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Introduction: This study is first to apply d iagnostic analysis of the forecast
tendencies to evaluate the simulation of equilibrium features in the South China
Sea and its surrounding areas using The Tropical Regional Atmosphere (TRAMS)
model, and further identify the sources of simulation biases of the model.

Methods: On the basis of the quasi equilibrium between dynamic and physical
processes, the deviation of net forecast tendencies, which reflects the overall
equilibrium of the model, serves as a good indicator of the model simulations
bias. The sources of the forecast error can be further inferred by decomposing
the net forecast tendencies into the dynamic and each physical process.

Results: Focusing on moisture and temperature tendencies, the results show
that the TRAMS model generally captures the thermal equilibrium
characteristics and the contributions of each physical process, which are
markedly different between summer and winter and are affected by the
Northwest Pacific Subtropical High (WPSH) and deep trough of East Asia
respectively. Furthermore, the underestimation of vapour consumption by
cloud microphysical parameterisation and the overestimation of sea surface
heat flux by boundary layer parameterisation near the surface contribute the
most to systematic model bias. The temperature bias from 900 to 300 hPa
during winter mainly originates from the responses of radiation, cumulus
convection, and cloud microphysical parameterisations because water
vapour absorbs long wave radiation, heating the atmosphere, and clouds
reduce short wave radi ation absorption, cooling it.

Discussion: The presented analyses provide a reference for further optimisation
and improvement of the model.
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1 Introduction

The dynamical core and physical parameterisation schemes are
two important components of the numerical model. The dynamical
core involves the numerical calculation of advection, convection,
and diffusion on a discrete grid, whereas the physical
parameterisation schemes control the sub-grid process related to
energy source sinks (Droegemeier et al,, 1991; Chen et al,, 2008;
Skamarock et al., 2008). Commonly used physical parameterisation
schemes include cumulus convection, cloud microphysical,
atmospheric boundary layer, radiation, and land surface process
parameterisations. During integration, the model dynamical core is
first called; each physical process parameterisation scheme is then
called sequentially. After calculating the tendencies of the dynamic
and physical processes, they are multiplied by the time step and
added to the state of the atmospheric field at the previous time step
to obtain the forecast field of the next timestep. Forecast tendencies
refer to the changing rate of variables, such as temperature and
moisture, with time. Thus, forecast tendencies can be regarded as the
response of each component to the current atmospheric state.

The dynamic and physical processes usually maintain a quasi-
equilibrium state in the actual atmosphere. For example, during the
cumulus convection process, the instability energy created by large-
scale processes (advection, radiation, and near-surface turbulence) is
almost completely consumed by small- and medium-scale convective
processes at the same rate, which contributes to the basis of the mass-
flux-based convective parameterisation scheme (Yanai et al, 1973;
Arakawa and Schubert, 1974). In the context of forecast tendency, the
sum of tendencies (i.e., the net tendency) from the dynamical core and
different physical parameterisation schemes can be seen as an indicator
of the equilibrium in the model atmosphere. For example, the
boundary layer process transports vapour from the near surface,
and cumulus convection and cloud microphysical parameterisation
consume the vapour through the formation of clouds. Their joint
effects approximately result in a thermal quasi-equilibrium of moisture
in the lower troposphere.

Owing to the shortcomings in the design of the individual module
schemes, the model forecast tendency bias may affect the general
equilibrium features in numerical simulations. Early studies (Rodwell
and Palmer, 2007; Martin et al., 2010; Zhang et al,, 2011; Kay et al,
2011; Williams et al., 2013; Klocke and Rodwell, 2014; Crawford et al.,
2020; Wong et al..2020) demonstrated a clear correspondence
between the model's net forecast tendencies and forecast biases
and that diagnostic analyses of the tendencies of each process can
reveal their contributions to the simulation results (Klinker and
Sardeshmukh, 1992; Phillips et al., 2004; Rodwell et al., 2010; Ma
et al,, 2016; Chen et al,, 2021).

Therefore, to improve the accuracy of numerical weather
models, diagnostic analyses of the tendencies from dynamic
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processes and each physical process (such as radiation, cumulus
convection, and cloud microphysical processes) are important to
optimise the dynamical core and physical parameterisation
schemes (Tron and Davis, 2012). Cavallo et al. (2016) applied this
method to diagnose the region model first and found that erroneously
strong low-level heating originates from the boundary layer
parameterisation impacting the upward sensible heat fluxes.

