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Abstract with increasing computational capabilities, cumulus parameterizations that are adaptable to
the smaller grid spacing and temporal interval for high-resolution climate model simulations are needed. In
this study, we propose a method to improve the resolution adaptability of the Zhang-McFarlane (ZM)
scheme, by implementing spatial and temporal averaging to the CAPE tendency. This method allows for a
more consistent application of the quasi-equilibrium (QE) hypothesis at high spatial and temporal resolu-
tions. The resolution adaptability of the original ZM scheme, the scheme with spatial averaging, and the
scheme with spatiotemporal averaging at 4-32 km grid spacings are assessed using the Weather Research
and Forecasting (WRF) model by comparing to cloud resolving model (CRM) simulation results coarse-
grained to these same grid spacings. We show the original ZM scheme has poor resolution adaptability,
with spatiotemporally averaged subgrid convective transport and convective precipitation increasing signif-
icantly as the resolution increases. The spatial averaging method improves the resolution adaptability of the
ZM scheme and better conserves total transport and total precipitation. Temporal averaging further
improves the resolution adaptability of the scheme. With better constrained (although smoothed) convec-
tive transport and precipitation, both the spatial distribution and time series of total precipitation at 4 and

8 km grid spacings are improved with the averaging methods. The results could help develop resolution
adaptability for other cumulus parameterizations that are based on the QE assumption.

1. Introduction

Cumulus convection has long been a central issue in atmospheric modeling (Arakawa, 2004). Since the
typical grid spacing (~100 km) of general circulation models (GCMs) is too coarse to simulate the
dynamics of cumulus clouds, cumulus convection is parameterized as a subgrid-scale process. However,
owing to the development of computational capabilities, the newest generation of GCMs are now
designed to run at higher resolutions (~25 km grid spacing), with regional refinement to a few kilome-
ter grid spacings. The small grid spacings may invalidate some assumptions used in traditional cumulus
parameterizations, because they are only justified at much coarser scales (the spatial and temporal scale
of traditional GCMs) (Arakawa & Wu, 2013). Therefore, it is imperative to develop resolution adaptable
(also referred to as resolution aware, resolution-dependent, or scale aware) cumulus parameterizations
that can adapt to the change in model resolution and give accurate results up to resolutions of a few
kilometers.

The majority of cumulus parameterization schemes are based on variations of the quasi-equilibrium (QE)
assumption (Arakawa & Jung, 2011; Kain & Fritsch, 1990; Moorthi & Suarez, 1992; Plant & Craig, 2008; Zhang
& McFarlane, 1995). The QE assumption was originally proposed by Arakawa and Schubert (1974) (AS74) as
follows: for a horizontal area large enough to contain an ensemble of cumulus clouds, if the time scale of
convective adjustment is much shorter than that of the large-scale processes, the cumulus ensemble goes
through a series of quasi-equilibria with the concurrent large-scale forcing as the cumulus ensemble acts to
remove the destabilization generated by the large-scale forcing.
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In convective parameterizations, the QE assumption is usually expressed in terms of convective available
potential energy (CAPE or A). The time derivative of A, i.e,, the generation or destruction of CAPE, can be

expressed as
dA_(dA)  (dA o
de \dt), \dt)./

Here the first and second terms on the right-hand side of (1) represent the CAPE change due to large-scale
and convective processes, respectively. The large-scale processes include temperature and moisture advec-
tion, radiative heating, and surface heat and moisture fluxes (Zhang, 2003).

Under the quasi-equilibrium condition, we have

a < a and a < a
dt dt )| dt dt) o

() ~(® .
dt) o, \dt)

Equation (3) states that the stabilization of the atmosphere by cumulus convection is approximately bal-
anced by the destabilization of the atmosphere by large-scale processes. Equation (3) expresses a negative
feedback to large-scale destabilization, which is often called “adjustment” (Arakawa, 2004). Some parame-
terizations have also used “relaxed adjustment,” in which the convective adjustment given by the left-hand
side of equation (3) is relaxed to a fraction of the large-scale forcing on the right-hand side (Kain & Fritsch,
1990; Moorthi & Suarez, 1992).

. )

Therefore

As mentioned above, QE assumes both spatial and temporal separation of scales between convective ele-
ments and the so-called large-scale (or grid-scale in the context of GCMs) processes. There have been many
debates about whether and where such a separation of scales really exists and whether QE applies in a
deterministic-mechanistic or statistical sense (see, e.g., Arakawa, 2004; Jones & Randall, 2011; Mapes, 1997;
Neelin et al., 2008; Raymond & Herman, 2011; Yano & Plant, 2012, and references therein). Our current inter-
pretation of QE is more from a statistical point of view and similar to the law of large numbers in statistical
mechanics (see also Plant & Craig, 2008; Williams, 2005), which requires a separation between the horizontal
scale of convective elements and that of the grid box to allow for the parameterization (both statistically
and physically, see also Arakawa, 2004) of a large ensemble of convective elements. But with decreasing
grid spacing in newer-generation GCMs, it is obvious that such a separation of scales ceases to exist.

