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Effects of artificial local compensation of convective mass flux
in the cumulus parameterization
, Chien-Ming Wu'

Hing Ong? , and Hung-Chi Kuo?

'Department of Atmospheric Sciences, National Taiwan University, Taipei, Taiwan

Abstract in this study, a hybrid mass flux cumulus scheme (HYMACS) is developed for the Weather
Research and Forecasting Model (WRF). Idealized experiments are performed to evaluate its effects on tropi-
cal cyclone simulations. Classical cumulus schemes assume artificial local compensation of convective mass
flux. In contrast, HYMACS treats subgrid-scale mass flux convergence or divergence as parameterized mass
sources or sinks. When the mass sources or sinks are introduced to the mass continuity equation in a nonhy-
drostatic fully compressible model, the model dynamics would resolve the mass-compensating motion, i.e.,
dynamic compensation of convective mass flux. A hierarchy of experiments is conducted to demonstrate
the effects of the artificial local compensation. The results of the mass compensation experiment show that
the amplitude of the column mass change with the artificial local compensation is more sensitive to the
change of the horizontal resolution between 3 and 27 km than the dynamic compensation. The results of
the piggybacking tropical cyclone simulations at 9 km resolution suggest that the artificial local compensa-
tion in the Kain-Fritsch scheme (KF) concentrates vertical exchange of dry static energy and moisture and
induces secondary circulation, which could lead to sea level pressure decrease and enhanced precipitation.
These results indicate that the artificial local compensation at the gray-zone resolution could cause signifi-
cant effects on tropical cyclone dynamics, so it is important to avoid the artificial local compensation for
cumulus parameterization at such resolution.

1. Introduction

Cumulus convection is an essential process in the earth system because it interacts with other important
processes, such as dynamical, hydrological, radiative, and boundary layer processes. Thus, representing
cumulus convection is a fundamental problem in modeling weather and climate of the earth system. How-
ever, one of the major problems in representing cumulus convection in the large-scale models is the lack of
a general framework for the cloud model in the cumulus parameterization to have a horizontally nonlocal
structure [Arakawa, 2004]. When the horizontal resolution reaches the gray-zone resolution at tens of km or
finer, the horizontally nonlocal structure should be viewed as a hybrid issue involving subgrid-scale and
grid-scale processes [Arakawa and Wu, 2013; Arakawa et al., 2011; Molinari and Dudek, 1992]. One approach
called the unified parameterization adjusts the effects of the cumulus parameterization through diagnosing
the convective updraft fraction, and the horizontally nonlocal structure of convective systems is passed
from the subgrid-scale processes to the grid-scale ones when the convective updraft fraction increases [Ara-
kawa and Wu, 2013; Wu and Arakawa, 2014]. Nevertheless, other approaches could be parameterizing the
relative subgrid-scale vertical transport with respect to the grid-scale one [Park, 2014] or directly replacing
the cumulus parameterization with a cloud-resolving model [Grabowski, 2001; Grabowski and Smolarkiewicz,
19991. In this study, we focus on improving the cloud model in the cumulus parameterization as a basis for
the unified parameterization.

The cloud model in the cumulus parameterization usually includes convective drafts and their environment.
At the gray-zone resolution, the hybrid approach treats convective drafts as subgrid-scale processes but
permits the environment to be horizontally nonlocal [Kain, 2004; Kain and Fritsch, 1990, 1993; Kreitzberg and
Perkey, 1977; Kuell and Bott, 2008; Kuell et al., 2007; Molinari and Dudek, 1992]. There have been two stages
of the development of the hybrid approach. In the first stage, Kreitzberg and Perkey [1977] developed a
hybrid scheme for allowing nonlocal precipitation of convective-generated hydrometeors. It deals with
subgrid-scale hydrometeor flux convergence as subgrid-scale hydrometeor sources, which are introduced
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Figure 1. The schematic vertical cross sections for HYMACS are depicted as follows: (a) the scale of a convective updraft and a mass-
compensating environment compared with the size of grid columns; (b) how subgrid-scale mass convergence or divergence is treated in
a grid column; and (c) how grid-scale dynamics respond to the subgrid-scale mass source and sink.

to the grid-scale hydrometeor equations so that the model dynamics and the microphysics scheme could
adjust the precipitation. Combining this approach and the convective available potential energy removal
closure [Fritsch and Chappell, 1980], the Kain-Fritsch schemes (KF) [Kain, 2004; Kain and Fritsch, 1990, 1993]
have become one of the most popular cumulus schemes in the Weather Research and Forecasting Model
(WRF) [Skamarock et al., 2008]. In the second stage, Kuell et al. [2007] advanced the hybrid approach for per-
mitting nonlocal compensation of convective mass flux, and a scheme using such approach is called a
hybrid mass flux cumulus scheme (HYMACS). They suggested that as the increase of the horizontal resolu-
tion, the assumption of local compensation of convective mass flux might not be valid as illustrated in an
example in Figure 1. In Figure 1a, the cumulus cloud represents a convective updraft, and the orange arrows
represent the mass-compensating motion. When the grid size is large (27 km in this figure), the
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compensating motion occurs within the grid cell. With the increase of the horizontal resolution (9 km), the
compensating motion can spread wider than the grid cell. In this case, classical cumulus schemes with the
artificial, i.e., humanly contrived, local compensation might overdo their jobs. On the other hand, HYMACS
treats subgrid-scale mass flux convergence or divergence as subgrid-scale mass sources or sinks as shown
in Figure 1b, where a subgrid-scale convective updraft lifts some air mass from the bottom to the top, mak-
ing the bottom a mass sink and making the top a mass source. Then, the mass sources and sinks are used
in the mass continuity equation in a fully compressible nonhydrostatic model to dynamically adjust the
compensating motion, hereafter the dynamic compensation. Kuell et al. [2007] performed mass lifting
experiments which show that the dynamic compensation could spread horizontally as schematically shown
in Figure 1c, where the grid-scale compensating motion is depicted; some of the compensating motion
spreads to the adjacent grid cells. Furthermore, HYMACS was tested in various real cases and got realistic
results in terms of the spatial distribution of precipitation [Kuell and Bott, 2008, 2009]. Nevertheless, a similar
approach was tested in Grell and Freitas [2014], but the mass compensation is artificially spread to the
adjoining grid columns only. On the other hand, classical schemes offset the net subgrid-scale mass flux
with the artificial local compensation, heating the air mass instead of lifting it. In comparison to the dynamic
compensation, the local compensation should do the same amount of forcing and might further concen-
trate the forcing, which could enhance the horizontal gradient of the forcing around the grid column.
In response, the grid-scale mass fields would be adjusted toward hydrostatic balance by thermal-induced
secondary circulation given enough horizontal gradient of the thermal forcing. Note that the local-
compensating mass flux is inversely proportional to the area of the grid cell owing to mass conservation.
Thus, given the subgrid-scale convective draft, it is hypothesized that the grid-scale transient response, e.g.,
the column mass change, with the local compensation might be more sensitive to the change of the hori-
zontal resolution than that with the dynamic compensation. If this is true, HYMACS might be a proper first
step toward the unified parameterization because it can be adapted from a classical scheme without intro-
ducing any new parameter as formulated in Appendix section A1 through section A3. In this study, follow-
ing Kuell et al. [2007], a mass compensation experiment with WRF further compares the dynamic
compensation with the local one in terms of the sensitivity to the change of the horizontal resolution from
3 km to 27 km while the forcing is controlled by prescribed conditions.

