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Abstract: By using a coupled land surface-atmosphere model with initial conditions of varying
resolution and ensembles of systematically changed soil moisture, convective-scale simulations of a
typical frontal rainstorm in the Yangtze River Basin are collected to investigate: (1) effects of different
datasets on the simulated frontal mesoscale convective systems (MCSs); (2) possible linkages between
soil moisture, planetary boundary layer (PBL), MCSs and precipitation in this modeled rainstorm.
Firstly, initial soil moisture differences can affect the PBL, MCSs and precipitation of this frontal
rainstorm. Specially, for a 90 mm precipitation forecast, the Threat score (TS) can increase 6.61%
by using the Global Land Data Assimilation System (GLDAS) soil moisture. Secondly, sensitivity
experiment results show that the near-surface thermodynamic conditions are more sensitive to dry soil
than wet due to the initial moist surface; atmosphere conditions have suppressed the relations between
soil and atmosphere; and decreased precipitation can be found over both wet and dry surfaces.
Generally, a positive feedback between soil moisture and the near-surface thermodynamic conditions
is identified, while the relations between soil moisture and precipitation are quite complicated.
This relationship shows a daytime mixing of warm surface soil over dry surfaces and a daytime
evaporation of adequate moisture over wet surfaces. The large-scale forcing can affect these relations
and finally cause decreased precipitation over both wet and dry surfaces.

Keywords: soil moisture; rainstorm; Yangtze River; land-atmosphere interaction; MCS; PBL

1. Introduction

Soil moisture has been widely recognized as one of the key factors for rainfall prediction [1–6].
The relationship between soil moisture and precipitation is typically described as a closed feedback
loop [7–9]. This feedback has been verified by many observational and numerical studies in the transition
zones between dry and wet climatic regions, where the high coupling between the land surface and
the planetary boundary layer (PBL) could significantly influence the mesoscale convective systems
(MCSs) [10,11]. In climate scales, positive effects of soil moisture on atmosphere in this closed feedback
loop are suggested as the following: soil moisture partitions available net radiation into latent heat for
evapotranspiration and sensible heat for temperature increase [12–16]. Therefore, soil moisture controls,
to some extent, the thermodynamic conditions of the overlying lower atmosphere, which alters the PBL
depth and moist static energy (MSE), and thus ultimately modulates the convective activities of the upper
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layers [8,9]. Especially, a decrease in soil moisture may actually increase the clouds of the PBL in several
observational cases [17,18], which has supported the negative relations between land surface moisture and
its overlaying atmosphere. Additionally, these interactions between the shallow cumulus of the PBL and
the land surface moisture can further regulate these large-scale effects [19].

The effects of soil moisture on atmosphere are found to be relevant at a variety of spatial and
temporal scales [8,20,21]. In convective scales, it has been found that soil moisture can notably influence
the precipitation [10]; however, these effects are mostly modulated by the surface variability [22] and
atmosphere conditions. The well-known sea-breeze-like circulation [23,24], induced by horizontal
variations of surface fluxes, could favor deep convections [25]. Although such thermal circulations
are not easy to capture in realistic weather [26], they have been verified by several observational
studies [27,28] and further reported in a high resolution simulation of a fair weather with the Weather
Research and Forecasting (WRF) model [29]. Recently, several studies have suggested that surface
variability could trigger the overlying convective activities [30–32], and this inhomogeneous surface
could affect the pathways and intensity of deep convections [11,33]; in addition, other studies have
suggested that the mid-layer background winds could exert an influence of the MCSs over this
surface variability [34,35]. Generally, these convective-scale effects could govern the ways of the
aforementioned large-scale feedbacks.

As the linkages between PBL cumulus and land surface moisture in these effects are complicated
by the thermodynamic conditions and environmental winds [19], earlier observational work
has reported the atmospheric conditions largely determining both the negative and the positive
effects of homogeneous surfaces on MCSs by using a measurement based on the low-level
temperature and humidity to identify the favorable or unfavorable atmospheric conditions in
soil-atmosphere interactions [20]. Several numerical studies have further pointed out that a
weak forcing atmosphere can promise a high coupling between soil moisture and atmosphere in
convective-scale simulations [36–38]. However, it has been reported that these effects in convective
scales are mostly decided by the model resolutions because of imperfect model physics [29,39], and
even different models within the same initial conditions have been shown to simulate these effects [40].

In the Yangtze River Basin, observational studies have reported that the correlations between
soil moisture and atmosphere are notably positive in precipitation and negative in the near-surface
temperature [41]. These relationships are relatively significant during the local summertime [42].
Several numerical studies have verified this significant effect of soil moisture on low-level atmosphere
in the summer [43–46]. Zhang et al. [47] have studied the contributions of land-atmosphere coupling
to the inter-annual variability of the summer climate by using the WRF model and pointed out this
coupling is likely determined by other physical processes besides surface conditions. Li et al. [48],
however, have simulated weak correlations between soil moisture and precipitation over East Asia
by using the coupled atmospheric general circulation model (AGCM) and inter-annually varying soil
moisture. However, the mechanism of the interactions between soil moisture and PBL variables is still
unknown, and the relationship between soil moisture and precipitation in this region is still argued
about the unfavorable atmosphere and moist surface [47,49]. Regional climate model simulations
employed over sub-seasonal or greater time scales are exposed to uncertainty in the linkages among
land surface effects, the PBL, and the precipitation that arise from the necessary use of model physics,
in which closure assumptions that affect convection initiation are quite varied [39].

The main objective in this study is to understand how the land surface might influence the
typical frontal rainstorm embedded in the summer monsoon. Firstly, the effect of soil moisture on
the frontally convective-scale characteristics in the Yangtze River Basin is an important topic in this
study. As resolution and specificity of initial land surface conditions are crucial in simulating the
interactions between the land surface and atmosphere in convective scales [50], several studies have
suggested large biases of surface variables [51,52] in the climatic reanalysis over the Yangtze River
Basin. Secondly, in order to obtain the realistic soil-atmosphere relations, the effects of three different
datasets on this convective-scale simulation are primarily identified by being compared to the observed
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rainstorm. The current study applies a different approach to analyzing the sensitivity of the PBL and
precipitation to land surface conditions, which can help us understand the local land surface effects on
typical frontal convection development.

