that global warming can induce an
increase in rainfall amount and a decrease in weaker rain-
fall events (e.g., IPCC 2013), which suggests a change
in rainfall characteristics. The changes in rainfall char-
acteristics and extremes are significant issues associ-
ated with climate change, and with changes in floods
and droughts. Changes in soil moisture greatly modify
the budgets of energy and water at the surface, which
can result in changes in rainfall characteristics. Previous
numerical studies over wet regions (Takahashi et al. 2010;
Sugimoto and Takahashi 2017) considered changes in
rainfall characteristics due to regional changes in soil
moisture. An increase in soil moisture tends to result in
a weakening of rainfall intensity over the wet Asian mon-
soon region. The effect of an increase in soil moisture
on rainfall frequency has been found to differ markedly
among regions. Although many numerical studies have
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shown the simulated evidence, it is generally difficult
to obtain observational evidence. For example, Ono and
Takahashi (2016) and Takahashi (2016) showed a similar
tendency of the effect of land-surface conditions on rain-
fall intensity over the wet Asian monsoon region from
observed datasets. However, more studies are required to
fully understand the mechanisms of these responses.

For example, a wetter surface increases evaporation and
water vapor in the lower troposphere and decreases sensi-
ble heating in turn the height of planetary boundary layer.
This may increase the boundary layer clouds. However,
more sensible heating can increase the height of planetary
boundary layer and may increase rainfall intensity when
the lower troposphere is sufficiently wet. Because both
mechanisms are possible, more studies are necessary to
understand the impact of soil moisture on precipitation
characteristics.

Moreover, regional characteristics of the sensitivity of
clouds and precipitation to soil moisture need to be eval-
uated to understand the impact of soil moisture changes
by human activities, because human-induced land-surface
changes are generally smaller than the resolution of global
climate models (GCMs), i.e., typically 100 km. In addition,
it is very difficult to understand the physical process of the
impact of soil moisture on regional climate using GCMs
because of their coarse horizontal resolution. Moreover,
only a high-resolution regional climate simulation can
include realistic orographic effects.

The main aim of this study is to understand the
sensitivity of rainfall characteristics to soil moisture
over wet Asian monsoon region. We focus on the wet
Southeast Asian monsoon region where our understand-
ing of the impact of soil moisture on rainfall character-
istics remains inadequate. This study tries to understand
the impact of soil moisture on rainfall characteristics
according to a framework of one-way impacts from soil
moisture to the atmosphere on a fine horizontal scale
to better understand the physical processes involved.
“Methods/experimental” section describes the model set-
ting and data used in this study. The “Result” section
presents our results regarding the response of rainfall
characteristics to soil moisture. Finally, the mechanisms of
the response of rainfall characteristics to soil moisture are
discussed in the “Discussion” section, and our conclusions
are presented in the “Conclusion” section.

Methods/experimental

Model setting

This study used a high-resolution regional climate model
to determine the sensitivity of rainfall characteristics to
land surface conditions. First, the spatial scale of the
changes in land use due to human activities was gener-
ally less than 100 km. In addition, we examined regional
differences of sensitivity associated with topography and



Takahashi and Polcher Progress in Earth and Planetary Science

land-sea distribution. Second, because this study focused
on the sensitivity of rainfall characteristics, a basic rainfall
system should be simulated. Particularly over the tropical
Asian monsoon region, convective rainfall systems with a
diurnal precipitation cycle are dominant (e.g., Takahashi
et al. 2010).

For the purposes of our study, we used a non-
hydrostatic regional climate model, the Advanced
Research Weather Research and Forecasting (WRF)
modeling system (Skamarock et al. 2008) Version 3.4.1.
First, we conducted control (CTL) experiments. We used
the atmospheric conditions from the ERA-Interim prod-
uct (Dee et al. 2011; http://www.ecmwf.int/en/research/
climate-reanalysis/era-interim) of the European Centre
for Medium-Range Weather Forecasts (ECMWF) and
sea surface temperature (SST) from the Optimum Inter-
polation Sea Surface Temperature, version 2 (OISST2;
Reynolds et al. 2002; http://www.esrl.noaa.gov/psd/data/
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gridded/data.noaa.oisst.v2.html) as the initial and bound-
ary conditions. To investigate the impact of soil moisture
in a simple manner, we used monthly mean SST data. The
monthly SST data were linearly interpolated with time.
The interpolated SST data were prescribed every 6 h. In
the CTL experiments, the soil moisture values were pre-
dicted. In the main experiments, soil moisture was fixed
at a specific value (see “Sensitivity experiments under the
prescribed soil moisture” section).