The Tropical Regional Atmosphere Model (TRAMS), developed
and operated by the Guangzhou Institute of Tropical Marine
Meteorology of the China Meteorological Administration, focuses
on numerical weather prediction in the South China Sea and
surrounding areas. Previous studies have indicated that the
simulation of TRAMS usually has errors due to the weak typhoon
intensity, inaccurate summer rainstorm location, and slow cold front
movement (Chen et al,, 2016; Xu et al., 2019; Li et al,, 2021; Lin et al.,
2022). However, the sources of its systematic forecast bias remain
unclear because of the lack of a diagnostic method for the dynamic
core and physical parameterisation schemes. At present, the tendency
analysis method provides an effective means of searching for sources
of error. The weather systems and causes of model error are different
in winter and summer. The analysis of typical atmospheric circulation
during the seasons is expected to provide a reference for further
optimisation and improvement of the simulation in the South China
Sea and surrounding areas.

The paper is organised as follows: Section 2 introduces the
model, cases, and diagnostic method used in the experiment;
Section 3 analyses the forecast tendency characteristics of each
physical process; the relationships among them are discussed in
Section 4; and Section 5 provides the conclusions and discussion.

2 Description of model, case, and
method

2.1 Model and data

The data used in this study included operational analysis and
forecast data (grid 0.09° x 0.09°) from the European Centre for
Medium-Range Weather Forecasts (ECMWEF) and fifth-generation
ECMWEF atmospheric reanalysis of the global climate reanalysis data
(ERA5) (gridded 0.25° x 0.257). The TRAMS model domain covers an
area of 81.6’E-160’E and 0.8'N-50.8°N (Figure 1), with a horizontal
resolution of 9 km and terrain following the vertical coordinates of
65 layers up to 31 km. The initial and lateral boundary fields are
obtained from the global analysis data of the ECMWF (gridded at
0.09° x 0.09°), and the lateral boundary condition is updated every 6 h.
The integration time step of the model is 90 s. The physics schemes
included the WRF single-moment 6-class (WSM6) microphysical
scheme (Hong et al, 2004), the improved New Simplified
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FIGURE 1
Model domain (the filled colours in the figure indicate terrain
height).

Arakawa-Schubert (NSAS) cumulus parameterisation scheme (Han
and Pan, 2011; Xu et al, 2015), the New Medium-Range Forecast
(NMRF) planetary boundary layer scheme (Hong and Pan, 1996;
Zhang et al., 2022), the RRTMG long-wave and short-wave radiation
schemes (Laconao et al, 2008), and the slab land-surface model
(Dudhia et al,, 1996).

2.2 Description of the case study

This study focused on two typical weather types in South
China: 1) heavy summer rain and 2) cold winter spells. The cases
were heavy rain from 1200 UTC 21 to 1200 UTC 24 May
2020 and cold spells from 0000 UTC 27 to 0000 UTC
30 December 2020. The mean circulation of heavy rain from
ERAS5 showed that South China was at the bottom of the deep
trough of East Asia and behind the eastward short-wave trough
(Figure 2A), which is a typical circulation for the rainstorms in
South China (Xu et al., 2016). The mean circulation of winter
cold spells is characterised by a low-pressure trough and cold
tongue overlap in most of the country, with dense isothermal
lines in South China (Figure 2B), which is also a typical
circulation of cold spells. Therefore, we selected these two
typical weather types to evaluate the simulation of thermal
equilibrium characteristics in the South China Sea and
surrounding areas using TRAMS.

2.3 Method

According to the method proposed by Klinker and
Sardeshmukh (1992), during data assimilation, analysis at the
previous time i-1 and the state of the atmosphere of this forecast
at the lead time (AX;) are used to initialise the “first-guess”
forecast (FC;):
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FIGURE 2

Mean circulation from ERA5 reanalysis data. (A) 500 hPa of
summer heavy rain; (B) 925 hPa of winter cold spell. Potential
height (blue line, dgpm, temperature (red line, °C); wind (vector,
m/s).