In the Yangtze River Basin, many previous studies that concentrated on the sub-seasonal or
inter-annual scales were incapable of identifying the gaps in the spatial and temporal scales. Our study
which employs a high resolution simulation with a short time period will broaden our understandings
in the convective-scale soil-atmosphere interactions and can enhance our knowledge in the model
forecast resulting from different datasets. This could improve numerical weather prediction, which is
quite important for agricultural irrigation management [53–56].

2. Simulation Description

2.1. Model and Data

The model used for this study is the Advanced Research WRF (ARW version 3) described by
Skamarock et al. [57], coupled with the Unified Noah Land Surface Model (Noah LSM), as described
by Chen and Duhia [58]. The Noah LSM contains four soil layers at depths of 10 cm, 30 cm, 60 cm and
100 cm, within a canopy surface and a deep root zone layer. Two one-way nested domains are employed,
centered at Nanjing (32.0˝N, 118.5˝E), with the horizontal grid spacings of 12 km and 4 km, respectively
(Figure 1). Our choices of domain size and grid spacing reflect a compromise that allows us to assess
effects of surface conditions on the PBL and isolated MCSs over a relatively small region. Each domain has
50 vertical levels, among which 21 layers under a 5-km model height are selected to study the boundary
layer characteristics; the bottom model layer is about at 35–45 m and the model top pressure is 50 hPa.
The United States Geological survey (USGs) static underlying data, including topography and various
land surface resources, are chosen here as a natural surface with 21 and 30” in each domain (Figure 1).
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In both domains, we use RRTMG long-wave and short-wave radiation schemes [59],
the Single-moment 3-class microphysics (WSM3) algorithm [60], the Kain-Fritsch (KF) cumulus physics
scheme [61], and the Monin-Obukhov near-surface layer scheme [62] in WRF simulations. The Yonsei
University (YSU) planetary boundary layer scheme [63], including a nonlocal mixing scheme, is
sufficient to simulate the low level conditions of mesoscale convection that occurs between late
afternoon and early night, unlike Hu’s report which discussed the daytime PBL [64].

The initial and lateral boundary conditions are obtained from the National Centers for
Environmental Prediction (NCEP) final reanalysis (FNL) with a resolution of 1˝ ˆ 1˝, European
Center of Medium-range Weather Forecast (ECMWF) Interim reanalysis data (ERA-Interim) with a
resolution of 0.7˝ ˆ 0.7˝ and National Aeronautics and Space Administration (NASA) Global Land
Data Assimilation System (GLDAS) reanalysis with a resolution of 0.25˝ ˆ 0.25˝. Gravity water content
(g¨kg´1) in GLDAS has been converted into volumetric water content (%) that is consistent with the
WRF model, as instructed on the NASA website [65].

Since this study focuses on the relationships between soil moisture, PBL and precipitation,
it is reasonable to consider both atmospheric forcing and soil moisture of varying resolutions and
sophistications so as to determine a reliable performance of the MCSs and surface-PBL simulations.
Three natural runs, initialized with FNL, ERA-Interim and the merged datasets (Merged hereafter)
are conducted to fulfill the ongoing purpose. Specially, during the Merged simulation, we use the
ERA-Interim data to drive the atmospheric model; also we use both the soil moisture of GLDAS data
and ERA-Interim surface data except soil moisture to drive the land surface model. The differences
between the FNL and the ERA runs could account for the effects of atmospheric conditions on the
simulation and the differences between the ERA and the Merged runs could account for the effects of
soil moisture datasets on this simulation; based on the Merged run, additional sensitivity experiments
are conducted with initial soil moisture systematically increased (reduced) to 15% in 5% intervals with
a slightly changed horizontal gradient for the effect of special surface characteristics (e.g., soil moisture
is always 100% for water body); all of the nine simulations are summarized as Table 1. Additionally,
all the simulations start from 00 a.m. UTC 5 July to 12 a.m. UTC 7 July 2013, covering the whole time
period of this typical rainstorm.

Table 1. List of numerical simulations. More detailed descriptions are found in Section 2.

Simulation Soil Moisture Atmospheric Data Comments

FNL FNL, 10, 30, 60, 100 cm depths FNL, 28 vertical layers Gridded at 100 km

ERA ERA-Interim, 7, 21, 72, 155 cm depths ERA-Interim, 38 vertical layers Gridded at 70 km

Merged GLDAS, 10, 30, 60, 100 cm depths ERA-Interim, 38 vertical layers Gridded at 70 km except
25 km of soil moisture

DPs Merged, systemically decreased by
5%, 10% and 15% Merged Dry soil ensemble

WPs Merged, systemically increased by 5%,
10% and 15% Merged Wet soil ensemble

2.2. Brief Description of Frontal Rainstorm and Land Surface Conditions

The large-scale synoptic conditions that characterized July of 2013 are typical of this time of the
year, with frontal rainfall systems frequently crossing the Yangtze River Basin. On the morning of
5 July, two troughs lie in the geopotential and thermal isopleths at 500 hPa while the Western Pacific
Subtropical High lies to the south of China; an intense Westerly Wind Jet (WWJ) at 200 hPa parallels
the north edge of our studied area and a strong Low-Level Jet (LLJ) at 850 hPa extends to the south
of the Yangtze River Basin and “meets together with” the upper WWJ at the Yangtze River estuary
(not shown). The synoptic conditions could favor frontal MCSs [66]. While the dry and cold air from
the north joins the warm and wet air from south and acts as the so-called “Meiyu” front, it further
forms clear humidity gradients near the land surface (Figure 2). From 5 July to 6 July, the front moves
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north and leans northeast. The gravity waves generated by the topography in the cold pool north of
the front, with the cooperation of the front and large-scale favorable conditions, form into two MCSs
(Figure 2).
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Figure 2. Topography (shaded, units: m), the largest gradients of relative humidity at 925 hPa
(blue thick solid line) on 5 and 6 July. The track of the coldest cloud top temperature (black thick
line) when the two main MCSs cross the studied area (dotted box), in which the dashed black thick
lines show the track of the early stage when the area of the convective systems is less than 1˝ ˆ 1˝.
The surface and sounding sites of the CMA (Chinese Meteorological Administration) which have
experienced the 2.5-day rainstorm over the studied region are plotted with solid circles.