The Southeast Asian monsoon region, which has a rel-
atively wet climate, was selected as the computational
target region. The model domain is shown in Fig. 1. A
portion of the Indochina Peninsula in Southeast Asia has
some of the heaviest precipitation levels of any area in
the world (e.g., Takahashi 2016). We conducted 2-month
time-slice experiments for the first half of the summer
monsoon season (Takahashi and Yasunari 2006) extend-
ing from June to July (J]). We selected the 2 months of June
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Fig. 1 a Study area, geographical names and topography in Domain 1. b Landuse index used in this simulation. For simplicity, all land uses were
converted to a specific land use category except for water bodies. € Spatial distribution of the vegetation fraction, which was used in the land
surface model (LSM). Differences in this parameter can affect the Bowen ratio under the same near-surface atmospheric, and soil moisture
conditions. For simplicity, all values over land were unified to 0.6, which indicated that 60% of the grid area was covered by vegetation
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2010 and July 2010 as the simulation periods to represent
a typical summer monsoon year. We also conducted the
same experiments during JJ of 2011 and 2012. Even under
the atmospheric conditions in the flood year of 2011 (e.g.,
Takahashi et al. 2015), the basic results were the same as
in 2010. In addition, because 2012 was a typical monsoon
year, the results were basically the same as in 2010. Thus,
we only show the results for 2010 in this paper. These sim-
ulation periods extended from 1 June 2010 to 1 August
2010, 1 June 2011 to 1 August 2011, and 1 June 2012 to
1 August 2012. The first 2 days of each simulation were a
spin-up period and were not included in the analysis.

The model configuration details are provided here. As
mentioned above, to resolve basic rainfall systems, 8-km
horizontal spacing was used. Due to the huge computa-
tional cost, a relatively low resolution was selected. We
confirmed that the 8-km spacing experiments could cap-
ture the basic rainfall systems over the tropics, such as
the diurnal rainfall cycles over the Southeast Asian mon-
soon region (Sugimoto and Takahashi 2016). The domain
has 27 terrain-following vertical levels. Moreover, because
cumulus convective parameterization controls not only
convective systems but also the related atmospheric circu-
lation through thermodynamic effects, sensitivity exper-
iments may depend almost exclusively on cumulus con-
vective parameterization. Because test simulations with
cumulus convective parameterization showed an unre-
alistic spatial distribution in rainfall amount over and
around the Indochina Peninsula, we did not apply cumu-
lus convective parameterization in the domain, referred
to as the previous studies on the warm seasons when
convective rainfall is predominant (e.g., Takahashi et al.
2009); Takahashi et al. (2015); Sugimoto and Takahashi
(2016); Dado and Takahashi (2017)). The Mellor-Yamada-
Janji¢ planetary boundary layer scheme (Janjic 1994), the
single-moment six-class microphysics scheme (Hong and
Lim 2006), the unified Noah land surface model (LSM;
Chen and Dudhia 2001), and the Rapid Radiative Trans-
fer Model for GCM application (RRTMG) longwave and
short-wave radiation schemes (Iacono et al. 2008) were
used.

The unified Noah LSM has one canopy layer and four
soil layers down to 2 m, with the root zone in the upper 1
m. The surface skin temperature was determined by a sur-
face energy balance equation for the combined ground-
vegetation surface. The total evapotranspiration was the
sum of the direct evaporation (E;) from the top soil layer,
evaporation of precipitation intercepted by the canopy
(E.), and transpiration by the canopy (E;). Ey;, and E, were
calculated by a Penman-based energy balance approach
that included a stability-dependent aerodynamic resis-
tance. The canopy resistance was calculated with empir-
ical equations (Jacquemin and Noilhan 1990). The dry
wilting points over this study region were approximately
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from 0.01 to 0.14 m3 m~3 as volumetric soil moisture con-
tent. The saturation volumetric soil moisture content was
less than 0.45 m3 m~3. These values were dependent on
the dominant soil type of the grid point.

To analyze the sensitivity of rainfall characteristics to
land-surface conditions, we recorded every 30 min only
for the accumulated rainfall amount. The other simulated
meteorological variables were recorded every 3 h.

Observed dataset

To evaluate the spatial pattern of simulated rainfall over
the Southeast Asian monsoon region, this study used
the Tropical Rainfall Measuring Mission (TRMM) 3B42
(Huffman et al. 2007) dataset from 1998 to present. The
dataset was partly evaluated by rain gauge observations.
We used the data in 2010, 2011, and 2012. The spatial res-
olution of TRMM3B42 is 0.25° in longitude and latitude.
Although other rain-gauge-based datasets are available,
their quality is dependent on the input dataset. Because
few observations are used over mountain ranges, the per-
formance of rain-gauge-based datasets is highly depen-
dent on a complementary algorithm used in the dataset.
Thus, we used the TRMM 3B42 dataset in this study.

Sensitivity experiments under the prescribed soil moisture
To isolate the one-way impact of soil moisture on regional
climate including rainfall characteristics through changes
in the Bowen ratio, we conducted a series of sensitiv-
ity experiments. In general, most previous studies have
estimated the sensitivity of soil moisture from two experi-
ments under different soil moisture conditions, for exam-
ple, soil moisture values as fixed at 0.05 m? m—3 and
0.45 m® m~2 over the target area of interest. The differ-
ences in the simulated meteorological variables between
the two experiments can be considered to correspond to
the sensitivity of the simulated meteorological variables
to soil moisture in many studies. However, the chaotic
nature of climate systems introduces random noise, which
makes the estimation of sensitivity more difficult. More
experiments would allow us to divide the responses into
systematic signals and random noise. Thus, we conducted
six experiments to estimate systematic sensitivity. The
number of experiments was determined based on the
upper limit of computational and data-storage costs. An
explanation of how to calculate the sensitivity from the
six experiments is given in “ Prescribed soil moisture
sensitivity (PSMsens)” section.