Recently, there have been considerable efforts in developing and modifying convection parameterizations
for smaller grid spacing (Arakawa & Wu, 2013; Gerard et al.,, 2009; Grell & Freitas, 2014; Park, 2014; Xiao
et al., 2015). Gerard et al. (2009) and Park (2014) both proposed new parameterizations that are not based
on the QE assumption. For QE-based schemes, Arakawa and Wu (2013) proposed a way to solve this prob-
lem by scaling down the subgrid convective transport (convective transport that cannot be resolved by
grid-scale motion and needs to be parameterized, referred to as “convective transport” hereafter) for fine
resolutions, by using a diagnosed convective updraft fraction. Grell and Freitas (2014) applied a modified
version of Arakawa and Wu (2013) in their convection parameterization. However, Zhang et al. (2015)
argued that increased convective updraft fraction at smaller grid spacing is not the cause of the convective
transport problem. Xiao et al. (2015) (Xiao15) proposed another method to improve resolution adaptability
for QE-based schemes by applying the closure not on the local grid box, but on an area surrounding the
local grid box that is large enough to apply the QE assumption, e.g., 128 X 128 km?2 They tested this
method in an offline study with one of the QE-based convective parameterizations, namely the Zhang and
McFarlane (1995) (ZM) scheme, and found the diagnosed resolution adaptability significantly improved
with this new algorithm. We take a step further here to do an online, fully interactive test of the method.
The online approach takes into account the important feedback processes that happen between the phys-
ics and dynamics, which could not be captured in the offline analysis of Xiao15. Moreover, we also imple-
ment an additional temporal averaging method on top of spatial averaging, which further improves the
resolution adaptability and also allows for more consistent application of the original QE concept at high
spatial and temporal resolutions.
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The ZM scheme is widely used in both global and regional climate models. In this study, we will use the ZM
deep convection scheme as the target for assessment. Since the Weather Research and Forecasting (WRF)
model can be easily set up to run at different resolutions, we will use the WRF model as our test bed. We
will assess the resolution adaptability of the original ZM scheme, the ZM scheme with the spatial averaging
method in Xiao15, as well as the ZM scheme with a combined spatial and temporal averaging method. Sec-
tion 2 briefly describes the methods and experiments. Section 3 discusses the resultant change to the reso-
lution adaptability of convective transport of moist static energy (MSE) and convective precipitation, and
also evaluates the spatial distribution and time series of precipitation. Summary and discussion of implica-
tions are given in the last section.

2. Methods and Experiments

2.1. The Zhang-McFarlane Deep Convection Scheme

The ZM scheme is based on a plume ensemble concept and utilizes the QE assumption to construct a bulk
representation of the effect of the cumulus ensemble. ZM further assumes that the ensemble of plumes
acts to relax the atmosphere to a state of neutral buoyancy.

The original closure condition of the ZM scheme is a variant of equation (3):

MyF— max (A—Ao, O)7 @
T

where M, is the cloud-base mass flux. F is the rate of CAPE consumption per unit M,, calculated by the
scheme’s plume model. Ay is the CAPE of the “equilibrium state,” an empirical constant. t is also an empiri-
cal constant representing the convective adjustment time scale. Here, deep convection can only be
triggered when A > Ao, and CAPE is consumed by cumulus convection at an exponential rate with charac-
teristic time scale 7. The left-hand side of equation (4) can be seen as a representation of —(dA/dt)cy in
equation (3), and likewise, the right-hand side can be seen as a simple approximation to (dA/dt),s.

Later, a modified closure scheme that directly calculates (dA/dt),s was proposed in (Zhang, 2002):

dA dA
= ().~ (&), 0

where (dA/dt);s.; is the positive definite of (dA/dt).s. In this new version, convection is triggered only when
there is a positive change of CAPE ((dA/dt).s > 0).

In ZM, a plume model calculates the vertical profile of convective transport assuming M, = 1, which is equal
to the convective transport per unit M. Then, My, i.e., the cloud-base mass flux (calculated from equations
(4) or (5)), is used to convert the per unit transport profile to the actual profile.