With the increase of computer resources, the horizontal resolution of fully compressible nonhydrostatic
global models [Gassmann, 2013; Miyakawa et al., 2014; Skamarock et al., 2012] reaches the gray-zone resolu-
tion at tens of km or finer, even within 1 km, and the performance of tropical cyclone simulations is impor-
tant for such models. For example, Yamada et al. [2010] projected the future changes in tropical cyclone
activities with the Nonhydrostatic Icosahedral Atmospheric Model (NICAM) at 14 km resolution without any
cumulus parameterization, but Emanuel et al. [2010] pointed out that the horizontal resolution was too
coarse to simulate intense tropical cyclones, causing a truncation error of the intensity spectrum. Moreover,
a wide range of horizontal resolution from 1 km to 9 km is tested for real tropical cyclone cases [Davis and
Bosart, 2002; Gentry and Lackmann, 2010; Sun et al., 2013]. Their results suggested that the simulations at
3 km resolution without any cumulus parameterization agree best with observed intensification, and those
with finer resolution capture more convective drafts. Sun et al. [2013] further pointed out that advances in
current cumulus schemes could be important to tropical cyclone simulation. For instance, previous studies
[Davis and Bosart, 2002; Singh and Mandal, 2014; Srinivas et al., 2007; Sun et al.,, 2013] suggested that the
minimum sea level pressure of simulated tropical cyclones with KF scheme at about 9 km resolution has a
low bias which could reach 30 hPa. In this paper, the role of the local compensation in the simulated tropi-
cal cyclone is assessed through analyzing the transient effects of removing the local compensation. Accord-
ingly, we adapt KF scheme into a HYMACS (HY) where the dynamic compensation is used instead of the
local compensation while the trigger function and the algorithm diagnosing the subgrid-scale convective
drafts remain unchanged. The detailed formulation of HY and KF for WRF is in Appendix section A1 through
section A4, and additional descriptions on the grid-scale response to each scheme are in Appendix section
A5. Note that the subgrid-scale convective drafts and the mass-compensating motion exchange mass verti-
cally. Given the subgrid-scale convective drafts, the dynamic compensation partially spreads to adjacent
grid cells, but the local compensation is locally concentrated. Thus, it is hypothesized that the local compen-
sation concentrates vertical exchange of air mass, causing a concentrated vertical exchange of dry static
energy and moisture. The grid-scale response to the exchange might be shifted away from where the
subgrid-scale forcing occurs owing to the secondary circulation of the tropical cyclone [Houze, 2010;
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Rotunno and Emanuel, 1987]. Also, the secondary circulation in response to the subgrid-scale thermal forc-
ing might be inhibited in regions with high inertial stability, which enhances the grid-scale thermal
response [Rozoff et al.,, 2012; Schubert and Hack, 1982] and might lead to changes in sea level pressure or
precipitation. To this end, a piggybacking experiment [Grabowski, 2015] of idealized tropical cyclone simula-
tions with WRF at 9 km resolution untangles the effects of the local compensation from coupling with tropi-
cal cyclone dynamics because KF and HY are compared while the tropical cyclone is controlled by driving
simulations.

The mass compensation experiment is presented in section 2. The effects of artificial local compensation
in the piggybacking experiment is presented in section 3. Summaries and discussions are presented in
section 4.

2. Mass Compensation Experiment

2.1. Design

The mass compensation experiment aims to test the sensitivity of mass compensation processes to the
change of the horizontal resolution. Following the mass lifting experiments in Kuell et al. [2007], in which
the dynamic compensation is tested, this experiment further compares the dynamic compensation with the
local compensation with horizontal resolution at 3, 9, and 27 km. Accordingly, there are six sensitivity simu-
lations in this section as follows: L3, L9, L27, D3, D9, and D27, where L denotes the local compensation, and
D denotes the dynamic compensation.

To compare the local compensation and the dynamic compensation, a plume model with a prescribed con-
vective updraft is used instead of the plume models in KF. The prescribed updraft is designed to mimic Fig-
ure 1b; it lifts air mass in the active column at the middle of the domain from the bottom to 12.5 km height
at an arbitrary constant mass lifting rate. The potential temperature of the lifted air mass is set to be the
same as that of the environment. Physical parameterization schemes other than the cumulus scheme,
including microphysics, planetary boundary layer, surface layer, and radiation, are turned off. Since the
mass lifting rate is constant, the sensitivity of the results to the change of the horizontal resolution could
only be caused by the mass compensation processes; either the dynamic compensation or the local
compensation.