A series of six experiments were conducted with pre-
scribed soil moisture values. Volumetric soil moisture
was prescribed at 0.20, 0.25, 0.30, 0.35, 0,40, and 0.45
m? m™3 as the volumetric soil moisture content over
the whole domain and during the whole calculation
period, where the experiments were referred to as SM020,
SM025, SM030, SM035, SM040, and SM045, respectively.
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The four soil layers in the LSM were prescribed at the
same value. The aim was to determine the atmospheric
response to the soil moisture through the changes in
the Bowen ratio. Note that the feedback of rainfall to
soil moisture was switched off to isolate the one-way
impact of soil moisture on the atmosphere. Over wet
climate regimes, the shortage of soil moisture for evap-
otranspiration is not important, unlike in dry climate
regimes.

A soil moisture value of 0.45 m® m~ is typical just after
a major rainfall event, and 0.20 m3 m~3 is typical for the
dry season or a rainfall break over the target region of this
study. Thus, a soil moisture range of 0.2 m3® m~3 to 0.45
m? m~3 was used, which is typical of a relatively wet Asian
monsoon region.

In addition, for simplicity, we unified the land use index
as “Mixed forest” in the unified Noah LSM of the WRF
except for water bodies (Fig. 1b). Moreover, the fraction
of vegetation coverage was fixed at 60% over the whole
domain except for water bodies (Fig. 1c), which meant that
60% of the grid area was covered by vegetation. This set-
ting can yield the spatially uniform impact of soil moisture
on the atmosphere except for the impact of topography
and the land-sea contrast.

Prescribed soil moisture sensitivity (PSMsens)

To determine the mean changes in rainfall characteris-
tics, we calculate the prescribed soil moisture sensitiv-
ity (PSMsens) using the following steps. First, monthly
mean values of meteorological variables including rain-
fall characteristics were calculated. The definitions of
rainfall characteristics are provided in “The definition of
rainfall characteristics” section. For the meteorological
variables, excluding the rainfall characteristics, a monthly
value was simply averaged from 3-h outputs for a June-July
(J]) mean value in each grid for each experiment. For rain-
fall characteristics, we calculated a monthly value based
on 30-min outputs. At the spatial scale, we transformed
the original output (8-km horizontal resolution) into 0.1°
in longitude and latitude. The effect of the transformation
on analysis results was negligibly small.

Second, we calculated the slopes of meteorological vari-
ables, including the rainfall characteristics in each grid as
a function of the prescribed soil moisture from the JJ aver-
ages of the six sensitivity experiments (SM020, SM025,
SM030, SM035, SM040, and SM045). The slopes quanti-
fied the increase or decrease in meteorological variables
due to changes in the soil moisture. A positive (negative)
PSMsens indicates an increase (decrease) in a meteoro-
logical variable with an increase in soil moisture. In the
figures, we unified the PSMsens values to yield into a
change per 0.1-volumetric-soil-moisture increase. These
values were based on the prescribed ranges of soil mois-
ture. We defined this PSMsens because the importance of

(2019) 6:26

Page 5 of 18

soil moisture shortage for evapotranspiration is small over
wet climate regimes.

In the estimation of slopes, to reduce the adverse effects
of outliers, we adapted the Theil-Sen method, which is
based on direct estimation of the median of pairwise
slopes. This is because the estimation of a slope is gen-
erally strongly affected by outliers when the least square
method is applied. In this step, we also calculated the
Pearson correlation coefficient in each grid between mete-
orological variables and the prescribed soil moisture val-
ues. The correlation coefficients were used to evaluate
whether an estimated slope was systematic or not. We
plotted only the systematic sensitivities, which were sta-
tistically significant at the 90% significance level (four
degrees of freedom), determined by Student’s ¢ test. From
here, PSMsens indicates the slope of a meteorological
variable as a function of soil moisture.

The definition of rainfall characteristics
To understand the sensitivity of rainfall characteristics,
we defined rainfall frequency, rainfall intensity, and rain-
fall extremes, based on the previous studies of numeri-
cal experiments and analysis of observed datasets (e.g.,
Sugimoto and Takahashi 2017; Takahashi 2016). The four
parameters: rainfall amount, rainfall frequency, rainfall
intensity, and rainfall extremes, were calculated from the
simulated 30-min rainfall amount. The high temporal res-
olution of the output of numerical experiments in this
study allowed a more accurate estimation of rainfall char-
acteristics than 1 h or 3 h outputs. The total rainfall
amount was defined as the accumulated rainfall amount
over the analysis period of 2 months. The rainfall fre-
quency was calculated from the rainfall occurrence, which
was determined as a grid-scale 30 min rainfall amount was
larger than 0.05 mm 30 min~—! (0.1 mm h~!). The rainfall
frequency was defined as the number of grid-scale rainfall
occurrences divided by the total number of 30 min simu-
lation slots, expressed as a percentage. We confirmed that
our conclusion was unchanged when we used different
threshold values. The rainfall intensity was calculated as
the total rainfall amount divided by the rainfall frequency.
This can also be also considered a conditional rainfall rate.
In addition, we defined the 30-min rainfall extreme as the
maximum 30-min rainfall amount within the simulation
period at each grid, to better understand the changes in
rainfall intensity due to the changes in land-surface con-
ditions. To determine the rainfall extremes, we used 2832
30-min samples (59 days x24 h x2 (30 min)) for each grid.
Changes in rainfall amount can be derived from changes
in rainfall frequency and rainfall intensity. To identify
the contributions of the changes in rainfall frequency Rr
and rainfall intensity R; to rainfall amount R4, we con-
ducted an order estimation. Rainfall amount was defined
as follows:
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R4 = RpRy (1) 8R4 =~ RpéR; + SRrR; (3)