FCi = ANifl + AXi. (1)

The analysis increment (INC;) is derived by “optimally
combining” information from various observations and then
adding it to the first-guess forecast. The updated analysis at
time i (AN;) is calculated as follows:

AN; = FC; + INC,. (2)

Although the new observations have errors and cannot
completely describe the atmospheric state, if the new analysis
is closer to the truth than the first-guess forecast, these
increments can be informative in identifying the model errors.
The forecast error (FE;) during mode integration can be derived
from Egs 1, 2 as

FE, = FC, - AN, (= —-INC,) = AN,_, + AX; - AN,.  (3)

Hence, the forecast error is considered negative for the
increment. If the observation and first-guess forecast are
exactly correct, then the increment is zero. Assuming that the
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observation errors are random and that the sample is sufficient,
the mean observation error is zero. Thus, the non-zero analysis
increment is due to errors in the model’s representation of the
atmosphere’s dynamic or physical processes.

By averaging Eq. 3 over n consecutive analysis cycles and

with Y = L‘;‘Yi,

—— AN,-A
E=—INC=AX—M.

n

(4)

AN,-ANy

—=~1 is the evolution of the flow over the time

The term
span of n analysis cycles. Depending on the length of n, this

can include the daily or annual of the atmosphere. However,
we assume that this term is negligible relative to the forecast
error.

Considering the first-guess forecast as an average tendency
over the time window (X = %) and decomposing it into the
contribution from each process represented in the model

(Cavallo et al.,, 2016),

E = —INC:}At = (§Dyn + _XRud + §Gwd + §Vdif

+§Conv + }Cloud +...+ Xres)At)
®)

where the right-hand brackets of the equation indicate the dynamics,
radiation, gravity spell drag, vertical diffusion, convection, cloud, and
other residential tendencies. The last term in the mean is usually
ignored. Eq. 5 implies the theoretical correspondence of the model
tendency and error, and the systematic forecast bias of the model can
be regarded as the deviation of the net tendency with respect to the
equilibrium state (net tendency equal to 0); while the dynamical core
and physics schemes of the model should be in a quasi-equilibrium
state in the ideal case, the deviation of the forecast tendency with
respect to 0 (net tendency) can be used to assess the overall
equilibrium features of the model. By decomposing the net
forecast tendencies into the dynamical and each physical
tendency, their contributions to simulations under different
weather conditions can be further estimated.

3 Comparative analysis of moisture
and temperature tendencies

Because of the weak baroclinicity of the tropical weather
system in the South China Sea and its surrounding area, the
convective instability energy mainly comes from the latent heat
released by the condensation of warm and humid airflow in the
lower troposphere. Therefore, we mainly discuss the thermal
equilibrium characteristics of the TRAMS model from the
perspective of temperature and water vapour. The moisture
(g) and temperature (T) tendencies of the dynamical and each
physical parameterisation scheme during model integration can
be written as
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or = —ﬁaT - ﬂa—T - wa—T +Bl + Conv + Cloud + Rad,

(6)

ot ox 9y oz
Dyn
0q 0T oT _oT
P —ua - V@ - wg +BI + Conv + Cloud, (7)
Dyn

where (i1, v, w) are the three-dimensional wind field and BI,
Conv, Cloud, and Rad are the source-sink terms of the boundary
layer, cumulus convection, cloud microphysical, and radiation
parameterisations, respectively. The first three terms on the
right-hand side of Eqs 6, 7 represent the advection process in
the grid scale, which corresponds to the tendency of the
dynamical core. According to the aforementioned two
equations, the thermodynamic balance characteristics and
contributions of each component in various weather systems
can be determined.

3.1 Analysis of moisture and temperature
tendencies from dynamic and total
physics

First, the tendencies of each integration step are summed
to get 72-h accumulated tendencies. Second, the regional
average of the accumulated tendencies is calculated. Finally,
we add the averaged tendencies of the dynamic (Dyn) and the
physical (Phy) processes to obtain the net forecast tendencies
(Net) (Figure 3).