These simulations are conducted with WRF version 3.7.1 using the nonhydrostatic fully compressible model
dynamics. The vertical grid spacing is about 1.25 km. The model is integrated for 27 min. Single domain
with size equal to 945 km X 945 km X 25 km is used. The lateral boundary conditions are periodic. Rayleigh
damping is used within the uppermost 5 km. Coriolis parameter is zero. The initial conditions are motion-
less, horizontally homogeneous, and vertically stratified with the mean hurricane season sounding for the
West Indies area [Jordan, 1958]. With the increase of the arbitrary mass lifting rate from 10° kg s~ ' to 10® kg
s~ ', the amplitude of the column mass change grows linearly. If the rate is larger than 4 X 10” kg s~ ', the
model will be unstable at 3 km resolution. In this paper, only the results with the mass lifting rate at 4 X 107
kg s~ are shown.

2.2. Results

To evaluate the resolution dependence of the local compensation verses the dynamic compensation, the
temporal evolutions of the column mass change are analyzed. The results are averaged to 27 km resolution
to avoid spatial sampling problem. The results of D3, D9, and D27 are comparable with the results of the
mass lifting experiments in Kuell et al. [2007] in terms of the spatial structures of the momentum fields,
including inflow in the layer with a mass sink, outflow in the layer with a mass source, and gravity waves
radiating from the active column.

The local-compensating downward mass flux is inversely proportional to the area of the grid cell, so the
amplitude of transient warming accompanied with column mass reducing with the local compensation
should be larger at finer horizontal resolution. Also, the local compensation is artificially concentrated, so
the amplitude of the column mass change with it should be more significant than that with the dynamic
compensation. In Figure 2, all the temporal evolutions of the column mass change are decreasing and oscil-
lating, which is relevant to external gravity waves. The decrease is more significant with the local compensa-
tion than the dynamic compensation for each resolution. Moreover, for a scheme, the difference between
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Figure 2. The temporal evolutions of the column mass change in the active column in the mass compensation experiment. L denotes the
local compensation, and D denotes the dynamic compensation. The horizontal resolution of 3, 9, and 27 km are used. The results are aver-
aged to 27 km resolution to avoid spatial sampling problem.

the amplitude of the oscillation at various resolution implies the sensitivity to the change of the horizontal
resolution. Though there are various phases of the oscillation, the amplitude at a certain phase could be a
proxy for that of the oscillation. For example, at the crest, the difference between the amplitude of L27 and
L3 is seven times larger than that of D27 and D3, and this could be generally applied to other phases. How-
ever, the frequency of the oscillation is independent of the change of scheme but is dependent on the
change of the horizontal resolution; the finer the horizontal resolution, the larger the frequency. This could
be attributed to the proportionality of the frequency to the horizontal wave number. Comparing finer reso-
lution with coarser one, the active column is narrower, so the horizontal wave number of the triggered
waves is larger. Note that the waves with high wave number and high frequency at 3 km or 9 km resolution
are averaged out in Figure 2.

Accordingly, switching the scheme
from the local compensation to the
dynamic one reduces the sensitivity of
the amplitude of external gravity waves
to the horizontal resolution. This could
be attributed to the mass conservation
with the local compensation; the nar-
rower the grid cell, the stronger the
mass-compensating subsidence. How-
ever, the switching does not change the
dependence of frequency on the hori-
zontal resolution.

Effect of Local Compensation

< 30 minutes

Variable

< 30 minutes 3. Piggybacking Experiment

S 3.1. Design
AN The piggybacking experiment s
N designed to untangle the transient
N effects of the local compensation
N from coupling with tropical cyclone
dynamics. A schematic diagram for the
piggybacking approach is presented in

Figure 3. The schematic diagram for the piggybacking experiment. The driving Figure 3. In order to examine the effects
simulation (red) is run with KF, with the local compensation, and the piggyback- in various initial conditions, an idealized
ing (blue) is restarted with HY, with the dynamic compensation, every 30 min, as
if HY piggybacks KF. Subtracting HY from KF could be an approximation to the
effect of the local compensation.

Time

tropical cyclone simulation is performed
with KF for 5 days and is restarted with
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HY every 30 min; that is, the initial conditions of the piggybacking simulations with HY are predicted by a driv-
ing simulation with KF, as if HY piggybacks KF. To focus on the change in a characteristic time of convective
adjustment, a reasonable approximation to the effects of the local compensation could be subtracting the
results at end of a 30 min simulation with HY from that with KF. It is required that the primary circulation is con-
trolled by the driving simulation in 30 min of piggybacking simulation, and this is justified in the results. On the
other hand, KF piggybacking HY fails because KF is unable to deal with the mass sources or sinks calculated by
HY, which remain constant after restarting with KF.

The piggybacking experiment is first conducted at 9 km resolution, and then, various horizontal resolution
at 12, 15, 18, and 24 km, are tested to examine the sensitivity of the results to the change of the horizontal
resolution. The domain size is 5400 km X 5400 km X 25 km. The driving simulations with KF are integrated
for 5 days. The initial conditions of the driving simulation are similar to those in the mass compensation
experiment, but a hydrostatic and gradient wind balanced hurricane-like vortex [Rotunno and Emanuel,
1987] is placed in the middle of the domain. The default settings for idealized tropical cyclone simulation in
WRF are used. These include constant Coriolis parameter at 5 X 10™* s~ ', constant sea surface temperature
at 28°C, and the following physical parameterization schemes: Kessler microphysics [Kessler, 1995], Yonsei
University planetary boundary layer [Hong et al., 2006], Monin-Obukhov surface layer [Beljaars, 1995; Dyer
and Hicks, 1970; Paulson, 1970; Webb, 1970; Zhang and Anthes, 1982], and capped Newtonian relaxation
[Rotunno and Emanuel, 1987].