The changes in rainfall amount, rainfall frequency, and

rainfall intensity were expressed as 6R4, §Rr, and SRy, or
respectively. SRy SRp SR, @
Ra + 8R4 = (Rp + SRp)(Ry + 6Ry) 2) R Rp Ry
Typical values of §Rr and §R; range from 0.01 to 0.1. Thus, the changes in rainfall amount can be approx-
Thus, RFSR; is negligibly small. Therefore, the changesin  imated as a simple linear combination, which can be
rainfall amount may be rewritten as follows: expressed as a percentage.
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Fig. 2 a Observed (TRMM-3B42) monthly rainfall amount over the study region in June and July of 2010. b Same as the upper panel of Fig. 2 but for
simulated monthly rainfall. The unit is mm month ™!
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Result
CTL performance
Because this study focused on rainfall activity over the wet
Asian monsoon region, we evaluated the rainfall amount
for 2 months for comparison with observed data (Fig. 2).
The spatial pattern of the simulated rainfall amounts in
June and July 2010 was very similar to the observed rainfall
of June and July in 2010 from the TRMM3B42. Specifi-
cally, spatial peaks in rainfall amount were found along the
western coast of the Indochina Peninsula and the west-
ern slopes of the Cardamom Mountains and Annamite
Range in both the simulation and observations. Differ-
ences between the simulations and observations were
most commonly found over higher altitude regions in
mountain ranges and may have been induced by exces-
sive condensation in the microphysics scheme over the
higher altitude regions. This can be understood by the
overestimation of orographic rainfall in these numerical
experiments. A notable overestimation was also found
over the mountainous region in the northern part of the
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domain, although we could not find any plausible cause
for this. It should also be noted that the observations can
also have biases and errors. There was a clear underes-
timation of the simulated rainfall over the center of the
Bay of Bengal, which may be due to the lateral boundary
effects of regional models. In addition, there was a clear
overestimation of the estimated rainfall of TRMM-3B42,
which was determined from a comparison with the more
accurate TRMM-2A25 product climatology (e.g., Fig. 1 of
Takahashi 2016). Nevertheless, the simulated rainfall over
land regions, which was the focus of this study, was
acceptable for the analysis.

The impact of soil moisture on rainfall amount

We investigated the PSMsens of rainfall amount (Fig. 3a).
Overall, the PSMsens of rainfall amount shows positive
and negative areas, which indicates that rainfall amount
increased and decreased with increasing soil moisture.
The PSMsens of rainfall amount depended on the loca-
tion. A positive PSMsens of rainfall amount was observed
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Fig. 3 Spatial map of prescribed soil moisture sensitivity (PSMsens (slope values)) of a rainfall amount, b rainfall frequency, ¢ rainfall intensity, and d
rainfall extremes as a function of the prescribed soil moisture value. All variables of rainfall characteristics were based on a 30-min time interval and
59-day data. We used the SM020, SM025, SM030, SM035, SM040, and SM045 experiments for the calculation of systematic sensitivity. The blue color
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over low, flat land, and basin-shaped valley regions,
whereas a negative PSMsens was observed over moun-
tainous regions. PSMsens signals were weak along coastal
regions.

Concurrent with the changes in rainfall amount, the
latent heat flux and sensible heat flux from the land sur-
face increased and decreased over the whole calculation
domain, respectively, because of the increase in soil mois-
ture (Fig. 4). The PSMsens of latent heat flux was positive,
indicating that evapotranspiration increased as a func-
tion of soil moisture, although the PSMsens values of
latent heat flux from the surface differed slightly among
regions. The changes in rainfall amount will be discussed
in the “Discussion” section in terms of the changes of the
radiation budget at the surface.

It was clear that the spatial distribution of the PSM-
sens of rainfall amount was not simple (Fig. 3), although
the sensitivity of evapotranspiration to soil moisture was
simple, being positive over the whole calculation domain
(Fig. 4a). This implies that the relationship between rain-
fall amount and evapotranspiration is complicated and
may interact with the lower atmospheric structure includ-
ing the planetary boundary layer.

The sensitivity of rainfall characteristics

Changes in soil moisture can lead to subsequent changes
in rainfall characteristics, such as an increase in heavy
rainfall. Even if the changes in rainfall amount are rela-
tively small, there can be changes in rainfall characteris-
tics. To understand the changes in rainfall characteristics,
we calculated the PSMsens of rainfall frequency, rainfall
intensity, and rainfall extremes.