The hourly temperature of brightness (TBB) gridded at 4 km, derived from the MTSAT-1R data
provided by the Center for Environmental Remote Sensing of Chiba University of Japan (CEReS),
are used as a reliable description of the frontal MCSs’ movements. On the late afternoon of 5 July, a
multicellular storm (MUS) within a “cloud street” which lies in the south of the Yangtze River Basin
when the coldest cap is less than ´50 ˝C has lasted for several hours. On the late afternoon of 6
July, an isolated thunderstorm cell (TUS) lies to the north of Nanjing city, has lasted for three hours,
and the coldest cap exceeds 1˝ ˆ 1˝ (Figure 2). Surface cooling has been captured when the two
convective lines cross this area (Figure 3). From 3 a.m. to 6 p.m. UTC on 6 July, the pressure of the
BengBu (BB) site first increases and later decreases (Figure 3b); this indicates that a low-mesoscale
high perturbation has developed with the mature TUS. On 5 July, the pressure of the AnQing (AQ)
site mainly increases, indicating the mesoscale high perturbation in the MUS (Figure 3a). Although
no soundings are available over the region that could experience the MUS and the TUS, a nearby
thermodynamic profile of the Nanjing (NJ) site (not shown) shows a shallow and moist boundary
layer with a cape of 22.33 J¨kg´1 at 12 p.m. UTC on 5 July, while there is a deep PBL with a cape of
548.18 J¨kg´1 at 12 p.m. UTC on 6 July.
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Figure 3. Time series of winds, temperature (solid line, units: ˝C) and dew point (dashed line, units: ˝C),
surface pressure (solid line, units: hPa) and precipitation (dashed line, units: mm) of (a) AnQing (AQ)
site on 5 July; and (b) BengBu (BB) site on 6 July. Winds are plotted with a full barb of 4 m¨s´1.

The LLJ can bring moisture and favors low-level convergence, which can favor the nighttime
(from 12 p.m. to 12 a.m. UTC) convections [66]. The winds of the NJ site show weak southwest LLJ
with warm advection under 1.1 km and strong northwest cold winds above at 12 p.m. UTC on 5 July
(Figure 4a), while the ShangHai (SH) site shows an opposite situation because the ocean near the SH
site has highly affected the nighttime low-level winds (Figure 4c). Warm advection under 3 km and
strong southwest winds, the velocity of which has exceeded 20 m¨s´1 at 0.5 km, can be found in the NJ
site at 12 p.m. UTC on 6 July (Figure 4b), and this intense southwest and warm advection also can be
found in the SH site above a 0.5 km height (Figure 4d). Clearly, the LLJ has contributed greatly to the
TUS on 6 July.

The main land surface characteristics in our simulations are cropland and clay loam (Figure 1b).
Numerical experiments are designed by using datasets of FNL, ERA and Merged to evaluate the model
simulations. Trier et al. [50] have reported that sophistication and resolution of initial soil moisture
are important in a high-resolution simulation of PBL characteristics, and the soil moisture gradient
can notably affect the PBL in the middle United States. Parada and Liang [67] have pointed out the
spatial resolutions and data quality of soil moisture can notably affect the model outputs during a
study of data assimilation. However, there are no available observations in our studied region at
this specific time period. Surface soil moisture in the ERA experiment shows a positive west-to-east
gradient, while both the FNL and the Merged experiments show positive south-to-north gradients,
and the Merged experiment shows a sophisticated land surface (Figure 5). Zhang et al. [51] and two
other later studies [68,69] suggested a spatial distribution of a climate scale that is consistent with the
FNL and the Merged experiments. The Merged data shows a “climatic” soil moisture pattern, with
more sophisticated soil moisture than others.
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(units: %) simulations.

3. Model Evaluation

3.1. Comparison with Observation of Vertical Thermodynamic Profiles

The vertical thermodynamic profiles can represent the atmosphere conditions of a large area and
they can supply the favorable or unfavorable conditions when simulating the MCS development [11].
To investigate the impact of datasets on PBL thermodynamic simulations, we have analyzed the
differences between modeled and observed vertical profiles of temperature, potential temperature and
winds less than 5.0 km in height at the NJ site on 5 and 6 July (Figure 6).

In the observed profiles at 12p.m. UTC on 5 July, in the lower 1.5~2.5 km a typical residual
layer top can be distinguished, where temperatures are constant and inversed winds can be found.
Among all the simulated profiles, the temperature (Figure 6a), potential temperature and equivalent
potential temperature (Figure 6b) in this residual layer are all overestimated, indicating deep PBL,
strong subsidence and moist atmosphere compared to the observation. However, in the experimental
FNL the wind velocity is underestimated (Figure 6c). On 6 July, a typical residual layer top of the lower



Atmosphere 2016, 7, 42 8 of 24

1~1.5 km can be distinguished in the observed profiles, where temperature is constant (Figure 6d) and
strongly increased potential temperature (Figure 6e) can be found. In this layer, all the simulations
have overestimated the temperature and potential temperature, but have simulated the strong LLJ
(Figure 6f) well. Differences between the dew point and temperature in all simulated profiles are larger
than the observed profiles and this indicates an overestimation of moisture (Figure 6d).
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Figure 6. Comparison of the 0~5 km simulated and observed thermodynamic profiles at Nanjing site.
(a) Temperature (solid line, units: ˝C) and dew point (dashed line, units: ˝C); (b) potential temperature
(solid line, units: K) and equivalent potential temperature (dotted line, units: K); and (c) wind barbs
are plotted with a full barb of 4 m¨s´1 at 12 p.m. UTC on 5 July; (d–f) is the same as (a–c), but at 12 p.m.
UTC on 6 July.

A warmer and wetter residual layer can be found in all simulations while weaker LLJ in the FNL
experiment can be found when compared to the observations on 5 July. This should be attributed
to model defects and possible data differences. The warming of the potential temperature of this
layer indicates intense subsidence, and the surplus moisture will favor the sustained precipitation.
Generally, the experimental FNL has simulated quite different wind profiles from the observations,
while the other two in ERA and Merged agree well with the observed wind profiles. Thus, this could
account for differences in datasets.