3.2. Results

First, the overall temporal evolution of the symmetry and intensity in the driving simulation with KF at 9 km
resolution is surveyed. With respect to the center of the tropical cyclone, the axisymmetric component of
the precipitation is stronger than the asymmetric one after the 48th hr of the simulation. Then, the tropical
cyclone rapidly intensifies for 1 day and becomes steady after that. For instance, in the tropical storm (TS)
stage from the 48th hr to the 60th hr, the maximum 10 m wind speed enhances from 19.1 m s~ ' to 30.8 m
s~ 1, and in the typhoon (TY) stage from the 108th hr to the 120th hr, it fluctuates between 49.7 m s " and
50.0 m s~ . Intervals of 12 hr are short enough so that the temporal averages of all signals discussed later
would not be exceeded by the temporal standard deviation in each stage.

Then, the overall spatial distribution of the precipitation in the driving simulation with KF at 9 km resolution
is scrutinized. In Figure 4, the horizontal distributions of the subgrid-scale and the total precipitation in the
TS and the TY stage in the driving simulation with KF are depicted; the subgrid-scale precipitation is calcu-
lated by a cumulus scheme while the total precipitation is the sum of the subgrid-scale one and the grid-
scale one calculated by a microphysics scheme. The radius of the maximum total precipitation determines
the eyewall of the tropical cyclone. In general, the grid-scale precipitation dominates in the eyewall while
the subgrid-scale one spreads from the eyewall to the outside of it. Also, the subgrid-scale precipitation in
the TS stage is more than that in the TY stage.

To evaluate the effects of the local compensation, the results of the piggybacking simulation with HY are
subtracted from those of the driving simulation with KF. Since the local-compensating downward mass flux
is artificially concentrated, it concentrates vertical exchange of dry static energy. This causes the upper air
to lose enthalpy and the lower air to gain that, so dipole structures of subgrid-scale specific enthalpy forcing
(see Appendix section A5 for detailed calculation) are found in regions with parameterized convective mass
flux. In Figure 5, the subgrid-scale specific enthalpy forcing due to the local compensation (KF - HY) is
depicted. One forcing dipole is aligned with the subgrid-scale precipitation maximum near the eyewall in
each stage, and another one is found near the center in the TY stage; the former is caused by the local com-
pensation of the mass flux of parameterized deep convection, and the latter is caused by that of parameter-
ized shallow convection. Also, the forcing dipole in the deep convection region in the TS stage is stronger
than that in the TY stage, which is consistent with the amount of subgrid-scale precipitation.

The subgrid-scale forcing dipoles due to the local compensation lead to grid-scale thermal dipoles, and the
secondary circulation of the tropical cyclone [Houze, 2010; Rotunno and Emanuel, 1987] might transport the
thermal dipole away from the subgrid-scale forcing dipole. In Figure 6, thermal dipoles with upper air losing
dry static energy and lower air gaining dry static energy are identified. While the thermal dipole near the
center in the TY stage is aligned with the forcing dipole there, the thermal dipole near the eyewall shifts
upward and outward in each stage. The order of magnitude of the shift is consistent with that of the
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Figure 4. The horizontal distributions in the (left) TS stage and (right) TY stage in the driving simulation in the piggybacking experiment at 9 km resolution of the (top) total precipitation
and (bottom) subgrid-scale precipitation. The circles denote the radii of the maximum subgrid-scale precipitation, 76.8 km in the TS stage and 46.2 km in the TY stage.
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Figure 5. The vertical cross sections in the (left) TS stage and (right) TY stage in the piggybacking experiment at 9 km resolution of the azimuthal and temporal average of the variables
in the following: shaded, the subgrid-scale specific enthalpy forcing (rate of heating and work done) due to the local compensation (KF - HY); and contour, the absolute angular momen-
tum (interval: 5 X 10° m? s~ ") in the driving simulation (KF). The dash lines denote the radii of the maximum subgrid-scale precipitation.
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Figure 6. Similar to Figure 5. The colored shades are the specific dry static energy change rate due to the local compensation (KF - HY) in 30 min of piggybacking simulation.

secondary circulation of the tropical cyclone near the eyewall, which is 10° m s~' upward and 10" m s~

outward. Also, the portion of the grid-scale thermal dipole in response to the subgrid-scale forcing is one
half near the center and is one sixth outside of the eyewall. This could be attributed to high inertial stability
near the center; the higher the inertial stability, the larger portion of thermal response to a forcing occurs
locally [Rozoff et al., 2012; Schubert and Hack, 1982]. Since the change rate of geopotential is one order
smaller than that of specific enthalpy in the results, losing or gaining dry static energy indicates cooling or
warming, respectively. In the deep convection regions, the cooling layer is shallow above the tropopause,
and there is overall warming in the troposphere.

Similarly, the local-compensating downward mass flux concentrates vertical exchange of moisture. In Figure
7, the water vapor mixing ratio change rate due to the local compensation (KF - HY) is depicted. Moisture
dipoles with upper moistening and lower drying are identified. The moisture dipole and the thermal one
are opposite because the vertical gradient of moisture and dry static energy are opposite. Also, the moisture
dipole lies lower than the corresponding thermal dipole. This might be attributed to the distribution of the
gradient; comparing the lower level with the upper, the vertical gradient of moisture is stronger, but that of
specific dry static energy is weaker.
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Figure 7. Similar to Figure 5. The colored shades are the water vapor mixing ratio change rate due to the local compensation (KF — HY) in 30 min of piggybacking simulation.
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Figure 8. Similar to Figure 5. The colored shades are the radial mass flux change rate due to the local compensation (KF — HY) in 30 min of piggybacking simulation. The radial mass flux
is defined as the radial velocity times the radius.