Rainfall frequency

In a series of sensitivity experiments over the wet
Asian monsoon region, positive PSMsens of rainfall fre-
quency was observed over most parts of the calculation
domain (Fig. 3b). This indicates that wetter soil condi-
tions resulted in higher rainfall frequency. The spatial
pattern of positive PSMsens of rainfall frequency shows
peaks over the coastal regions facing the Bay of Bengal and
Gulf of Thailand, and over the inland flat plain and basin-
shaped valley regions close to mountain ranges, such as
west of the Annamite Range. On the other hand, negative
PSMsens of rainfall frequency were also observed over
the limited regions, such as mountainous regions and the
eastern coast of the Indochina Peninsula (having a dry
season in June and July, e.g., Nguyen-Le et al. 2014).

We also produced a histogram of the PSMsens of rainfall
frequency (Fig. 5a). The sensitivity values of rainfall fre-
quency were mostly positive, which implies that the cou-
pling of the increase in evapotranspiration and decrease
in sensible heat flux resulted in an increase in rainfall
frequency in this wet region.
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Fig. 4 Same as Fig. 3 but for a latent heat and b sensible heat fluxes.
The units are W m~2 per 0.1 increase in soil moisture, respectively

Rainfall intensity

We also investigated the PSMsens of rainfall intensity
(Fig. 3c). A negative PSMsens of rainfall intensity was
observed over most of the calculation domain, which indi-
cates that rainfall intensity weakened due to increased
soil moisture in this wet region. Some positive PSMsens
of rainfall intensity were observed over basin-shaped val-
leys, such as Chao Phraya River Basin and the northern
Vietnam regions. No clear signals were observed along
the coastal regions, which can explain the weak signals
in rainfall amount along the coastal region, although the
signals in rainfall frequency were clear.
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The histogram of PSMsens of rainfall intensity clearly
showed that rainfall intensity mostly weakened due to
increased soil moisture, with the soil moisture ranging
from 0.2 m® m~3 to 0.45 m® m~3 (Fig. 5b). This indi-
cated that the coupling of increased evapotranspiration
and decreased sensible heat flux resulted in a weakening
in rainfall intensity in this region, although the sign of the
sensitivity of rainfall intensity was dependent on the loca-
tion. This response of rainfall intensity to the coupling of
increased evapotranspiration and decreased sensible heat
flux appears opposite over the mountain ranges compared
to that over lowland regions. The mechanism underlying
the changes in rainfall frequency and rainfall intensity is
discussed in the “Discussion” section.

Rainfall extremes

We also investigated the PSMsens of rainfall extremes
(Fig. 3d). A negative PSMsens of rainfall extremes was
observed over most of the calculation domain, which

indicated that rainfall extremes weakened due to the
increased soil moisture in this wet region. Note that the
spatial pattern of the PSMsens of rainfall extremes was
very similar to that of rainfall intensity (Fig. 3c). When
we compared the PSMsens signals of rainfall extremes
with those of rainfall intensity, the signals of PSMsens of
rainfall extremes were found to be relatively scattered. It
was noteworthy that the PSMsens of rainfall extremes was
not similar to that of rainfall amount, but was similar to
that of rainfall intensity, which implies that the sensitiv-
ity of rainfall extremes to land-surface conditions cannot
be understood only from rainfall amount. Thus, it is very
important to examine not only rainfall amount but also
rainfall characteristics over many regions.

Contribution of changes in rainfall characteristics to
rainfall amount

To understand the contribution of rainfall frequency and
rainfall intensity to rainfall amount, we first expressed
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the changes in rainfall amount as a percentage. Changes
in rainfall amount were found over the flat plains and
valleys close to the mountain ranges, and over the moun-
tain ranges. Increases in rainfall amount were calculated
over the flat plain and valley regions. Decreases in rain-
fall amount were observed over the mountain ranges. As
an exception, a decrease in rainfall amount was observed
along the eastern coast of the Indochina Peninsula, where
a climatological dry season occurs in June and July. We
examined the contribution of these changes in rainfall
frequency and rainfall intensity to rainfall amount.

To quantify the contribution of rainfall frequency and
rainfall intensity to rainfall amount, we produced maps of
PSMsens, expressed as a percentage relative to the average
of a set of six runs (Fig. 6). As shown in the “The definition
of rainfall characteristics” section, the changes in rainfall
amount can be approximated by a linear combination of
changes in rainfall frequency and rainfall intensity, which
were expressed as a percentage.

Rainfall frequency tended to contribute to the increase
in rainfall amount as a whole (Fig. 6b). Clear signals were
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observed over the flat plain and valley regions. From
a quantitative perspective, the increases in rainfall fre-
quency were of the order of several percentage points,
which indicates that the changes in rainfall frequency con-
tributed quantitatively to modifications in rainfall amount
over large areas.

The changes in rainfall intensity were mostly negative
(Fig. 6¢c). Weakening signals were mainly observed over
the mountain ranges. Strengthening signals were found
over the flat plains and valleys, for example Chao Phraya
River Basin. From a quantitative perspective, the abso-
lute values of the signals exceeded 15%, which was larger
than the changes in rainfall frequency. When the signs
of rainfall frequency and rainfall intensity were different,
the contribution of rainfall intensity to rainfall amount
quantitatively exceeded that of rainfall frequency.