The
concentrated below 200 hPa (troposphere) in both summer

deviations in moisture tendencies are mainly
and winter (Figures 3A,B). Regardless of the season, because
of water vapour transport from the near-surface by the vertical
movement of the grid-scale (the third term on the right side of
Eq. 7), the dynamic tendencies of moisture exhibit negative
values near the surface, while showing a vertically extended
positive value in the middle and upper troposphere, with a
maximum at 950 hPa in summer (-4 x 107 g/kg) and winter
(=7 x 107 g/kg). The physical and dynamic tendencies are
roughly the opposite. The positive physical tendencies in the
lower layers are attributed to the upward diffusion of evaporated
water vapour from the near-surface and the evaporation of
raindrops, whereas the negative physical tendencies in the
middle and upper layers are mainly attributed to the water
vapour condensation of the cumulus convection and cloud
microphysical parameterisation. However, a net moisture
tendency imbalance remains, with relatively obvious positive
values from 925 to 700hPa in both summer and winter,
which suggests that the TRAMS overestimates moisture at
925-700 hPa in the South China Sea and its surrounding
areas, with the same maximum value at 900 hPa (1 x 107 g/kg).

The temperature tendencies differed between summer and
winter (Figures 3C,D), with deviations mainly below 250 hPa in
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tendency (°C). (D) Winter temperature tendency; dynamic process tendency (red line), physical process tendency (blue line), and net tendency

(yellow).

summer and below 800 hPa in winter. During summer, the
convection is relatively strong and deep; thus, the physical
tendency is mainly positive in the middle and upper
troposphere, with a maximum at 400 hPa (6°C) for strong
latent heat release. Meanwhile, the dynamic process transports
heat from the South China Sea and its surrounding regions to the
middle and high latitudes through Hadley circulation and then
reach temperature equilibrium. In the lower troposphere, the
positive dynamic tendency originates from the warm and humid
airflow brought by the southerly wind, while the negative
physical tendency is mainly caused by the evaporation of
raindrops, which absorb the heat from the atmosphere. In
winter, the convection is relatively weak and shallow, resulting
in a smaller positive physical tendency in the middle troposphere
at 400-100 hPa. However, the negative tendency of the dynamic
process near the surface, with a maximum at 900 hPa (6.5°C),
mainly originates from the cold advection, and the greater
differences between the surface and

temperature sea
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atmosphere cause the physical process to deeply heat the
lower atmosphere. The dynamic and physical tendencies are
inverse between summer and winter, as discussed later.

Under the joint effect of dynamic and physical processes, the
net temperature tendencies showed a negative bias in the forecast
temperature in the lower troposphere, with a maximum value
(-3°C) at 925 hPa in the simulation of the South China Sea and its
The
tendencies between summer and winter are

surrounding areas during summer. differences in
temperature
centered at 600-300 hPa, whereas positive tendencies are
observed in winter. In addition, the temperature deviation
above the tropopause mainly originates from the mode
dynamical core, which may be related to the low top height of
the model.

The comparison between summer and winter showed that
the moisture and temperature tendency deviations were mainly
concentrated in the middle troposphere during the summer and

in the lower troposphere during the winter. The similarity in the
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simulation errors of moisture and temperature between summer
and winter at the lower troposphere may be the result of
systematic bias in the model due to shallow or weak
convection. Thus, the consumption of water vapour is low
and the release of latent heat is insufficient, resulting in a cold
and wet lower layer. However, the differences in the simulation
errors, especially those in the middle troposphere during winter,
may originate from the bias in the response of the physical
parameterisation schemes, which will be discussed in the next
section.

3.2 Analysis of moisture and temperature
tendencies for individual physical
processes

The regional average moisture tendencies from the boundary
layer (BL), cumulus convection (Conv), and cloud microphysical
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(Cloud) processes are shown in Figures 4A,B. The variation
trends in moisture tendencies for each physical process were
similar in the summer and winter. The vapour in the lower
troposphere mainly comes from water evaporation from the
ground and sea surface. Therefore, the moisture regional
average tendencies of the boundary layer process were mainly
positive, with the same maximum at 925 hPa in both summer
and winter (9 x 107 g/kg). The high temperature and humidity
in the lower troposphere enhance low-level instability and favour
convection that transports vapour upward further. Hence, the
regional average moisture tendencies of the cumulus convection
process were mainly negative throughout the troposphere,
reaching the same minimum at 950 hPa (5x107° g/kg) in both
summer and winter.

Generally, the stronger the deep convection, the higher the
the
microphysical process is mainly negative for vapour

cloud. Hence, the moisture tendency in cloud

condensation in the upper troposphere and positive for
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water evaporation in the middle and lower troposphere during
summer. This occurs mainly in the lower troposphere during
winter due to weak convection.