In addition to the dipoles, a region with net warming and net drying whose maximum lies 30 km outside of
the radius of maximum subgrid-scale precipitation is identified in the TS stage, which cannot be explained
with an exchange. This could be attributed to extra condensation due to the thermal-induced secondary cir-
culation; since the thermal structure changes, secondary circulation with lower convergence and upper
divergence in the warming region would be induced. In Figure 8, the radial mass flux change rate due to
the local compensation (KF - HY) and the absolute angular momentum in the driving simulation (KF) are
depicted. Note that KF in WRF has no subgrid-scale momentum sources or sinks, so the radial mass flux
change indicates the thermal-induced secondary circulation. However, since secondary circulation change
favors low inertial stability [Rozoff et al., 2012; Schubert and Hack, 1982], the induced secondary circulation
due to the shallow convection near the center is inhibited owing to large inertial stability. Also, the inner
branch of the induced secondary circulation near the eyewall is weaker than the outer branch. The induced
secondary circulation is accompanied with extra upward motion whose location is consistent with the net
warming and drying, and this gives the reason for the extra condensation.

The induced secondary circulation causes other effects, including enhanced precipitation and sea level
pressure decrease. In Figures 9a and 9b, the total precipitation change rate due to the local compensation
(KF - HY) is depicted. Indeed, the enhanced precipitation is identified in regions with extra upward motion.
In Figures 9¢ and 9d, the sea level pressure decrease effect due to the local compensation (KF - HY) is found
in most regions of the tropical cyclone. This could be caused by hydrostatic adjustment, in which pressure
layers are thickening in warming regions. Meanwhile, the strong upper-level outflow of the induced second-
ary circulation reduces the mass inside. The region of the strongest decrease effect is aligned with the maxi-
mum of upper divergence of the induced secondary circulation. The decrease effect could reach —9 hPa
d~"in the TS stage.

We survey the results at 12, 15, 18, and 24 km resolution after studying those at 9 km resolution. The
response of a grid-scale variable under a certain subgrid-scale regime to the change of the horizontal reso-
lution is concerned. Qualitatively, they are all consistent with the results at 9 km. Quantitatively in Table 1,
the subgrid-scale processes differ in various resolution; e.g., from 9 km to 18 km, the areal mean subgrid-
scale precipitation rate increases, but from 18 km to 24 km, it decreases. Moreover, the effects of the local
compensation are also sensitive to the horizontal resolution; e.g., from 9 km to 12 km, the areal mean sea
level pressure decrease rate due to the local compensation increases, but from 12 km to 24 km, it decreases.
Understanding the sensitivity of subgrid-scale precipitation to the change of the horizontal resolution
requires testing a few parameters in diagnosing the subgrid-scale convective drafts in KF, which is beyond
the scope of this study. However, combining these variables, the pressure decrease due to the local com-
pensation divided by subgrid-scale precipitation increases monotonically with the horizontal resolution
increase. Though the ratio could be more complex than a function of the horizontal resolution, this implies
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Figure 9. The horizontal cross sections in the (left) TS stage and (right) TY stage in the piggybacking experiment at 9 km resolution of the temporal average of the change rate of the
total precipitation (upper) and the sea level pressure (lower) due to the local compensation (KF — HY) in 30 min of piggybacking simulation. The circles denote the radii of the maximum
subgrid-scale precipitation.

that pressure decrease due to the local compensation might be larger with finer horizontal resolution if it
could be normalized with the subgrid-scale precipitation.

Overall, in comparison to HY, the results of the piggybacking experiment support the hypothesis that KF
concentrates vertical exchange of dry static energy and induces secondary circulation. Moreover, the
induced secondary circulation could cause other effects including sea level pressure decrease and
enhanced precipitation. Furthermore, the significance of those effects is justified by comparing the absolute
value of KF - HY with the standard devi-
ation of the natural variability in the

Table 1. List of Results at Various Resolution in the Piggybacking Experiment® simulated tropical cyclone,

Prec dp dP Prec”’
Resolution (km) (mmd™" (Pad™") (Pamm™")
9 20.1 —289 —144 4. Summaries and Discussions
12 24.6 =323 =121
15 273 —278 —10.2 Representing cumulus convection is
18 28.6 —259 —9.06

an essential problem in modeling the
earth system to predict weather and
climate. A horizontally nonlocal frame-

24 27.5 —165 —6.01

?Prec denotes the areal mean subgrid-scale precipitation rate in the driving
simulation with KF in the central 216 km X 216 km square. dP denotes the . .
areal mean sea level pressure change rate due to the local compensation (KF work for representing subgrid-scale

- HY) in the square. cumulus convection is examined with a
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hybrid mass flux cumulus scheme (HYMACS) adapted from the Kain-Fritsch scheme (KF). Instead of local com-
pensation of convective mass flux, HYMACS treats subgrid-scale mass flux convergence or divergence as parame-
terized mass sources or sinks. When the mass sources or sinks are introduced to the mass continuity equation in
a nonhydrostatic fully compressible model, the model dynamics would resolve the mass-compensating motion,
i.e, the dynamic compensation. With the Weather Research and Forecasting Model (WRF), a hierarchy of idealized
experiments is conducted to assess the effects of the local compensation in tropical cyclones.