Discussion

Surface energy budget and rainfall amount

To understand the changes in rainfall amount, we inves-
tigated the PSMsens of the energy budget at the surface.

a Rainfall [%] per 0.1sm
Relative to 6-exp ave
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90°E 100°E
T —
201612-8 -4 0 4 8 121620

provided in section “The definition of rainfall characteristics”
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b Rain Freq [%] per 0.1sm
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C Rain Inten [%] per 0.1sm
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Fig. 6 Same as Fig. 3 but for a rainfall amount, b rainfall frequency, and ¢ rainfall intensity, expressed as a percentage. A detailed explanation is
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We investigated the changes in surface energy budget
derived from the law of energy conservation. The sum of
the absorbed shortwave and downward longwave radia-
tion is defined as the radiative input to the surface. The
input is redistributed to upward longwave radiation (sur-
face longwave emission), sensible and latent heat fluxes,
and ground heat flux. We calculated net radiation Rn,
defined as the sum of the sensible and latent heat fluxes,
and the ground heat flux (e.g., Takahashi et al. 2015).

The PSMsens of net radiation at the surface was positive
over almost the entire land region (Fig. 7a). The increase
in net radiation at the surface can be explained by the
decrease in upward longwave radiation due to decreased
land-surface skin temperature (Fig. 7b). Under wet con-
ditions, the land-surface skin temperature is reduced due
to evaporative cooling at the surface, which is also asso-
ciated with changes of the Bowen ratio. At the same
time, downward longwave radiation can decrease due to
a decrease in surface air temperature, whereas it can
increase due to an increase in water vapor in the plan-
etary boundary layer (Fig. 7c). The decrease in upward
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longwave radiation at the surface due to the decrease
in surface skin temperature was much larger than the
increase in downward longwave radiation at the surface,
which mostly increased net radiation at the surface.

When net radiation at the surface increases, the long-
term and global mean rainfall amount should increase
in terms of the global energy budget. However, at the
regional scale, the energy balance at the surface cannot
simply explain the changes in rainfall amount, which may
be modified by the land-sea distribution and topogra-
phy through the changes in atmospheric circulation, water
vapor transport, development of the planetary boundary
layer, and cloud-precipitation activity.

We focused on the regional characteristics of net radi-
ation at the surface. Changes in the downward shortwave
radiation associated with cloud changes had a large impact
(Fig. 7d). The negative PSMsens of downward shortwave
radiation at the surface can indicate an increase in low-
level clouds, which have negative radiative forcing. In
addition, the PSMsens of downward shortwave radia-
tion at the surface also had clear regional characteristics.
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Fig. 7 Same as Fig. 3 but for a net radiation at the surface, b surface skin temperature, € downward longwave radiation at the surface, and d
downward shortwave radiation at the surface. The units are W m~2 per 0.1 increase in soil moisture, K per 0.1 increase in soil moisture, and W m~2
per 0.1 increase in soil moisture, and W m~2 per 0.1 increase in soil moisture, respectively
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Negative spatial peaks in the PSMsens of downward
shortwave radiation at the surface were calculated over
the inland plains near mountain ranges, such as the
eastern Korate Plateau, northern Myanmer, and a plain
in Bangladesh. The following subsection discusses the
changes in low-level clouds.

Mechanism of changes in rainfall characteristics due to an
increase in soil moisture

This subsection discusses the coupling of the positive
PSMsens of rainfall frequency and the negative PSMsens
of rainfall intensity. The rainfall characteristics could be
associated with the atmospheric instability (e.g., vertical
structure of water vapor) and trigger of convections. An
increase in sensible heat flux can induce more intense
development of the planetary boundary layer, which gen-
erates convective clouds and precipitation (Ek and Holt-
slag 2004; Taylor and Ellis 2006; Hohenegger et al. 2009;
Sugimoto and Ueno 2010; Taylor et al. 2012; Froidevaux
et al. 2014). The predominant triggers of the convective
systems in this region were the cold air pools of the pre-
vious convective systems (Kataoka and Satomura 2005;
Takahashi et al. 2010), which were difficult to analyze sta-
tistically. On the other hand, sufficient water vapor in the
lower troposphere supports the maintenance of convec-
tive systems (Satomura 2000; Kataoka and Satomura 2005;
Takahashi et al. 2010; Froidevaux et al. 2014). Thus, we
focused on changes in the vertical structures of hydrome-
teors and water vapor.

To understand the detailed vertical structure of cloud
and rainfall conditions, we produced a longitude—vertical
(in pressure coordinates) cross section of total hydrom-
eteors (both liquid and solid clouds and precipitation)
and specific humidity along the 18°N latitudinal band
(Fig. 8). The vertical structure of the PSMsens of hydrom-
eteors showed an increase in the lower troposphere and a
decrease in the mid and upper troposphere (Fig. 8a). This
indicated an increase in low-level clouds and a decrease
in deep convections due to the increase in soil moisture.
In the lower troposphere, an increase in water vapor was
also distinct (Fig. 8b). Because an increase in soil moisture
induced an increase in latent heat flux and a decrease in
sensible heat flux, changes in vertical structure of hydrom-
eteors and water vapor are explained by the decrease in
planetary boundary layer height due to the decrease in
sensible heat flux. In other words, the increases in low-
level clouds and water vapor are due to weakening of
vertical mixing. In addition, we confirmed that sensitivity
in planetary boundary layer height was clearly negative to
an increase in soil moisture (Fig. 9).