The regional average temperature tendencies of the
boundary layer (BL), cumulus convection (Conv), cloud
microphysical (Cloud), radiation (Rad), long-wave radiation
(Lw) process, and short-spell radiation (Sw) processes are
shown in Figures 4C,D. The heat from the ground and sea
surface has a moderating effect on the temperature near the
surface; therefore, the boundary layer process mainly
contributed positively to the temperature at the low level,
reaching a maximum at 1000 hPa in both summer (14°C)
and winter (20°C). However, a negative tendency was also
observed at 800-600 hPa in winter, which may be related to
the the of

stratocumulus cumulus convection

turbulent entrainment process near tops

clouds. During the
process, the lifted vapour condenses and releases latent heat,
which heats the atmosphere. Therefore, the temperature
tendencies are mainly positive, with a maximum at 500 hPa
in summer (7°C) and winter (5°C).

Vapour condensation releases heat and increases the
heat

decreases the temperature. In the cloud microphysical process,

temperature, and water evaporation absorbs and
the temperature is influenced by the phase change of the vapour.
Hence, the temperature and moisture tendencies of the cloud
The

cooled by long-wave radiation and

microphysical process are approximately inverse.
troposphere is mostly
heated by short-wave radiation. The long-wave radiation
temperature tendencies are 2-3 times higher than those of
short-wave radiation; therefore, the radiation process mainly
cools the atmosphere. Above the boundary layer, the
tendencies of the radiation and convection processes are
almost in equilibrium.

In conclusion, the contributions of each physical process to the
thermal equilibrium simulated by the TRAMS are generally
reasonable in the South China Sea and surrounding areas. The
regional average moisture and temperature tendencies of each
physical process reveal that the boundary layer parameterisation
always has positive contributions to moisture and temperature in the
lower troposphere by transporting water vapour and heat from the
near-surface to the lower troposphere. The cumulus convection
parameterisation has negative contributions to moisture and
temperature in the lower troposphere to further transport water
vapour and heat, whereas it has a negative contribution to moisture
and a positive contribution to temperature for water vapour
condensation and latent heat release. The cloud microphysical
parameterisation has positive contributions to moisture and
negative contributions to temperature for water evaporation and
heat absorption and opposite contributions to the middle and upper
troposphere for water vapour condensation and latent heat release.
However, the contribution altitude of cloud microphysical
parameterisation differs between winter and summer owing to

the convection.
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In addition, the negative temperature tendencies in
summer and bias of temperature tendencies from 900 to
300 hPa in winter mainly come from the radiation
parameterisation, which may be affected by the cumulus
convection and cloud microphysical parameterisation (cf.
Figures 3,4) because water vapour absorbs long-wave
radiation to heat the atmosphere and clouds reduce
short-wave radiation absorption to cool the atmosphere.
Additionally, the inverse temperature tendencies of the
dynamic and physical tendencies originate from the
height of the cloud microphysics latent heat release and
heating influence of the boundary layer (cf. Figures
3C,D,4C,D,5E,F).

3.3 Further analysis of moisture and
temperature tendencies from BL, Conv,
and Cloud

Next, we analysed the latitudinal average and horizontal
patterns with an apparent deviation of the boundary layer,
cumulus convection, and cloud microphysical processes,
which have a major effect on moisture and temperature
predictions.

The moisture and temperature tendencies of the boundary
layer process were mainly observed in the lower troposphere in
both cases, especially over the ocean and coastal areas (Figure 5),
which are mainly influenced by turbulent diffusion. During the
summer, vapour and heat are mainly observed over Kuroshio
and the downwelling area controlled by the WPSH (Figure 5C).
In addition, a positive temperature tendency was observed at the
bottom of the troposphere (Figure 5E). During the winter, the
atmosphere energy mainly comes from the ocean; thus, the
boundary layer process has a wider and higher influence on
moisture and temperature compared to that in the summer,
especially in the mid-latitudes, where the temperature differences
between the sea surface and atmosphere are large. In addition, the
warm and moist air was lifted by the topography of the Tibetan
Plateau to condense and release latent heat near the height of
500 hPa at 80°E-120°E (Figures 5E,F). A comparison of net
temperature tendencies revealed that the positive tendencies
near the surface may be attributed to the overestimation of
the heat the
parameterisation (cf. Figures 3C,D,5EF), which is consistent

sea  surface flux by boundary layer
with the conclusion reported by Cavallo et al. (2016).