2.2. The Spatial and Temporal Averaging Methods Implemented in the ZM Scheme

Xiao15 compared the resolution dependence of (dA/dt),s+ (diagnosed using output from a cloud resolving
model (CRM) simulation coarsened to different spatial resolutions) to that of the convective transport calcu-
lated by the ZM scheme (using the same coarsened CRM output as input) and found both of them decrease
only slightly, or even increase, with increasing resolution in terms of spatiotemporal mean. This shows that
for the ZM scheme, (dA/dt),s.. dictates the resolution adaptability of the convective transport through the
determination of M, in equation (5). The mean (dA/dt),s itself (without taking positive definite), on the other
hand, shows a significant decrease with increasing resolution, similar to the decrease of the mean convec-
tive transport directly diagnosed from the CRM (Figure 5 and Figure 4(b) in Xiao15). Xiao15 suggested that
(1) the mean (dA/dt),s decreases simply because the resolved circulation (i.e., grid-scale advection) becomes
more stabilizing (i.e., destroys more CAPE) with increasing resolution; and (2) the decrease of mean convec-
tive transport (diagnosed from CRM output) is also the consequence of the increase in the overall strength
(in terms of either vertical transport or destruction of CAPE) of the resolved circulation. But, at smaller grid
spacings, the frequency distribution of (dA/dt),s calculated in the local grid boxes becomes broader and the
chances of finding extreme values of (dA/dt),s increases, leading to an increase in the difference between
the spatiotemporal mean values of (dA/dt);s and (dA/dt),s... This suggests that applying the QE-based clo-
sure (i.e., equation (5)) locally not only violates the presumptions of QE but also leads to underestimation of
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the decrease of mean convective transport with increasing resolution and masks the resolution depen-
dence of (dA/dt);s.

To remedy this, Xiao15 proposed a simple modification to equation (5). Instead of using the (dA/dt),s calcu-
lated in the local grid box, they used a spatial average of (dA/dt),s over a large area (128 X 128 km?) cen-
tered on the local grid box. This new area-averaged large-scale forcing is denoted as (dA/dt), ;. Therefore,

the closure scheme becomes:
dA dA
MyF= (—) =max (—) ,01. (6)
at) s, at) s

This modification basically prevents triggering of convection based on the local grid box values of (dA/dt),s
at high resolutions and allows for consistent application of the QE-based closure at the spatial scales it is
designed for. Xiao15 showed in their diagnostic analysis that this modification leads to improved resolution
dependence of convective transport in terms of spatiotemporal averages. The current study implements
this method, and advances over the earlier study by doing the tests using an online, fully interactive version
of the modified ZM that permits the model to respond to the improved application of the QE-based
closure.

When the dynamic time step becomes small at high resolutions, calculating (dA/dt),s in a single time step
and using it in equation (5) is in contradiction with the presumed scale separation in time for the QE-based
closure (AS74, Neelin et al., 2008). In this study, we propose to test an additional temporal averaging
method to (dA/dt),s that can allow for more consistent application of the original QE concept at high spatial
and temporal resolutions: Instead of using (dA/dt), s calculated at the current time step, we use the averaged
(dA/dt).s over a longer time scale (prior to the current time step) in the closure scheme. The offline study in
Xiao15 applied it by using the (dA/dt),s diagnosed from a CRM at the same 10 min frequency for grid spac-
ings from 8 to 256 km. The good resolution dependence of the resultant convective transport suggests that
10 min is a practical choice for the time averaging period. It also allows for a consistent comparison with
results from Xiao15.

2.3. Model and Experiments
The model used here is the WRF model version 3.6.1 configured to use the Community Atmosphere Model
version 5.1 (CAM5) physics suite (Ma et al.,, 2014). Simulations with the ZM scheme are performed at four
horizontal grid spacings (4, 8, 16, and 32 km). The horizontal simulation domain is 1,280 X 1,280 km? over
the tropical western Pacific, with the inner 1,024 X 1,024 km? used for analysis. The vertical coordinate has
41 levels with variable resolution (60.12 m at the lowest level to 604.7 m at the highest level). The simulation
time is 18-26 January 2006, which is during the active monsoon period from the Tropical Warm Pool-
International Cloud Experiment (TWP-ICE) field campaign (May et al., 2009), with results from 00:00 UTC on
19 January to 16:00 UTC on 24 January used for analysis. We select this period for analysis because it is after
the model is fully initialized, and before it starts to diverge significantly from observation. It also captures
the major precipitation events. The time step is 10, 20, 50, and 100 s for horizontal grid spacings of 4, 8, 16,
and 32 km, respectively. Instantaneous fields are written out every 30 min. The lateral and lower boundary
conditions are supplied by National Center for Environmental Prediction (NCEP) Final (FNL) reanalysis data.
We use the Morrison 2-moment scheme (Morrison et al., 2005) for microphysics, the Rapid Radiative Trans-
fer Model for General Circulation Models (RRTMG) (lacono et al., 2000) for short-wave and long-wave radia-
tion, and the University of Washington scheme (Bretherton & Park,
Table 1 2009) for PBL and shallow convection in the model.