3.2. Comparison of MCSs’ Patterns and Intensity with the Observed TBB and Precipitation

Dirk et al. [11] suggested that land surface can affect MCS by verifying the low-level flow patterns
and upper layer convections in West Africa. As in the Yangtze River Basin, local intensely developing
convections can break the geostrophy constraint of the troposphere in small regions [70]; thus we think
this method, as Dirk suggested, is valid in middle-latitude atmosphere. Firstly, the flows at the 1.5-km
height and vertical velocity at the 5.5-km height, which represent the low-level convergence and the upper
intense convection, are used as the MCSs’ pattern and location, respectively. The above-mentioned TBB
data supplies the observed distributions of upper convections. Second, the maximum of precipitation that
exceeds 50 mm¨h´1 and the area of which exceeds 100 ˆ 100 km2 is defined as the MCSs’ intensity by
regarding the hourly Climate Prediction Center Morphing Technique (CMORPH) observations gridded at
around10 km which are derived from the Chinese Meteorological Administration (CMA). Then the MCSs’
patterns and intensity are compared between the simulations and observations.

Seen from the streamlines (Figure 7), a convergence zone can be located where the inflows have
turned into outflows. First, at 8 p.m. UTC on 5 July, the main pattern of MCSs shows that the MUS lies
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along latitude 31.5˝N with several scattered cloud clusters, and this agrees well with strongest convections
in the experiments for ERA and Merged; in the FNL experiment, however, the area of this convergence
zone is overestimated by around 5000 km2 while the intense convections show a modification of 50 km
south to observations (Figure 7e–h). Subsequently, the TUS occurs in the north of the NJ site at 5 p.m. UTC
on 6 July, and the coldest cap has centered at 33˝N, 119.5˝E. An isolated convection of 5.5 km in the Merged
experiment shows a matched location of the observed TUS and intense southwest flows where the velocity
exceeds 20 m¨s´1; the FNL experiment, however, shows weak LLJs and a northward modification at 8 p.m.
UTC on 6 July, while the ERA experiment shows a westward modification (Figure 7g–t). Between the
model experiments of FNL, ERA and Merged, quite different low-level flow patterns of two main MCSs
are found, when both of the modeled MUS and TUS in the FNL experiment occur at slightly different
times. Clearly, both the ERA and Merged simulations have reproduced more suitable cyclonic patterns
and smaller modifications of convections than FNL.
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Figure 7. Comparison of the simulated 1.5-km streamlines, 5-km vertical velocity (shaded; units: m¨s´1)
and the observed TBB values (shaded on the right panel; units: K). (a), (b), (c) and (d) Show the patterns
of the MUS in FNL, ERA and Merged respectively at 5 p.m. UTC on 5 July; and (e–h), (i–l) are the
same as (a–d), but for 8 p.m. and 11 p.m. respectively. (m-x), is the same as (a-l), but for the TUS
period. In the 1.5-km streamlines, black line shows the velocity is less than 10 m¨s´1, blue line shows
the velocity is larger than 10 m¨s´1 but less than 20 m¨s´1 and green line shows velocity is larger than
20 m¨s´1. The thick black circles show the locations of NJ site.
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A line-like belt of precipitation of MUS is reproduced in all experiments at 11 p.m. UTC on 5 July;
however, a modification of this belt by around 50 km south of the observation can be found in the
FNL experiment, while the ERA experiment has underestimated the strongest precipitation (Figure 8a;
ERA). Both the ERA and Merged experiments show a clearly south-to-north rain belt of TUS at 6 p.m.
UTC on 6 July, which fits the observation well; however, the FNL experiment has missed this pattern
and the ERA experiment shows a slightly westward modification (Figure 8b). The strength of MCSs is
overestimated in all experiments, while the rain belts of the Merged experiment agree better with the
observations than the others.
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Figure 8. Comparison of the strongest precipitation (units: mm) of the three simulated MCSs and
observed MCSs. (a) Shows the MUS on 5 July and (b) shows the TUS on 6 July.

Earlier, it was mentioned that differences of datasets can cause wind differences and possible
moisture differences in the residual layer, which should account for the differences in MUS and TUS
among the three simulations. That the FNL experiment has simulated weak LLJ on 12 p.m. UTC 5
July possibly causes a southward modification of the convergence line of MUS later. Additionally,
a moister and warmer atmosphere in all simulations could result in stronger convections in contrast to
the observations.

3.3. Comparison of Total Precipitation and Precipitation Rate with Observation

Several widely used skill scores are used as a quantitative evolution of total precipitation during
the 2.5-day simulations, and precipitation rates are compared with the CMORPH products. In the
observed total precipitation, two rain belts along the two ongoing discussed convergence lines agree
well with the MCSs’ patterns (Figure 9d). However, in the FNL experiment a southward modification
of the rain belt is found and the total precipitation in the north district is clearly underestimated
(not shown), which is consistent with previous results.
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Figure 9. Comparison of the total precipitation and the precipitation rate and the observation.
(a–c) The skill scores of total precipitation (units: %); (d) observed total precipitation (units: mm); and
(e) precipitation rate (units: mm).

For a certain referenced area, at any given precipitation threshold over an accumulation period,
the observed rain area exceeding the criterion is O and the model-predicted area is F. Their intersection
(e.g., the hit area) is denoted by H, while the entire verification domain is N. The above skill scores are
defined as (more detail described by Wang [71]):

TS “ 100ˆH{ pO` F´Hq , (1)

ETS “ 100ˆ pH´Rq { pO` F´H´Rq , (2)

R “ pO{Nq ˆ pF{Nq ˆN “ Fˆ pO{Nq “ Oˆ pF{Nq , and (3)

BIAS “ F{O (4)

Thus, the TS has a value between 0 and 100 (as the hit area cannot be greater than the union of O
and F), and a higher (lower) value represents better (poorer) performance. Due to this assumption of R
being random and thus reflecting no model skill, it is excluded from the calculation of equivalent threat
score (ETS) and is therefore subtracted. As the same TS or ETS can result from either an over-forecast
or an under-forecast of rain by the model, thus the BIAS often needs to be provided to interpret the
verification results more accurately.