The moisture and temperature tendencies of the cumulus
convection process are displayed in Figure 6. By transporting
vapour and heat from the surface, the boundary layer process
potentially enhance instability in the lower troposphere and
favour the development of convection, which further
transports vapour upward and heats the atmosphere with
latent heat. Thus, the value of the tendencies is higher in

summer owing to the more vigorous and deeper convection.
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TABLE 1 Correlation coefficients of the vapour tendencies for each process in the summer.

10.3389/feart.2022.1052517

Process Physics Boundary layer Cumulus convection Qv in cloud Qc in cloud
Boundary layer 0.901*
Cumulus convection -0.695*% —0.882*%
Qv in cloud 0.342 0.195 -0.422
Qc in cloud 0.554* 0.646* —0.852* 0.617*
Qi in cloud 0.523* 0.316 -0.291 0.491 0.396
Note: Qv in the cloud indicates the tendency of water vapour caused by cloud microphysical processes. Thus, Qc (liquid water) and Qi (ice) are in the cloud.
TABLE 2 Correlation coefficients of the vapour tendencies for each process in the winter.
Process Physics Boundary layer Cumulus convection Qv in cloud Qc in cloud
Boundary layer 0.959*
Cumulus convection -0.844* —-0.908*
Qv in cloud 0.347 0.157 -0.352
Qc in cloud 0.825* 0.877* —0.953* 0.322
Qi in cloud -0.092 0.010 —-0.003 —-0.401 0.140
TABLE 3 Correlation coefficients of the temperature tendencies for each process in the summer.
Process Physics Boundary layer Cumulus convection Cloud
Boundary layer 0.253
Cumulus convection 0.258 -0.325
Cloud 0.356 —0.598* 0.152
Radiation 0.059 -0.325 -0.502 0.180
TABLE 4 Correlation coefficients of the temperature tendencies for each process in the winter.
Process Physics Boundary layer Cumulus convection Cloud
Boundary layer 0.795*
Cumulus convection -0.125 -0.388
Cloud -0.359 —-0.806* 0.320
Radiation 0.036 0.059 -0.817* -0.014

Note: * indicates that the 95% confidence check was passed.

Furthermore, a southwest-northeast zone with relatively
obvious temperature tendencies is observed in South China

during the summer (Figure 6G), corresponding to the rainfall

zone. While related to the deviation of temperature
tendencies, once the deep convection is triggered, the
consumption of vapour and formation of clouds reduces

Frontiers in Earth Science

1

and cools the atmosphere.
In the cloud microphysical process, the moisture

the absorption of both long-wave and short-wave radiation

tendencies are mainly negative (Figures 7A,B), and the
temperature tendencies are usually positive (Figures 7E,F)
when vapour condenses into drops and ice in the cloud
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after lifting to the condensation height by convection. The
clouds are usually higher and more widespread in summer but
be lower and concentrated over the ocean in winter. Moisture
and temperature tendencies are mainly affected by the WPSH
in summer and the deep trough of East Asia in winter (cf.
Figures 2, 7C,D,G,H). The warm and moist airflow brought by
the southwesterly wind meets the cold and dry airflow moving
southward at the northern branch of the WPSH, which is conducive to
the convergence of vapour and the formation of clouds and rain. The
deep trough of East Asia is also favorable for the upward movement
and condensation of vapour. The moisture tendencies of the cloud
microphysical process are mainly observed above the ocean in winter
but expand to land in summer because of the westward extension of
the WPSH. A comparison of net moisture tendencies showed that the
positive tendencies in the lower troposphere may occur due to the
underestimation of vapour consumption by the cloud microphysical
parameterisation (cf. Figures 3A,B,5EF).

The boundary layer process transports vapour and energy to
the lower troposphere via turbulent diffusion and is conducive to
the development of convection. After lifting to the condensation
height by convection, vapour condenses and is partly converted
into raindrops and ice in the cloud in the cumulus convection
and cloud microphysical processes, which heats the atmosphere
through latent heat. Therefore, the WPSH and deep trough of
East Asia, which favour the upward and convergence of airflow,
primarily affect the moisture and temperature in the simulation
of the South China Sea and its surrounding areas.