YU ST Table 1 summarizes the three sets of experiments we designed with

Description the ZM scheme to test the resolution adaptability of the scheme with
originalzM Use the original (dA/d#)s with no averaging the proposed spatial and temporal averaging. Each set of experiments
avgspace Apply only spatial averaging for (dA/dt), s consists of four simulations performed with 4, 8, 16, and 32 km hori-
avgspace_time  Apply both spatial and temporal averaging for (dA/d).s zontal grid spacings. The “originalZM” experiments use the ZM
Tkm_CRM Tkm resolution CRM run, with cumulus scheme turned off ;o me with the positive-definite grid-scale tendency of CAPE ((dA/

Note. The first three sets of experiments consist of four simulations per- dt);s+) calculated at the local grid column for the closure scheme
formed with 4, 8, 16, and 32 km horizontal grid spacings. (equation (5)), following (Zhang, 2002).
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Experiments “avgspace” are based on originalZM, but, instead of using the (dA/dt),s computed at the
local grid column, it uses the averaged (dA/dt);s of a large area centered on the local grid column
((dA/dt),5). The averaging area used in this study is about 90 X 90 km? in size and is slightly different
among simulations with different resolutions, since we need to include whole grid cells and the target grid
cell needs to be in the center of the area. Xiao15 has found minimal sensitivity to the size of the averaging
area ranging from 64 X 64 to 256 X 256 km?. No special treatment is given to grid columns whose averag-
ing area includes both land and ocean. In this set of experiments, (dA/dt);s is calculated at the respective
dynamical time step for each horizontal resolution.

Experiments “avgspace_time” apply both spatial and temporal averaging to (dA/dt),s. In this set of experi-
ments, (dA/dt),s is averaged over 10 min. The dynamical time step is unchanged. This set of experiments
makes the spatial and temporal scales at which (dA/dt),s is calculated more suitable for applying the QE
assumption regardless of model resolution. In this online experiment, we only have information of (dA/dt);s
in the past 10 min at the current time step. This introduces a small lag between the time averaged (dA/dt), s
and the parameterized convection, which is different from the offline test in Xiao15 where information from
both the “past” and the “future” are used in the 10 min time averaging. Judging from results of the online
experiments presented below, this lag does not affect the overall behavior of the averaging algorithms. We
have also tried using a 20 min averaging time scale for 8, 16, and 32 km grid spacings. The results show that
resolution dependence has little sensitivity to this change in the averaging time scale.

To evaluate the aforementioned experiments, we also performed a benchmark 1 X 1 km? grid spacing CRM
simulation with WRF (Tkm_CRM in Table 1). This grid spacing has been shown to resolve deep convective
cloud systems reasonably well (Lee et al., 2008; Tao, 2007). In this simulation, both deep and shallow convection
schemes are turned off and the time step is 3 s. The precipitation time series (Figure 1) and map of accumu-
lated precipitation (Figure 2) from the CRM run are compared to observations from TRMM. The CRM output is
averaged to match the spatial and temporal resolutions of TRMM data (3 hourly, 0.25 X 0.25 degree). The CRM
run captures the timing of maximum precipitation, but overpredicts the accumulated precipitation.

2.4. Diagnosing Convective Transport and Precipitation From CRM

The results from the 1Tkm_CRM run are used to diagnose convective, resolved, and total transport of MSE
for a series of subdomain sizes from 4, 8, 16, to 32 km using the same method as Arakawa and Wu (2013).
Convective transport of MSE in a subdomain is calculated as:

I 1 =
pW'h':pNZL (w;—w)(hi—h), )

where p is the air density, w; and h; are the vertical velocity and moist static energy at each CRM grid box
i in the subdomain, and N is the number of CRM grid boxes in the subdomain. The overbar and prime repre-
sent the mean over the subdomain and the deviation from it, respectively. Following Liu et al. (2015),
updrafts are identified by: (1) vertical velocities (w) > 1 m s~ and total hydrometer mixing ratio (Q;o) > 1 X
107° kg kg~ " or (2) w>2 m s~ . Downdrafts are identified by w < —1 m s~ and Qi >1 X 107> kg kg™ ".
More details about diagnosing convective transport of MSE from CRM results can be found in Liu et al.

(2015). In the simulations with the ZM scheme, convective transport

21 of MSE is calculated online as:
T’_E 1.8 _: my (hu—5)+md(hd—fw), (8)
€ 15 -
3 12 where m,/my are the updraft/downdraft mass flux, h,/h; are the
i 0'9 ] updraft/downdraft MSE, and h is the grid mean MSE.
% 06 E Resolved transport of MSE is calculated as the deviation of subdomain
'g T ——TRMM or grid averaged mass flux and MSE from the domain averaged values
a 03 E ——1km_CRM (Arakawa & Wu, 2013), (m—m)(h—h), where m is the subdomain-
0.0 T T T T T T averaged mass flux and m and h are the domain averaged mass flux
30 60 90 120 150 180 and MSE, respectively. The sum of convective and resolved transport
Hours since 1/18/2006 OUTC of MSE is then the total transport of MSE.
Figure 1. Time series of domain averaged precipitation (mm h™") from We also partition the precipitation from the CRM run into subgrid con-

1km_CRM and TRMM.

vective and resolved portions relative to each subdomain area. To do
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Figure 2. Accumulated precipitation (mm) from Tkm_CRM and TRMM over the 136 h analysis period.

so, we first use the radar reflectivity from model output to classify the precipitation into either convective or
stratiform for every CRM grid point, using the difference between the radar reflectivity of the grid point and
the mean background reflectivity within an 11 km radius, as described in Steiner et al. (1995).