In the mass compensation experiment, a subgrid-scale updraft is prescribed to evaluate the sensitivity of
the column mass change with each mass compensation process to the change of the horizontal resolution
between 3 and 27 km. The results indicate that the amplitude of the column mass change with the dynamic
compensation is less sensitive to the change of the horizontal resolution than the local compensation. In
the piggybacking experiment, by subtracting the results with the hybrid mass flux KF (HY) from those with
KF, the transient effects of the local compensation in a characteristic time of convective adjustment are
untangled from coupling with tropical cyclone dynamics at 9 km resolution. The results support the hypoth-
esis that the local compensation concentrates vertical exchange of dry static energy and moisture and
could lead to sea level pressure decrease and enhanced precipitation by thermal-induced secondary circula-
tion. Comparing the tropical storm (TS) stage with the typhoon (TY) stage, these effects are stronger, which
could be attributed to more subgrid-scale precipitation. Also, the induced secondary circulation is weaker in
regions with higher inertial stability. These results indicate that the artificial local compensation at the gray-
zone resolution could cause significant effects on tropical cyclone dynamics, so it is important to avoid the
artificial local compensation for cumulus parameterization at such resolution.

A remaining issue is whether HY could reduce the low bias of minimum sea level pressure of simulated
tropical cyclone with KF at 9 km resolution. A preliminary cumulus-cyclone-coupled experiment uses an
explicit scheme without cumulus parameterization at 3 km resolution (NO3) as a reference to compare with
the simulation at 9 km resolution with KF (KF9) and HY (HY9). The design follows the piggybacking experi-
ment, but each simulation is integrated for 5 days. The results after 2 day spin-up are depicted in Figure 10.
After 3 days of intensification, the minimum sea level pressure in KF9 is 30 hPa lower than that in NO3, but
that in HY9 is 10 hPa higher than that in KF9. The results suggest that HY could reduce the low bias of mini-
mum sea level pressure at 9 km resolution. However, the following problems should be considered in the
future. First, the effects of local compensation are transient and might not affect tropical cyclone development

owing to the nonlinear interac-

1010 tion between the cyclone-scale

and the cumulus-scale processes.

1000 Second, both schemes assume

o < 1, which might overesti-

990 mate subgrid-scale mass flux at

E 9 km resolution. Third, neither

< ggod scheme considers subgrid-scale

g momentum sources or sinks

§ 670, which might decelerate the pri-

& NO3 mary circulation. Real-case stud-

B ies are needed to verify the
S 9601 conjecture.

o

b For the future development of

9501 HY9 the unified parameterization, a

hierarchy of cumulus schemes

940 KF9 from particular ones to general

ones should be established.

930 ; , According to the scheme formula-

8 2 Time (hr) % 120 tion in Appendix section Al

through section A3, by eliminating

Figure 10. The temporal evolutions of the minimum sea level pressure in the cumulus- the assumptions one by one, the

cyclone-coupled experiment after 2 day spin-up. NO3 is the control simulation, at 3 km res- hi h ith six | | d b
olution with the explicit scheme, and KF9 and HY9 are the sensitivity simulations, at 9 km lerarcny with six levels cou €
resolution with KF and HY, respectively. built as shown in Figure 11. Level
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L | . 1 is conventional cumulus schemes
(1) Local compensation where the following five assumptions
(2) o<1 are used: the local compensation, the
(3) Steady state o < 1, the steady-state plume, the top-
(4)
(5)

Level 1

4) Top-hat profile hat profile, and the ensemble-spatial-
5) Ensemble-spatial-temporal average temporal average. Level 2 is HYMACS,
where the local compensation is
replaced by the dynamic compensation

Eliminate (1 ) so that the mass-compensating motion
v is resolved. In Level 3, the 0 < 1 is
Level 2 eliminated by parameterizing ¢ so that

the convective drafts could be partially
resolved. In Level 4, the steady-state
Eliminate (2) plume is eliminated by prognostic clo-
sures, so the convective drafts could
interact with the grid-scale changes which
Level 3 are faster than the convective turnover
time. In Level 5, a more complex profile
than the top-hat profile is used, so the

v

Eliminate (3) structure within the convective drafts or

v within the environment could be consid-
- ered. In Level 6, the ensemble average is
no longer treated as the spatial average

in a grid box, so the problem could be

Eliminate (4) considered in a continuous space. Most

of the assumptions should be replaced
by more sophisticated ones except the
Level 5 local compensation. The unified parame-
terization should be developed following
the hierarchy level by level. Consequently,

v

Eliminate (5) the next step could be combining
v HYMACS with ¢ parameterization [eg,
Level 6 Arakawa and Wu, 2013; Grell and Freitas,

2014; Park, 2014; Wu and Arakawa, 2014;
Zheng et al, 2016].

Figure 11. The flow diagram of the hierarchy of cumulus schemes. The hierarchy
could be built by eliminating the five assumptions one by one. Finally, it should be pointed out that
HY by no means fully represents the
nature of subgrid-scale cumulus convection. In addition to the five assumptions mentioned above, the trig-
ger function and the algorithm diagnosing the subgrid-scale convective drafts in KF could be affected by
increasing the horizontal resolution to the gray zone, e.g., the finer the horizontal resolution, the smaller
subgrid-scale mass flux [Zheng et al., 2016]. Also, as mentioned in section 2, the frequency of gravity waves
triggered by mass lifting is dependent on the horizontal resolution. Moreover, the physical parameterization
schemes used in this study are idealized. However, the experiments designed in this paper are reasonable
steps to understanding the effects of artificial local compensation of subgrid-scale convective mass flux.

Appendix A: Scheme Formulation

A1. An Ensemble Average Continuity Equation Set
HY and KF could be formulated from the continuity equation set. The conservation laws of the fluid dynam-
ics are described by a continuity equation set:

9 .
7§£+Vﬂp¢V=pw7 (A1)

where the variables are defined as follows: p, mass density; ¥, unity or an intensive quantity; V, three-
dimensional vector of velocity; and , total time derivative of . If  is unity, three-dimensional vector of
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velocity, specific entropy, and various specific moisture contents, equation (A1) would be a nonhydrostatic
fully compressible continuity equation set composed of the following density as prognostic variables: mass,
momentum, entropy, and moisture contents, respectively. With respect to the prognostic variables, equation
(A1) means that the local tendency plus the flux density divergence equals to the density of sources or sinks.