In 50~120 mm thresholds, the TS (Figure 9a) and ETS (Figure 9b) in the FNL experiment are higher
than the other two simulations, but lower for heavier thresholds; the BIAS scores of FNL experiments
are higher than that of the other two in 180~240 mm thresholds, but lower for lighter thresholds
(Figure 9c). Both the Merged and the ERA simulations reproduce more accurate precipitation than the
FNL experiment for heavier thresholds. The Merged experiment shows less biases of precipitation rate
than the other two experiments when compared to the observations (Figure 9e).

Seen from Table 2, the Merged experiment has general improvements for both TS, ETS and
BIAS. The Merged experiment reproduces a slightly lower BIAS than ERA for most thresholds except
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120 and 150 mm, as the lower BIAS indicates being closer to the Best Score (Figure 8). Especially, the
TS and ETS increased by 6.61% and 7.74% for the 90-mm threshold, respectively.

Table 2. Differences of skill scores between Merged and ERA experiments.

Thresholds TS ETS BIAS

50 3.98 2.11 ´0.12
90 6.61 7.74 ´0.01

120 6.49 8.65 0.23
150 7.66 8.72 0.1
180 7.06 6.73 ´0.07
210 4.23 3.39 ´0.24
240 4.06 4.21 ´0.27

In general, the FNL experiment has reproduced a larger deviation in PBL profiles, MCSs and
precipitation compared to the observations than ERA and Merged. However, Merged reproduces MCSs
more consistent with the observations and better statistical results in precipitation than ERA. The major
differences of the three experiments are the above-mentioned varying datasets (as FNL and ERA) and
soil moisture (as ERA and Merged). This indicates the necessary use of both ERA-Interim reanalysis
and Global Land Data Assimilation System (GLDAS) soil moisture in improving model results for both
weather forecast and agricultural irrigation. Therefore, to some extent, sophistication in soil moisture
can notably impact the model performance of frontal systems.

4. Sensitivity of the Rainstorm to Soil Moisture

We use the Merged run as the control experiment (CTL) and sensitivity experiments are conducted
as two ensembles of systemically increasing (decreasing) initial soil moisture (as summarized in Table 1),
which are defined as WP (DP) ensembles. The near-surface PBL characteristics and precipitation are
compared between the CTL and sensitivity experiments.

In order to investigate the possible responses of this modeled rainstorm to soil moisture, we use
the averaged differences between the dry or wet ensembles and the CTL experiment to assess the

determined “DRY” and “WET” biases. We define
1
N

řk“N
k“1 Xdk and

1
N

řk“N
k“1 Xwk as the mean “DRY”

and “WET” statements, and DRY “
1
N

řk“N
k“1 pXdk ´ Xctlq and WET “

1
N

řk“N
k“1 pXwk ´ Xctlq as the

“DRY” and “WET” biases, in which X is the averaged state variable of our studied area at a given
height, k is the ensemble member and N is the number of members (N “ 3). Xdk, Xwk and Xctl mean
the variable X in DP, WP and CTL experiments. This will help us understand the relations in case
of some unrealistic factors (for instance, the initial soil moisture in the WP15 experiment somehow
possibly exceeds the field capacity, and this may cause fake responses of atmosphere at the beginning).
The possible relations between the surface fluxes, PBL thermodynamic variables and precipitation are
distinguished by comparing the variations of ongoing discussed biases in PBL to the mean statements
of near-surface variables and also comparing the variation of these biases in PBL to the variation of
biases in precipitation over dry or wet surfaces.

4.1. Sensitivity of Near-Surface and Upper PBL Characteristics to Soil Moisture

The diurnal variations of near-surface thermodynamic variables are examined by comparing
the sensitivity and the CTL experiments. The largest differences in 40-m potential temperature
(Theta) are found between the DP15 and the CTL experiments, where a maximum bias about 2.5 K
is found at 5 a.m. UTC on 7 July (Figure 10d). However, the largest differences in the 40-m water
vapor mix ratio (QV) are found between the DP10 and the CTL experiments, with a maximum bias
of 4 g¨kg´1 at 6 a.m. UTC on 7 July (Figure 10c). These near-surface moisture and temperature
variables show consistent variations with surface fluxes, and this indicates the soil moisture has
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modulated the near-surface thermodynamic conditions during this event. Moreover, DP ensembles
show relatively larger differences in near-surface variables than the WP ensembles when compared
to the CTL experiment. Recall that the top-layer soil moisture of our study area in the Merged run
mostly exceeds 30% (Figure 5), where the dominant field capacity is about 40%, indicating that the
soil moisture availability fields of wet ensembles (as WP10 and WP15) are mostly saturated with
intense moisture stress, which could account for the larger differences of both the latent heat fluxes
(LH) (Figure 10a) and sensible heat fluxes (HFX) (Figure 10b) in the DP ensembles compared to the
CTL versus the WP. Thus, due to the very wet initial soil conditions, the near-surface thermodynamic
variables are more sensitive to the dry surface, and these results are consistent with the previous results
in climatic scales [43,46].
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Figure 10. Area-averaged time series of thermal dynamical conditions near surface. (a) Surface latent
heat fluxes (units: W¨m´2); (b) sensible heat fluxes (units: W¨m´2); (c) 40-m qv (units: g¨kg´1); (d) 40-m
potential temperature (units: k); (e) CAPE (units: J¨kg´1); (f) PBL height (units: m); (g) 1-km vertical
velocities (units: 10´1 m¨s´1) and (h) 500-m meridional velocities (units: m¨s´1).