Then for each subdomain, if there are both convective and stratiform precipitation as classified by the
Steiner method, we assume all convective precipitation belongs to the subgrid category. However, if the
precipitation of every CRM grid point within the subdomain is classified as convective by the Steiner
method, which happens more often for smaller subdomain sizes, we need to examine the heterogeneity of
the convective precipitation within the subdomain to determine how much precipitation should be consid-
ered as subgrid convective precipitation. To do so, we compare the precipitation in each CRM grid point to
the subdomain-averaged precipitation. If the precipitation for the CRM grid point is larger than 3 times the
subdomain-averaged value, then it is considered highly heterogeneous and is classified as subgrid convec-
tive precipitation. All the precipitation that are not classified as subgrid convective precipitation are put in
the resolved precipitation category. We have tested the sensitivity of the “3 times” assumption using 2 times
and 4 times the subdomain-averaged value as the threshold. We found the partitioned subgrid convective
and resolved precipitation insensitive to this parameter. All the subgrid convective and resolved precipita-
tion are then summed up in the subdomain and averaged by the number of CRM grid points in the subdo-
main to get subdomain-averaged values. This subdomain-averaged subgrid convective precipitation is
referred to as convective precipitation hereafter and then compared with the convective precipitation pre-
dicted by the ZM scheme at various resolutions.

3. Results

3.1. Resolution Adaptability of Convective Transport of MSE

Figure 3 shows the convective, resolved, and total transport of MSE from the three sets of ZM experiments
and the CRM simulation described in section 2.2. Ideally, when model resolution increases, the total vertical
transport of MSE in the analysis domain should be the same, while convective transport should decrease
with higher resolution and the resolved transport increases. That is the case for the CRM results, because
the same simulation output is analyzed as a function of the resolution. In the originalZM experiments, how-
ever, convective transport of MSE increases as the model resolution increases, and the increase is very sig-
nificant. This confirms the results in Xiao15, which showed that the convective transport of MSE of the ZM
scheme could increase as the resolution is increased if the spatial averaging method was not applied. More
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Figure 3. Total transport, resolved transport, and convective transport of MSE (J m 257 ") for the three sets of experiments at 4, 8, 16, and 32 km grid spacings.
The Tkm_CRM profiles reflect the coarsened grids used for the subdomain calculations. The profiles are averaged over the analysis domain in space and the 136 h

analysis period in time.

importantly, the total transport of MSE also increases as the resolution increases, driven by the increase in
convective transport. Therefore, the total transport of MSE is not conserved across resolutions with the orig-
inal ZM closure, suggesting double counting of vertical transport at high resolutions.

When spatial averaging of (dA/dt)s is applied (i.e., avgspace experiments), a significant change is that the
total transport of MSE is now almost independent of the resolution. The convective transport of MSE
decreases slightly as the resolution becomes higher, instead of increasing as in the originalZM experiments.
This reaffirms the results from in Xiao15 that the spatial averaging of (dA/dt),s improves the resolution
adaptability of the ZM scheme. When temporal averaging is additionally applied (i.e., avgspace_time experi-
ments), the resolution adaptability is further improved. For example, the reduction of convective transport
of MSE from 32 to 4 km grid spacing is bigger compared to that from the avgspace experiments. The
resolved transport of MSE from the 4 km grid spacing simulation is almost doubled compared to the 32 km
grid spacing simulation, which is a bigger increase than in the avgspace experiments.

Figure 4 shows the convective transport fraction, which is calculated as the ratio of the convective transport
of MSE to the total transport of MSE. As expected from the CRM simulation, this convective transport

YUN ET AL.