Applying ensemble average to equation (A1), we get:
0 / — , P el
pr oW+ (o) | +V - [py+(py) | [V+V']=[p+p] {l// + ], (A2)

where the over bars and the primes denote the ensemble average and the deviation, respectively. Ensem-
ble averaging and rearranging equation (A2), we get:

dpy — T T oo
aL;p +V - pyN=p=pY =V - (py)'V. (A3)
Equation (A3) describes the ensemble average components of the prognostic variables. The right hand side
is the subgrid-scale sources or sinks term (SSSy). For example, when 1/ is unity, the subgrid-scale mass flux
convergence or divergence, SSS;=—V - p'V’, is the subgrid-scale mass sources or sinks.

A2. A General Formulation of HYMACS

Since subgrid-scale convective drafts generally penetrate through a grid column, which is a pile of grid
boxes, so one-dimensional plume models are usually used to represent the vertical structure of the convec-
tive drafts. However, the plume models describe the total of variables, so SSS;, must be rewrote into the dif-
ference between the total and the ensemble average:

SSSy=pt =V - pYN —py) =V - pyV, (A4)

where the two terms are to-be-parameterized by the plume models and to-be-resolved by the model
dynamics, respectively. By the ensemble-spatial-temporal average approximation, the ensemble average in
equation (A4) could be rewrote into spatial average in a grid box:

5SS, = 1V U”D (pl/}—v : p¢v> dv’—J'”D (ﬂ—v : wv)dv’} , (A5)

where D and V are the grid box and its volume, respectively.

The plume models are inserted into the first integral in equation (A5) by decomposing the grid box into a
few subgrid columns of convective drafts embedded in a subgrid column of environment:

5SS, = %Z U”D (,n'p -v. pl//V) av'+ ”JD <p{p ~v- pl//V) av'— ”JD (ﬁ@ -V Wv) dv’} Y

where the subscripts i and the tildes denote the ith subgrid column of convective drafts and the subgrid
column of environment, respectively.

As far as the interaction between the convective drafts and the environment is concerned, the top-hat
profile approximation is used; that is, i is spatially homogeneous in each subgrid column. Also, the
flux on the boundaries of the subgrid columns is more representative than the flux divergence within
the subgrid columns, so the divergence theorem is applied to the integrals of flux density divergence in
equation (A6):

1

SSS, = 1V {Z (l}’,+s,»fp—5;1//,—J,tzp,,+1,blp,b) + (li’— Z e+ Z S =W+ x/],,) - (W—I%+J_blﬁb)} :
(A7)

where the variables are defined as follows: W, sources or sinks; €;, entrainment rate; J;, detrainment rate; J,
upward or downward vertical mass flow rate; subscript t, upper boundaries; and subscript b, lower bound-
aries. The three parentheses denote the local tendency of spatially integrated py in the ith convective draft,
the environment, and the grid box, respectively. Note that the flux on the lateral boundary of the grid box has
been canceled by that of the environment since the convective drafts contribute nothing here. Figure A1 is a
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schematic diagram for the first two

Pitlpit Iitlp.-t parentheses in equation (A7). All terms
except sources or sinks are mass-

coupled y flux, i.e., the mass flow rate

é‘iwi multiplied by the i in the upstream or

@ @ on the boundary. Since €; is the mass
—— flow rate from the environment to the
&Y convective draft, it is multiplied by .

s~ = Oppositely, J; is the mass flow rate

l_]"bl‘b"b l_]bwb from the convective draft to the envi-

ronment so is multiplied by ;. More-
Figure A1. The schematic vertical cross section for equation (A7). The ith convec- over, J is the vertical mass flow rate on
tive draft is filled with gray and is marked with subscripts i while the environment the boundary 5o is multiplied by l// on
is filled with white and is marked with tildes. The circles denote sources or sinks,
and the arrows denote mass-coupled i flux. the boundary.

Equation (A7) is a general formulation
of HYMACS. It considers SSSy, as the difference between the total and the ensemble average and treats the
total with the ensemble-spatial-temporal average approximation and the top-hat profile approximation.
Furthermore, considering ¢, a weighted average equation, /=" a;i;+ (1 -3 a,-)fp could be applied to

i i

equation (A7).

A3. The Closure Assumptions for HY and KF

Then, KF uses other three assumptions in the following: the steady-state plume, the ¢ < 1, and the local
compensation [Kain, 2004; Kain and Fritsch, 1990, 1993]. On the other hand, HY only uses the first two
assumptions by eliminating the local compensation assumption.

The steady-state plume assumption means that the convective drafts remain in steady states within a
characteristic time of convective adjustment. This sets the first parenthesis in equation (A7) to zero and
yields:

sy = | (9= S o ) (¥ )| o)

This assumption may not be a realistic approximation since it stops the convective drafts from changing
until the characteristic time is over. However, it is acceptable in this study as far as a time scale not shorter
than the characteristic time is concerned.

The ¢ < 1 assumption simplifies the weighted average equation to 1}=$ treating the environment as the
grid box. Applying this and J=J to equation (A8) yields the particular formulation of HY:

SSSy = %Z, (—eh +6;), (A9a)

which is equivalent to equations (11) and (12) in Kuell et al. [2007]. On the other hand, the local compensa-
tion applies J=J— S~ Jyand =1 to equation (A8) yields the particular formulation of KF:
i

1 _ _ _
5SSy =, D> (—eh +ow e —Jols) (A%b)

1

which is equivalent to equation (16.8) in Kain and Fritsch [1993]. Equation (A9a) means that SSSy, is the aver-
age effects of the following mass-coupled y flux: —g;i, flux from the environment to the convective drafts;
oir;, flux from the convective drafts to the environment. In addition, equation (A9b) has the local compen-
sation terms in the following: Ji/,, downward flux on the upper boundary of the environment compensat-
ing the convective updrafts, or upward one compensating the convective downdrafts; —Jp,, flux similar
to Jir% but on the lower boundary.