The convective available energy (CAPE) for the most unstable 500-m-deep air parcel and the PBL
height (PBLH) are also examined. The differences of PBLH among all simulations mostly show positive
biases in the DP experiments compared to the CTL experiment (Figure 10f), and the differences of CAPE
(Figure 10e) show negative biases; however, negative biases of PBLH are found between 12 p.m. UTC on
6 July and 12 a.m. UTC on 7 July when the TUS occurs. Furthermore, in the 1-km vertical velocity (W)
referenced as the vertical mixing of daytime at the PBL top, negative biases are found in DP experiments
compared to the CTL experiment (Figure 10g). At the time when the TUS occurs, the largest difference
(~6 m¨s´1) of 500-m meridional wind velocity (V) referenced as the dominant movement of low-level
atmosphere is found in the DP15 experiment compared to the CTL experiment (Figure 10h). The variations
of the PBLH and V differences on 6 July indicate that atmospheric conditions notably influenced the PBL
winds during the nighttime when the surface fluxes decrease.
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The relationships between surfaces fluxes, near-surface variables, CAPE and PBLH are identified by
the variations in “DRY” and “WET” statements (Figure 11), in which the Bowen Ration (BR) is defined
as HFX/LH, representing the dominant surface fluxes. The BR increase shows consistent variation with
the near-surface temperature increase (Figure 11a,e) and the near-surface moisture decrease (Figure 11b,f).
This implies the near-surface variables are significantly modulated by the surface fluxes. The CAPE
variations accompanied the near-surface moisture (Figure 11c,g) and the PBLH variations similarly
with the near-surface temperature (Figure 11d,h). In fact, the differences of latent heat flux in the
low-level atmosphere, induced by differences in near-surface moisture, can cause moist static energy (MSE)
differences (not shown) during the late afternoon when the largest differences in CAPE can be found in
both “DRY” and “WET” statements. The differences of CAPE between the CTL and sensitivity ensembles
resulting from latent heat can be affected by near-surface moisture here, while the differences of PBLH
during the daytime are mostly attributed to the differences of surface temperature.
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Figure 11. Time series of (a) Bowen Ratio (solid line, units: %) and 40-m water vapor mix ratio (dashed
line, units: g¨kg´1); (b) Bowen Ratio (solid line, units: %) and 40-m potential temperature (dashed line,
units: K); (c) 500-m CAPE (solid line, units: J¨kg´1) and 40-m water vapor mix ratio (dashed line, units:
g¨kg´1); and (d) PBL height (solid line, units: m) and 40-m potential temperature (dashed line, units: K)
in DRY ensembles. (e–h) are the same as (a–d), but for the WP ensembles.

In general, the local heating and moistening mainly dominate the diurnal characteristics of the
near-surface thermodynamic characteristics and are likely affected by the atmospheric forcing. Results
show a positive feedback between the soil moisture and the PBL, which means wetter soils favor higher
latent heat flux, lower sensible heat flux and shallower PBL height; net fluxes at the wetter surface thereby
increase the moist entropy flux into the PBL, which strengthens the MSE (increase the CAPE) in the PBL
and decreases the PBLH. These act in concert to increase the potential for convective activities, while the
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drier surfaces act in an opposite way. The relations between soil moisture and the PBL are consistent with
many previous works of greater scales [7,72]. However, negative anomalies of 500-m meridional winds
and PBLH in DP ensembles on 6 July indicate that atmospheric controls have played an important role in
the relationships between soil moisture and the PBL when the surface impact weakens.

4.2. The Possible Relations between Land Surface and Upper MCSs

The ongoing discussed soil moisture–PBL relationships have established the knowledge of
interactions that are regulated through releasing the MSE during the late afternoon over wet soil
and strengthening the daytime turbulence mixing over dry soil, also highlighting the significant
influences of atmospheric forcing on these relations. We have examined the characteristics of the
“DRY” and “WET” biases of moisture and temperature in PBL, which is different from the Findell’s
method [20], to identify the impact of atmospheric controls on the PBL. Also, the reasons for the largest
differences of low-level winds and negative anomalies of PBLH in the TUS period are examined.

Here the mean “DRY” and “WET” biases represent the determined differences of the PBL between
the DP, WP ensembles and the CTL experiment at 0~1.5 km height, and the deviations and standard
deviations show the variations of these biases in the vertical layer (Figure 12). If we assume the PBL
conditions are mostly affected by the surface fluxes, then temperature in mean “DRY” biases and moisture
in mean “WET” biases should be positive, which means above the ZERO line (where the biases are
equal to 0); however, negative biases could be found on 6 July, which means the atmospheric controls
of a “cold invading” in the PBL are significant (Figure 12a). During this period the moisture in “DRY”
biases (Figure 12b) and the temperature in “WET” biases (Figure 12c)are more likely affected by the
surface fluxes. The error bars show the chaotic variations of these biases in the PBL. These negative “DRY”
biases in temperature mean the cooling of the PBL over dry surfaces, while the negative “WET” biases
in moisture indicate a “dry invading” in the PBL (Figure 12d). The reasons causing this “cold invading”
over dry surfaces and “dry invading” over wet surfaces are complicated because the large-scale soil-PBL
interactions can affect the convective-scale relations, which will not be discussed in this paper.
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Figure 12. Time series of mean values (thick solid red line), standard deviations (blue boxes) and
deviations (thin blue lines) of (a) 0~1.5 km perturbed potential temperature differences (units: K) and
(b) 0~1.5 km water vapor mix ratio differences (units: g¨kg´1) between the DP ensembles and the CTL
experiment. (c,d) are the same as (a,b), but for the WP ensembles.

The PBLH differences, 0~1.5 km vertical velocity differences and horizontal wind vector
differences between sensitivity and the CTL experiments are further present to examine the PBL
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variable differences that might be affected by the cold or dry invading (Figure 13). Firstly, the negative
potential temperature differences in the DP experiments (QV differences in WP ensembles) can be
observed in the whole PBL during the daytime (before 12 p.m. UTC) when the PBLH increase (decrease)
indicating the cold (dry) invading occurs. Moreover, the horizontal wind vector differences in the DP
(WP) experiments rotate anti-clockwise (slightly rotate clockwise) at around 12 p.m. UTC when the
PBLH decreases (increases), during which time these differences in the DP experiments are almost
three times of that in the WP experiments. In addition, vertical wind differences in the WP ensembles
are negative and turned positive at around 6 p.m. UTC, with the maximum of 2.5 m¨s´1 in the WP15
experiment (Figure 13c); in DP ensembles these differences are mostly negative. Generally, these
descending biases during the daytime indicate the inhibition of vertical mixing resulting from the
stronger invasion of cold air in both the DP and WP experiments as compared to the CTL, while the
PBLH increase in DP ensembles indicates the impact of near-surface warming. Also, these intense
descending motions during the nighttime in DP experiments indicate larger wind divergence in the
PBL, which can cause weakened LLJs (Figure 10h) and decreased PBLHs ([63]; Figure 10f), and further
suppress low-level convections while the WP ensembles show an opposite trend during the nighttime.
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Figure 13. Time versus height vertical coordinate cross-sections of area-averaged vertical wind velocity
(shaded; units: cm¨s´1), horizontal winds (vectors; units: m¨s´1) for the sensitivity minus the CTL
experiments, and PBL top of sensitivity experiments (dashed thick black line) and the CTL experiment
(solid thick black line) on 6 July. The perturbed potential temperature differences between DP ensembles
and CTL experiment are plotted in red lines and contoured in 0.4 (units: K), the water vapor mix
differences between WP ensembles and CTL experiment are plotted in blue lines and contoured in
0.4 (units: g¨kg´1). (a) dp05 – CTL, (b) dp10 – CTL, (c) dp15 – CTL, (d) wp05 – CTL, (e) wp10 – CTL,
(f) wp15 – CTL.