RESOLUTION ADAPTABILITY OF ZM SCHEME 2759



QAG U Journal of Advances in Modeling Earth Systems  10.1002:2017ms001035

originalZM avgspace
12000 12000 7
10000 10000 -]
8000 8000
E E
£ 6000 £ 6000
=) 1 =) ]
2 1 —382km 2 ]
4000 4000
1 16km ]
2000 8km 2000
—4Km
0+ ——— 0+ ———
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
convective transport fraction convective transport fraction
avgspace_time 1km_CRM
12000 12000
10000 10000 -
8000 - 8000
E E
£ 6000 £ 6000
=) 1 =) ]
(0] ()
e J < i
4000 4000
2000 -} 2000 -}
0“‘I“‘I“‘I“‘I“‘ 0“‘I“‘I“‘I“‘I“‘
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
convective transport fraction convective transport fraction

Figure 4. The fraction of convective transport of MSE over the total transport of MSE for the three sets of experiments
performed with 4, 8, 16, and 32 km grid spacings. The Tkm_CRM profiles represent the diagnosed convective transport
fraction for the coarsened subdomains. Values are averaged over the analysis domain in space and the 136 h analysis
period in time.

fraction decreases significantly as the resolution increases. However, in the originalZM runs, between 1 and
5 km heights, the convective transport fraction increases with the increase of resolution, which is the oppo-
site of the CRM results (Figures 4a and 4d). With the spatial averaging of (dA/dt).s, the trend reverses at all
vertical levels. When the temporal averaging is further applied, the reduction of convective transport frac-
tion with the increase of resolution is more pronounced, although it is still less than that of the CRM diagno-
sis. The difference in the profile shape near the surface between the CRM results and the ZM simulations is
possibly due to large convective transport of MSE near the surface in the ZM experiments.

Figure 5 more clearly shows the improved resolution adaptability due to the averaging methods. The
decrease of convective transport of MSE is about 60% from 32 to 4 km grid spacing in the CRM simulation.
In the originalZM simulations, convective transport of MSE increases by about 20% from 32 to 4 km grid
spacing. Spatial averaging improves the resolution dependence, leading to a 15% decrease of convective
transport of MSE in avgspace. Temporal averaging further improves the result, with a decrease of convec-
tive transport of MSE of about 30% in avgspace_time. Total transport of MSE increases by about 20% in the
originalZM simulations, but is reasonably conserved with spatial and temporal averaging in the avgspace
and avgspace_time sets of experiments.
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Figure 5. Resolution dependence of convective and total transport of MSE at a height of 4.7 km elevation (the level with
the largest convective transport of MSE). The values for different grid spacings are normalized by the value at 32 km grid
spacing. The grey line is at 1.0 to help guide the eye.

The resolution adaptability of convective mass flux (updraft only) is similar to that of convective transport of
MSE (Figure 6). The implication of this is that the cloud-base mass flux, M, is the primary driver of the reso-
lution dependence of both convective transport of MSE and convective mass flux. The M, behavior in turn
is dictated by (dA/dt),s+ as shown theoretically in equation (5).

Comparing with the offline results in Xiao15, from 32 to 8 km grid spacing, they found a 30% decrease in
convective transport of MSE using the ZM scheme with spatial averaging, while the online result in this
study (avgspace_time) shows a 15% decrease for the same change in grid spacing. We also notice that the
underestimation of the mean magnitude of convective transport of MSE by ZM in the offline diagnosis of
Xiao15 (~50%) seems much less pronounced (see Figure 3). These differences could be partially attributed
to the coupling in the fully interactive model. In the offline test, the ZM scheme is responding to (dA/dt);s
diagnosed from a pre-existing CRM simulation, thus convective transport of MSE calculated from ZM does

not feed back to the simulation. In the fully interactive model, how-

ever, the relationship between the parameterized convection and its

mass f|ux grid-scale environment can be complicated by feedbacks involving

normalized mass flux

0.6

0.3

numerical noise in resolved dynamics (Lander & Hoskins, 1997; Ska-
marock, 2004), the lack of resolution adaptability of other physics
schemes, and the impact of other deficiencies in the convection
parameterization (Gustafson et al., 2013). However, the effect of spa-
tial and temporal averaging is still evident despite the complicated
interactions in the fully interactive model.

To illustrate why applying spatial and temporal averaging improves
the scheme’s performance at higher resolutions, we analyzed the fre-
quency distribution of (dA/dt),s at 4 km grid spacing for a 2 h period
with heavy precipitation within a monsoon event for three different
setups: no averaging, spatial averaging, and spatial-temporal averag-
ing (Figure 7). Comparing the three approaches, we see that applying
spatial averaging significantly reduces the spread of (dA/dt);s and

——1km_CRM
—=a—avgspace_time

—=—avgspace

=—originalZM

4km

grid spacing

16km 32km temporal averaging further reduces it. With this reduction of spread,

the difference between the spatiotemporal averages of (dA/dt),s. and
(dA/dt);s (a positive value for the period under consideration)

Figure 6. Same as Figure 5, but for updraft mass flux at 4.7 km normalized by decreases because the probability of negative values is reduced. (The

the value at 32 km grid spacing.

probabilities of negative (dA/dt);s are 27.1%, 23.4%, and 19.5%, for
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Figure 7. PDF of (dA/dt),s from the 4 km grid spacing simulations fora 2 h
monsoon period beginning at 23 January 2006 00:00 UTC. The values are nor-
malized by the mean from the analysis area averaged during the 2 h.