The particular closures of HY and KF are done by two one-dimensional plume models diagnosing ¢;, J;, and
¥, in equation (A9a) or also J; and Jj, in equation (A9b); one with i=u for convective updrafts, and the other
with i=d for convective downdrafts. In the mass compensation experiment, ¢; at the bottom of the
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prescribed updraft and o; at the top of it are set to a constant rate, which is accompanied with an upward
mass flow rate, i.e., the mass lifting rate. On the other hand, HY and KF use the same plume models from
KF, including the trigger function and the algorithm diagnosing ¢;, d;, and v;, but use different formulations
for SSSy. In other words, from KF to HY, nothing is included or excluded until the final step, calculating
SSS,. Note that the local compensation is applied in the algorithm diagnosing convective drafts but is
excluded from the final step. HY, with the dynamic compensation, has parameterized mass sources or sinks
due to entrainment and detrainment in the convective drafts, which would be compensated with nonhy-
drostatic fully compressible model dynamics. On the other hand, KF, with the local compensation, has mass
compensating flux in the environment which offsets the mass sources or sinks due to the convective drafts.
Note that in WRF, KF calculates the SSSy, of potential temperature and moisture contents but not momen-
tum, and so does HY. SSS; in HY might affect acceleration through the last two terms on the right hand

side of % = %‘)g—tv +V - VV+W% - %%, where V}, and w denote the horizontal and vertical components
of velocity, respectively. However, the typical order of magnitude of these two terms are 10> m s~ 2, which
is significantly smaller than that of the horizontal advection term, 1072 m s~ 2 Also note that the trigger
function from KF remains not changed once triggered until the convective adjustment is over, so the

dynamic compensation cannot affect the trigger function in a timescale shorter than the adjustment.

A4. Mass Sources or Sinks in Terrain-Following Hydrostatic-Pressure Coordinate

HYMACS introduces mass sources or sinks to the mass continuity equation. For models with geometric
height, z, as the vertical coordinate and with mass density as the prognostic variable for mass continuity
equation, equation (A3) is straightforward. However, the Advanced Research WRF uses terrain-normalized
hydrostatic pressure, 1, as the vertical coordinate and uses pseudo density, i, as the prognostic variable, so
equation (A3) should be transformed to this coordinate following Kasahara [1974] and Laprise [1992]:

A=—=—p—, (A10a)
H="n pan
_ )
VeVt P (Vi) 5, (A100)
)
2 K Pgan, (A10¢)

where the symbols are defined as follows: 7, hydrostatic pressure; ¢, geopotential; and g, acceleration due
to gravity. Taking s as unity, applying equations (A10a) and multiplying % make equation (A3):
o g, O 1
— ) +Vy - (aVh)+ = =SSS;. A1
(m)n n (V)% 5, (i) = 2555, (A11)
Equation (A11) is used in the adapted version of WRF to calculate (%) and 7 in this study; the left hand

side is equivalent to equation (40) in Laprise [1992], but there are subgrié’l—scale mass sources or sinks, SSS;,
instead of zero on the right hand side.

A5. Subgrid-Scale Specific Enthalpy Forcing in Hydrostatic-Pressure Coordinate

Subgrid-scale specific enthalpy forcing includes heating and pressure work done, %P, where P denotes pres-
sure. The calculation is straight forward for heating but not for pressure work done because P is a grid-scale
process. Still, pressure work done by subgrid-scale mass flux could be estimated through hydrostatic-
pressure work done, %E. Following Kasahara [1974] and Laprise [1992]:

pa—E:—L (A12a)
T
V,=V.+p(V _)2 (A12b)
z T P(Va® on’
0 _ 0
5——pg%. (A12¢)

Taking ¥ as unity, applying equations (A12a) and multiplying % make equation (A3):
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V,,~V7h+a—n=lSSS1. (A13)
on p

Integrating equation (A13) by n’ from 7’=0 to a hydrostatic-pressure level = and multiplying %yield:

E:;Jn (_VR-W+;SSS1)dn/, (A14)
p P Jo p

where the last term on the right hand side indicates the work done by subgrid-scale mass flux. For example,
net subgrid-scale upward mass flux, which is equivalent to an upper mass source and a lower mass sink,
does positive work on the levels between the source and the sink, and this will lift the levels in terms of
local geopotential tendency:

_ o 1
TP g~V - Vap+ 7. (A15)
ot I

An additional view comparing the grid-scale response to HY and KF is replacing w in equation (A15) with

the assumptions applied in each scheme and considering a steady state in which local tendency and hori-
zontal advection of ¢ are zero:

1 (" — 1 (™1
O=gW+:J *V"‘Vhdﬂ:,‘F(:J :SSS1dTE’>7 (A16a)
P Jo PJop
_ 1M , 1(" —
0=(gw+—| =SSSidn’ |+—=| —V, Vpdr. (A16b)
pPlop P Jo

Equation (A16a) is for HY while equation (A16b) is for KF. Terms in the parentheses are subgrid-scale pro-
cesses while others are grid-scale ones. The net vertical mass flux with HY and KF are the same if and only if
%foﬂ —V. - Vhdr' are the same. However, suggested by the results of the experiments in this study, the local
compensation could induce secondary circulation with upper divergence and lower convergence, so w
should be less downward in the midlevel with KF than HY. Numerically, the advection due to w in KF is cal-
culated in the cumulus parameterization while that in HY is calculated in the model dynamics; the former
uses a first-order numerical scheme while the latter uses a third-order one. Thus, even if w was the same in
each scheme, KF might cause larger numerical error. Nevertheless, this is minor since w is different.
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Erratum

In the originally published version of this article there were errors in Table 1. The first row in the 3rd and 4th
columns included “hPa” erroneously. In these instances, “hPa” should have been published as “Pa” This error
has since been corrected, and this version may be considered authoritative version of record.
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