The results show that the underestimation of the vapour
consumption by cloud microphysical parameterisation and the
overestimation of the sea surface heat flux by boundary layer
parameterisation yield relatively high moisture and temperature
in the lower troposphere. The temperature forecast bias from
900 to 300 hPa is mainly caused by the responses of radiation,
cumulus convection, and cloud microphysical parameterisations.

4 Correlation of moisture and
temperature regional average _
tendencies from dynamic and physics

To further analyse the interactions of the dynamic and each
physical process, we calculated the correlation coefficients of the
regional average moisture and temperature tendencies from the
dynamic and each physical process (each fold in Figure 4).

The boundary layer and cumulus convection processes showed
major contributions to the moisture tendencies in both summer and
winter and were always anti-correlated, with correlation coefficients
as high as 0.882 in summer and 0.908 in winter (Tables 1,2). In
addition, the obvious positive correlation between vapour (Qv) and
water (Qc) in the cloud microphysical process during summer
(correlation coefficient 0.617) suggested the important role of the
warm cloud process in the cloud microphysical process.
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None of the physical processes is significantly correlated with
the total physical process in summer, and only the boundary layer
process showed significant effects on temperature prediction in winter
(Tables 3,4). The correlation coefficients of the boundary layer and the
total physical processes in winter were larger than those in summer
because the ground and ocean are the main sources of heat. In
addition, the inverse relationship between the radiation process and
cumulus convection process in winter also supported the idea that
vapour consumption and cloud formation reduce the absorption of
both long-wave and short-wave radiation and cool the atmosphere.
Furthermore, their correlation coefficient was not low in the summer,
although the difference was not statistically significant.

The boundary layer and cumulus convection processes
contribute markedly to moisture and temperature prediction.
Their interactions are important for the simulation of the
thermal equilibrium. The importance of the boundary layer
process can be inferred from its significant correlations with
both temperature and moisture. In addition, the inverse
relationship between the radiation and cumulus convection
processes also supports the idea that the reduction of vapour
by deep convection is favourable for radiation cooling.

5 Conclusion and discussion

Focusing on two typical weather types in the South China Sea
and its surrounding areas, this study evaluated the thermal
equilibrium simulated by the TRAMS in terms of forecast
tendencies. By examining the contributions of the dynamic and
each physical process, we identified the sources of simulation
biases and provide a reference for further optimisation and
improvement of the model. The conclusions are as follows.

1) The equilibrium characteristics of the model simulation are
generally reasonable, showing that the dynamic and physical
processes have opposite trends and largely balance each other.
Consistent with the actual situation, moisture and temperature
departures are mainly concentrated in the middle troposphere
during the summer and in the lower troposphere during the winter.

2

~

The contributions of each physical process to the thermal
equilibrium are generally reasonable; however, the differences
between summer and winter are marked. The results showed
that the underestimation of vapour consumption by cloud
microphysical parameterisation and the overestimation of sea
surface heat flux by the boundary layer parameterisation near
the surface dominate the systematic bias of the model. The
temperature bias from 900 hPa to 300 hPa during the winter
mainly originates from the responses of radiation, cumulus
convection, and cloud microphysical parameterisations.
Water vapour absorbs long-wave radiation to heat the
atmosphere, whereas clouds reduce short-wave radiation
absorption to cool the atmosphere.
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3) The WPSH and deep trough of East Asia, which are
conducive to uplift and convergence, primarily affected the
difference in each physical parameterisation response
between summer and winter in the simulation of the

South China Sea and its surrounding areas.

This study mainly focused on the evaluation of thermal
equilibrium in the troposphere. However, relatively distinct
deviations occur near the surface and above the stratosphere, the
causes of which remain unclear. Furthermore, this study only
analysed the thermal equilibrium of the dynamic and physical
processes and the interaction of each physical process. Several
other equilibria require further evaluation in this model. Studies
are needed to compare the tendencies of the TRAMS to the standard
tendency data provided by the Year of Tropical Convection (YOTC)
project (Moncrieff et al,, 2012) to analyse the deviation of each
process and further evaluate its impact on the forecast.
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