normalized (dA/dt), g

10° 3 originalZM, avgspace, and avgspace_time, respectively, during the 2 h

] originalZMm period) Given that (1) (dA/dt),s dictates the resolution dependence

3 10’ E :zg:g:gg_ﬁme of convective transport of MSE and (2) (dA/dt);s is shown to have

é 10° good resolution dependence in terms of spatiotemporal average, this

fo decrease in the difference between the two leads to improved resolu-

§ 107" tion dependence of convective transport of MSE. However, the spatial

g . i and temporal averaging also lead to more frequent convection trig-

107 3 gering during this period. This overprediction of convective frequency

10° FRYUMENE NN M. ‘m‘MMii . is more pronounced at higher resolutions. We will further discuss the
20 10 0 10 20 30 40 consequence of this overprediction in section 3.3.

3.2. Resolution Adaptability of Precipitation

The convective, resolved, and total precipitation from the CRM diag-
nosis and the three sets of experiments are shown in Figure 8. The
diagnosed convective and resolved precipitation from the Tkm_CRM
simulation mostly agrees with the results for convective and resolved
transport of MSE in terms of resolution dependence. At 4 km grid spacing, the convective precipitation is
much smaller than the resolved part. The convective precipitation fraction increases significantly when the
grid spacing increases. At 16 km grid spacing, the convective precipitation becomes larger than the
resolved precipitation for the Tkm_CRM benchmark simulation. This is also the case in convective and
resolved transport of MSE (Figure 3). This means the method used to diagnose convective and resolved pre-
cipitation from the CRM could be used as an additional evaluation of the resolution dependence of the ZM
experiments that takes a more integrated view across all the processes in the model contributing to
precipitation.

Like convective transport of MSE, the convective precipitation in the originalZM experiments is larger at
higher resolutions, and total precipitation is not conserved. However, when the spatial averaging of (dA/
dt),s is applied, there is a clear decreasing trend of convective precipitation with the increase of resolution,
and a clear increasing trend of resolved precipitation. More importantly, the total precipitation is now
relatively conserved across the analyzed grid spacings. When both the spatial and temporal averaging of
(dA/dt).s are applied (avgspace_time), the resolution adaptability is closest to the CRM simulation. One nota-
ble improvement with the additional temporal averaging of (dA/dt)s is that the convective precipitation is
smaller than resolved precipitation at 4 and 8 km grid spacings. This is consistent with the CRM diagnosis.
In the originalZM and avgspace sets of experiments, convective precipitation is always larger than resolved
precipitation at all resolutions.

3.3. Spatial and Temporal Distributions of Precipitation
Ideally the overall strength of parameterized convection should

originalZM avgspace  avgspace_time 1km_CRM
. 210 decrease with higher resolution, and the relative fluctuations about
E 180 _ [ FStotal ==resolved == convective the mean should increase (Plant & Craig, 2008), which implies less fre-
‘C’ ] 7 - . quent convection and stronger extremes at higher resolutions. The
L 150 4 spatial and temporal averaging algorithms proposed here are
8 1 designed to improve the resolution-dependent behavior of the mean
% 120 - strength of parameterized convection only. As shown in Figure 7,
SL_J i such spatial and temporal averaging reduce the variability of (dA/dt),s,
o 907 which is directly related to cloud-base mass flux (equation (5)), i.e., the
g 60 parameterized convection strength. There is also a tendency toward
3 : more pronounced overprediction of convection frequency, especially
% 30 at high resolutions.
<<(J o0 J N With these issues in mind, we examine the impact of spatial and tem-

4 81632 4 81632 4 81632 4 816 32 poral averaging on the spatial and temporal distributions of precipita-

tion at 4 km grid spacing. As Figure 9 shows, the spatial pattern of

Figure 8. Precipitation partition change among convective, resolved, and total
precipitation categories as a function of grid spacing. The numbers on the hori-
zontal axis represent the grid spacing (km) of the simulations. The precipitation
is accumulated over the analysis period and averaged for the analysis domain.

convective precipitation dominates that of total precipitation in origi-
nalZM. The convective precipitation shows larger spatial variability
than avgspace and avgspace_time, but the mean magnitude of the
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Figure 9. Accumulated convective, resolved, and total precipitation (mm) for the 4 km grid spacing simulations from the
three sets of experiments and Tkm_CRM. The precipitation is accumulated over the analysis period. Plots in the same col-
umn are for the same precipitation type, while plots in the same row are for the same experiment. Experiment names are
shown on the left-hand side of each row.

convective precipitation is too strong and the spatial pattern is also quite different from the pattern diag-
nosed from the 1km_CRM simulation. After spatial and temporal averaging, convective precipitation
becomes weaker and resolved precipitation strengthens. The total precipitation pattern in the averaging
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experiments becomes dominated by the pattern of resolved precipitation. Despite the smoothing intro-
duced by our averaging method on the convective precipitation, the resolved precipitation pattern seems
to contain more small-scale variations in avgspace and avgspace_time, which leads to a more realistic-
looking total precipitation pattern. We also compared the spatial distribution of precipitation of the 8 km
grid spacing (Figure 10) and 16 km grid spacing (Figure 11) simulations. For both grid spacings, the results
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Figure 10. Same as Figure 9, but for 8 km grid spacing simulations.
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are similar to the 4 km grid spacing results; except for the 16 km grid spacing simulation where the overpre-
diction of convective precipitation by the originalZM simulation is not very significant.