We also assessed the regional characteristics of the
PSMsens in hydrometeors and water vapor. Figure 8
shows that the negative PSMsens of hydrometeors was
very distinct above mountain ranges (around 98°E, 101° E,
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Fig. 8 Longitude-vertical (in pressure coordinates) cross section of
PSMsens (slope values) in a hydrometeors and b water vapor along
the 18° N latitudinal band. A hydrometeor was defined as the total
amount of cloud and precipitations in both the liquid and solid
phases. The black triangles indicate the topography along the 18°N
latitudinal band. Both horizontal axes in a and b are longitude in °E.
The unit of hydrometeors (water vapor) is 10~ kg kg~' per 0.1
increase in soil moisture (1073 kg kg™ per 0.1 increase in soil
moisture)

and 105° E), while positive PSMsens signals were observed
above the basin-shaped valleys and the flat plains (around
100° E, 104° E). The major increase in low-level clouds
(105° E, 18° N) and minor increases in low-level clouds
(96° E, 18° N) and (100° E, 18° N) shown in Fig. 8a were
consistent with the decrease in downward shortwave radi-
ation at the surface along the 18°N line (Fig. 7). This spatial
feature clearly corresponded to the changes in rainfall
intensity (Fig. 3c). Thus, the general changes in rainfall
characteristics can primarily be explained by the changes
in the planetary boundary layer height due to the changes
in surface fluxes.

A weakening or decrease of deep convections due
to an increase in soil moisture may also contribute to
the vertical structure of hydrometeors and water vapor.
Weakening of vertical and horizontal mixing by deep
convections may interact with the vertical structure of
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Fig. 9 Same as Fig. 3 but for planetary boundary layer height. The units are m per 0.1 increase in soil moisture

hydrometeors and water vapor. There may be a positive  ocean to land due to an increase in soil moisture (Fig. 10),
feedback mechanism between active deep convection and  which is also explained by the weakening of sensible
the increase in planetary boundary layer height. heating over the land regions. We considered two major

We also examined changes in low-level circulations. factors. One was the weakening of the land-ocean thermal
Figure 10 shows the weakening of surface winds from contrast, which was obvious from Fig. 11. The other was
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Fig. 10 Same as Fig. 3 but for winds at 10 m above the surface. The unitis m s~' per 0.1 increase in soil moisture




Takahashi and Polcher Progress in Earth and Planetary Science

(2019) 6:26

Page 14 0f 18

Theta2 [K] per 0.1sm

i3
it
G

R
EEies
g

i
e
FHHH

st

Ty

T
i

20°N

\‘.I -

10°N

&H

90°E

100 E

M—— ‘
-2.0-1.5-1.0 0500 0.5 1.

Fig. 11 Same as Fig. 3 but for potential temperature at 2 m above the surface. The unit is K per 0.1 increase in soil moisture

\ I |
015 20

Amount [ m/ ay] per 0 1 [0.05-0. 30

20°N

10°N

90°E

m—
4 3 2

———
-10][234

Fig. 12 Same as Fig. 3 but for rainfall amount under the drier conditions. The blue color indicates an increase in rainfall amount with soil moistening.
Under the drier conditions, we used the SM005, SM010, SM015, SM020, SM025, and SM030 experiments for the calculation of PSMsens. The unit is

mm day ™

! per 0.1 increase in soil moisture




Takahashi and Polcher Progress in Earth and Planetary Science

the decrease in the downward transport of momentum
from the free troposphere into the boundary layer due to
the decrease in the planetary boundary layer height (e.g.,
Stull 2006), which was also identified in previous studies
(e.g., Takahashi et al. 2013; Dado and Takahashi 2017).

The relationship between the changes in circulation and
rainfall characteristics was associated with the weaken-
ing of local circulations. However, local circulations could
also be affected by rainfall and cloud activity. Thus, they
strongly interact with each other, and the cause-effect
relationship is not clear.