The large-scale forcing of atmosphere can affect the PBL in various ways besides the surface fluxes,
for example the remote moisture transpiration and temperature advection through environmental
winds. We mainly discuss how the daytime surface fluxes affect the PBL under these environmental
forcing conditions (e.g., the warm front and the upper vertical shear). Recall the fact that, in the
DP15 experiment, weak moistening and intense warming can be distinguished from the near-surface
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thermodynamic variations, accompanied by weakened LLJs during the late afternoon on 6 July
(Figure 10); this indicates that a larger divergence of TUS in the DP15 experiment is simulated
compared to other experiments. The largest anomalies of 500-m V in the DP ensembles can result from
daytime PBL differences, and an explanation is provided for these differences. First, we relate the
differences of nighttime low-level winds to the different TUSs. Subsequently, we link the different
TUSs to the differences of PBL potential temperature and moisture, which are likely affected by surface
fluxes and atmosphere conditions.

The DP15 experiment has generated a strong TUS at 6 p.m. UTC on 6 July (Figure 14c),
accompanied by a weakened southward LLJ, which should be attributed to the northward flows
induced by the low-level divergence of a mature thunderstorm. The thermodynamic profiles of 2 p.m.
UTC have showed a quite lower CAPE in the WP15 and DP15 experiments than the CTL experiment
(Figure 14b). As for the “cold invading” in DP ensembles in the daytime of 6 July (Figure 12a),
the decreased potential temperature of PBL in both the WP15 and DP15 as compared to the CTL
experiments can be found (Figure 14b), and this could favor the development of ascending motions
caused by the thermal perturbing of the PBL top and further assemble more CAPE in both the
WP15 and DP15 experiments. However, the “dry invading” in WP ensembles favors the unsaturated
conditions at the top PBL (Figure 14a), and causes quite a lower lifting condensation level (LCL)
in WP15 than in the other two experiments, which is inconvenient for strong systems (Figure 14c).
In addition, the weak winds of the WP15 and DP15 experiments could favor the development of MCSs
at an early stage (Figure 14a). Many previous studies have suggested the environmental winds have
modulated the ways of the soil-moisture-PBL relationships at convective scales [11,34,35]. However,
the PBL wind differences indirectly resulting from the land surface characteristics through the MCSs
are different from the 24-hour studies [38,40].
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Figure 14. Comparison of the 0~3 km PBL characteristic profiles at 2 p.m. UTC on 6 July and the
mature TUSs at 6 p.m. UTC on 6 July. (a) Temperature (solid line; units: ˝C), dew point (dashed line;
units: ˝C), relative humidity (dotted line; units: %), LCL (units: km) and winds are plotted in a full
barb of 4 m¨s´1; (b) Potential temperature (solid line; units: k), vertical velocity (dashed line; units:
m¨s´1) and CAPE (dotted line; units: J¨kg´1); (c) Height-longitude cross-section of a wind velocity
greater than 16 m¨s´1, radar reflectivity (shaded; units: dbz) and vertical wind vectors (v, w) along
119.5˝E. In (c), units of v are m¨s´1 and units of w are 10´1 m¨s´1.
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4.3. Sensitivity of Precipitation to Soil Moisture

The two peaks of the precipitation rate in all experiments show comparable relations with the
two main MCSs of this 2.5-day rainstorm; in the WP ensembles, a 2-h backward modification of these
peaks in the TUS period indicates that, in the WP ensembles, the TUSs have occurred almost two hours
later than that in both the DP and CTL experiments (Figure 15a). In addition, in the DP experiments,
differences in the precipitation rate are small and mostly negative compared to the CTL experiment
except for small positive biases at around 3 p.m. UTC on 5 July or at 12 a.m. UTC on 7 July. In the
WP experiments, small and positive biases can be found over most time periods, during which the
maximum is ~0.5 mm at 12 a.m. TUC on 6 July; however, small and negative biases are reproduced
between 3 p.m. and 6 p.m. UTC on 5 July (Figure 15b). Clearly, the DP ensembles have reproduced
smaller precipitation rates than the CTL experiment, while the WP experiments have reproduced larger
precipitation rates. The precipitation rates in DP and WP show consistent variations. These positive
(or negative) biases in WP (or DP) ensembles are relatively smaller than 1 mm and seem to vary in
different time periods.
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Figure 15. (a) The precipitation rate (units: mm); (b) Differences in precipitation rate (units: mm),
and differences of 6-h (c) and 12-h (d) area-averaged accumulated precipitation between sensitivity
experiments and the CTL experiment (units: mm).

We have further examined differences of the 6-h and 12-h total precipitation between the DP, WP
and CTL experiments. In the DP ensembles, the differences of 6-h (Figure 15c) and 12-h (Figure 15d)
precipitation compared to the CTL experiment appear to be negative in most time periods except the
beginning time, which indicates that less precipitation has been reproduced in DP ensembles by the
MUS; in the WP ensembles these differences show small and positive values at beginning but they
become negative in the TUS period. Larger precipitation differences in the DP ensembles than in the
WP ensembles indicate that precipitation is more sensitive to dry surfaces than wet. Additionally,
decreased precipitation can be found in both the DP and WP ensembles, which are mostly affected by
the different MCSs induced by different PBL conditions as has been discussed.
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The comparative relations between precipitation and the PBL thermodynamic conditions are
identified by the variations of precipitation differences and the mean PBL temperature (moisture)
differences in the “DRY” and “WET” biases (Figure 16). Precipitation increase varies consistently with
the temperature decrease over dry surfaces and the moisture increase over wet. Temperature increase
over dry soil deepens the PBL and further suppresses the MSE from releasing in the PBL, and then
it weakens the low-level convections; moisture decrease shows the opposite effect. This relation is
more significant in “DRY” biases than in “WET” biases, indicating the effect of the initial wet surface.
However, the atmospheric control (defined as the negative biases in temperature over dry surfaces or
moisture over wet surfaces in Section 4.2) has greatly contributed to negative biases in precipitation
over both wet and dry surfaces.
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Figure 16. (a) Time series of precipitation differences (units: mm) and mean values of 0~1.5 km
perturbed potential temperature differences (units: K) between the DP ensembles and the CTL
experiment; (b) Time series of precipitation differences (units: mm) and mean values of 0~1.5 km water
vapor mix ratio differences (units: g¨kg´1) between the WP ensembles and the CTL experiment.