In addition, because of the weakening effect of vertical
water vapor transport due to soil moistening, precipitable
water over downstream regions of the Indochina Penin-
sula decreased. Thus, the downstream effect of soil mois-
ture may not be negligible. However, because this may be
associated with the size of the domain of the regional cli-
mate model experiments, an additional investigation of
this effect is required.
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The sensitivity under drier conditions
In this subsection, we discuss the PSMsens under the drier
conditions in the range of 0.05 m3 m~3 to 0.30 m® m—3,
because the sensitivity can differ between dry and wet cli-
mate conditions, and between dry and wet seasons (Tuttle
and Salvucci 2016; Sugimoto and Takahashi 2017). Three
additional experiments were conducted. The experimen-
tal settings were basically the same, but prescribed soil
moisture values were fixed at 0.05, 0.10, and 0.15 m3 m—3
over the whole land region during the calculation period.
To calculate the PSMsens in the drier case, the six experi-
ments with soil moisture values fixed from 0.05 to 0.30 m?
m~3 by 0.05 m3 m~3, were used. The wetter three exper-
iments (SM020, SM025, and SM030) were overlapped to
calculate the PSMsens under both wet and dry conditions.
The spatial pattern of the PSMsens of rainfall amount
was basically the same as in the wet case (Fig. 12). In
particular, the positive PSMsens of rainfall amount was
clearly enhanced under the drier conditions, whereas
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Fig. 13 Same as Fig. 5 but for PSMsens in a rainfall frequency and b rainfall intensity from different experiments over the land regions. The blue
color indicates the same as in Fig. 5 (SM020 to SM045), green is SMO15 to SM040, orange is SM010 to SM035, and red is SM005 to SM030. The
horizontal axes in a and b are % per 0.1 increase in soil moisture and mm h~" per 0.1 increase in soil moisture. The vertical axes are the frequency of
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the negative PSMsens was similar to that under the wet
conditions (Fig. 12). Changes in the PSMsens of rainfall
frequency and rainfall intensity are summarized in Fig. 13.
All slopes were calculated based on the six experiments,
although the experiments overlapped. For example, the
red histogram in the figure was calculated from the
experiments SM005, SM010, SM015, SM020, SM025, and
SMO030 (see the caption of Fig. 13).

The PSMsens of rainfall frequency had more posi-
tive values when calculated under the wetter conditions,
whereas somewhat more negative values were observed
under drier conditions (Fig. 13a). However, the positive
PSMsens of rainfall frequency was dominant under all
conditions. This result suggests that the PSMsens of rain-
fall frequency is mostly positive, which indicates that an
increase in soil moisture contributes to an increase in
rainfall frequency over this region.

For rainfall intensity, the PSMsens had more negative
values under wetter conditions (Fig. 13a), while more pos-
itive values were calculated under the drier conditions. In
addition, the sign of PSMsens of rainfall intensity changed
according to differences in land surface wetness condi-
tions. This suggests that rainfall intensity is suppressed
under the wetter conditions due to the increase in soil
moisture, whereas it may be enhanced under the drier
conditions even with an increase in soil moisture. This dif-
ference may be explained by the richness of water vapor
in the lower troposphere. To understand the threshold,
regional characteristics, and related mechanisms, further
experiments are required, including experiments over the
different regions.

Conclusion

To investigate the impact of land-surface conditions
(soil moisture) on rainfall characteristics over the wet
Asian monsoon region, we conducted numerical exper-
iments using a high-resolution regional climate model.
Specifically, sensitivity experiments were conducted that
prescribed soil moisture values of 0.2, 0.25, 0.3, 0.35, 0.4,
and 0.45 m3 m~3 over the whole calculation domain.
We focused on not only rainfall amount, but also rainfall
frequency, rainfall intensity, and rainfall extremes based
on 30-min intervals. We discussed how the increase in
soil moisture changes rainfall characteristics. A slope of
a meteorological variable as a function of the prescribed
soil moisture values was defined as the sensitivity, which
is referred to as PSMsens.

The results showed that an increase in soil moisture
resulted in an increase or decrease in rainfall amount
depending on the location. It was noteworthy that rainfall
amount did not simply increase, although evapotranspira-
tion simply increased over the whole domain. This implies
that the relationship between rainfall amount and evapo-
transpiration is not simple.
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Rainfall frequency mostly increased due to an increase
in soil moisture, which was consistent with the increased
boundary layer clouds. The increase in low-level clouds
was associated with increased water vapor in the lower
troposphere, which was explained by an increase in latent
heat flux and decrease in sensible heat flux. The decrease
in sensible heat flux resulted in the weakening of vertical
mixing in the lower troposphere, which also contributed
to the increase in water vapor in the lower troposphere. In
addition, the increase in low-level clouds was consistent
with a decrease in shortwave radiation at the surface.

On the other hand, rainfall intensity and rainfall
extremes decreased overall with an increase in soil mois-
ture. The weakening of rainfall intensity and rainfall
extremes was consistent with a reduction of the devel-
opment of deep convections. The decrease in rainfall
intensity and rainfall extremes can be due to the decrease
in the planetary boundary layer height, which resulted
from the decrease in sensible heat flux. The regional char-
acteristics of the sensitivity in rainfall intensity and rain-
fall extremes indicated a decrease over all land regions,
including mountain ranges except for 100-km-scale basin-
shaped valleys, for example Chao Phraya River Basin and
Khorat Plateau. The regional characteristics of rainfall
intensity and rainfall extremes can be associated with
a weakening of development of the planetary boundary
layer.

In addition, the weakening of large-scale low-level cir-
culations at the calculation domain scale contributed to
the decrease of horizontal transport in water vapor from
ocean to land. This may contribute by compensating
for the increase in evapotranspiration. The weakening of
the large-scale low-level circulations was probably associ-
ated with the weakening of the thermal contrast between
land and ocean. However, the weakening of low-level
circulations could also be associated with the vertical
transport of momentum due to changes in the planetary
boundary layer.
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