The relationships between land surface and PBL in this modeled rainstorm are well established in
Section 4.1, and the indirect relations between PBL and low-level winds modulated by nighttime MCSs
have been analyzed in Section 4.2. Regarding the soil moisture-precipitation feedback [9], the net
surface fluxes increase (decrease) over wet (dry) soil, further increase (decrease) the MSE in the PBL
and decrease (increase) the PBL depth, thus increasing (decrease) the potential convective activities and
precipitation. Additionally, the sensitivity of precipitation in many previous works has been studied
by using various measurements, such as maximum precipitation [19], peak precipitation [10] and
precipitation frequency [34]; trends of positive feedbacks between soil moisture and precipitation are
suggested in their studies, though these feedbacks can be affected by surface variability, environmental
factors and model parameterization. However, in this study, decreased precipitation can be found over
both wet and dry soils (Figure 14b). The significant wind anomalies induced by the nighttime TUS
differences which can be affected by both the late afternoon surface and atmosphere conditions have
played a dominant role in suppressing the low-level convections during nighttime when surface impact
weakens, and the atmospheric controls during daytime show a clear relationship with precipitation
decrease. This indicates that frontal forcing has suppressed the above-mentioned feedbacks during
this event.

5. Conclusions and Discussion

A typical 2.5-day rainstorm in the Yangtze River Basin during the East Asia summer monsoon,
including a multicellular storm (MUS) and a subsequent thunder storm (TUS), is studied by using the
WRF model (ARW, Version 3) coupled with the Noah LSM model and different reanalysis (as FNL,
ERA and Merged; see Section 2), in order to evaluate the model results by comparing the PBL, MCSs
and precipitation in the simulations compared to the observed rainstorms. Results show that MCSs are
reproduced in all simulations with different PBL profiles, low-level stream patterns and precipitation,
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showing that (1) both the ERA and Merged experiments agree better with the observations than the FNL
experiment; (2) fewer biases of MCSs and precipitation are reproduced in the Merged experiment than
in the other two experiments. These differences, resulting from different sophistications of atmospheric
conditions (as FNL and ERA) and soil moisture (as ERA and Merged), indicate that soil moisture has
significantly influenced the patterns of MCSs and precipitation in the convective-scale simulations.

The Merged simulation is the best duplicate of this observed rainstorm among all the above
experiments, and six following sensitivity experiments with systematically increased and decreased
soil moisture (WP and DP ensembles) are collected to investigate the impact of soil moisture on
this modeled simulation. It is found that (1) soil moisture has notably modulated the diurnal
variations of near-surface thermodynamics through the MSE releasing in the late afternoon; however,
significant anomalies of 500-m meridional winds in the local nighttime TUS are identified in the DP
ensembles compared to the CTL experiment, indicating the dominate role of environmental winds
in the soil-moisture-PBL relationships. It is also found that (2) these anomalies, resulting from the
different intensity of the TUS strengthened by the intense vertical shears, which is affected by the late
afternoon PBL anomalies induced by soil moisture, in turn suppress the local nighttime convective
activities in the PBL; and (3) two peaks of the precipitation rate show consistent variations with the
main two MCSs, and decreased precipitation could be found in both the WP and DP experiments.

In this paper, we have examined the internal relations between soil moisture, PBL and precipitation
by analyzing the near-surface thermodynamic conditions and exploring the varying temperature in
PBL, and precipitation differences between sensitivity and control experiments. Results show that
both the perturbed potential temperature over dry surfaces and the moisture over wet surfaces are
managed by the atmosphere conditions (Figure 12), and the former is also modulated by surface
heat exchange and the latter is also modulated by surface moisture exchange because HFX is larger
over dry surfaces than wet while LH is smaller (Figure 11), and sensitivities between PBL and soil
moisture are stronger over dry surfaces than wet surfaces due to the very wet initial surface [49].
These relations between soil moisture and near-surface thermodynamic conditions have been verified
by many previous large-scale works [43,47,48]. However, different from these works, results also show
a significant negative relationship between precipitation and the varying temperature of PBL over dry
surfaces, as well as a positive relationship between precipitation and moisture over wet (Figure 16);
decreased precipitation at the late stage of this rainstorm over both wet and dry surfaces is attributed
to the impact of the atmospheric forcing on the temperature and moisture of the whole PBL through
the MCSs. An earlier work [47] has pointed out that soil-atmosphere coupling is determined by the
ability of soil moisture to modulate surface fluxes and physical conditions of convections in moist
atmosphere. Generally, for a moist surface without clear soil moisture gradients in the Yangtze River
Basin, relations between soil moisture and near surface conditions are positive feedbacks as previously
mentioned, and the relations between soil moisture and the upper PBL and the final precipitation are
highly affected by thermodynamic variables of atmosphere conditions.

In general, the sophistication of soil-moisture datasets has largely determined an accurate MCS’s
performance to some extent, as it has been verified that perturbing soil moisture can improve the
precipitation forecast in a quite different climate [73]. The typical frontal rainstorm in two to three
days has contributed greatly to the summer precipitation [66]. The above-discussed effects of soil
moisture on model simulations as well as its effects on the PBL and precipitation are mostly qualitative.
More detailed and qualitative analyses should be carried out in other regions and with different
models in order to learn more about the linkages between soil moisture and the frontal rainstorms.
Improving our knowledge of these linkages and incorporating them into numerical models could
improve precipitation forecasts locally in the summertime.
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