On the instantaneous precipitation plot with 4 km grid spacing (Figure 12), we can see the smoothing of
instantaneous convective precipitation with the averaging algorithms as expected. It also clearly shows the
improved small-scale variations in the instantaneous resolved precipitation with the averaging algorithms,
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Figure 11. Same as Figure 9, but for 16 km grid spacing simulations.
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for example, the rain bands to the northeast of the domain, which is simulated better in avgspace than orig-
inalZM, and even better in avgspace_time, compared to CRM results. Thus the smoothing of instantaneous
convective precipitation does not deteriorate but improves the simulation of instantaneous total
precipitation.
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Figure 12. Instantaneous precipitation (mm h™") at 24 January 04:00 for the 4 km grid spacing simulations from each
experiment and 1km_CRM.
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Figure 13. Time series of standard deviation for spatial variations of convective, resolved, and total precipitation (mm h™") for the 4 km grid spacing simulations

from each experiment.

Taking a closer look at precipitation variability, the standard deviation for spatial variations of convective
precipitation is overpredicted by the originalZM simulation (Figure 13). The averaging algorithms reduce
the standard deviation to slightly smaller than that of the CRM results. In comparison, the standard devia-
tion of resolved precipitation increases with spatial averaging, and increases further with spatiotemporal
averaging. The standard deviation of total precipitation simulated by avgspace_time is the closest one com-
pared to CRM results. The simulated time series of precipitation also looks more realistic with our averaging
algorithms (Figure 14): the total amount improves and the timing of the synoptic-scale averaged precipita-
tion is much better. From these results, it seems that we can improve the spatial and temporal distributions
of total precipitation at high resolutions just by reducing the mean strength of convective precipitation
with the averaging method.

The most likely reason for the improved precipitation distribution with the averaging methods is that by
reducing the convective precipitation amount, more moisture is left in the column to allow for interac-
tions between resolved dynamics and microphysics, which leads to enhanced fine-scale details, both in
space and time. If, in addition to improving the mean strength of parameterized convection, we can also
improve the representation of the variability of convective transport of MSE with either a stochastic
(Wang et al., 2016) or a better deterministic scheme, we may see further improvements in the partition
between convective and resolved precipitation and in the simulation of overall precipitation
distribution.

4, Summary and Discussions

Applying a QE-based convection parameterization directly at high resolutions violates the presumptions of
the QE hypothesis and masks the resolution adaptability of QE-based closures, which comes with the
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Figure 14. Time series of domain mean convective, resolved, and total precipitation (mm h™") for the 4 km grid spacing simulations from each experiment. Values

are averaged over the analysis domain.

physically meaningful resolution dependence of grid-scale CAPE tendency, i.e., (dA/dt);s. In this study, we
test spatial and temporal averaging algorithms for the grid-scale CAPE tendency calculation within the ZM
scheme. Our algorithm allows for a consistent application of the QE-based closure regardless of model reso-
lution. To evaluate the improvements in resolution adaptability, WRF model simulations with the original
ZM scheme, the ZM scheme with spatial averaging, and the ZM scheme with both spatial and temporal
averaging are performed with grid spacings varying from 4 X 4 to 32 X 32 km>.

We show that the original ZM scheme has poor resolution adaptability, with the convective transport of
MSE and convective precipitation both increasing significantly as the resolution increases. The total precipi-
tation and total transport of MSE are also not conserved across resolutions. The spatial averaging method
improves the resolution adaptability of the ZM scheme. Both the convective transport of MSE and convec-
tive precipitation show a decreasing trend as the resolution increases, and the total precipitation and total
transport of MSE are nearly conserved for different resolutions. The spatiotemporal averaging experiments
shows further improvements in resolution adaptability. The change of the magnitude and fraction of con-
vective transport of MSE with resolution is closest to the benchmark CRM simulation for this methodology.
The convective precipitation becomes smaller than resolved precipitation for grid spacings smaller than
8 km, which is consistent with the results from the CRM simulation.

We also examine the spatial and temporal distributions of precipitation, and show that even though the
averaging methods tend to reduce the variability of parameterized convective transport and precipitation
at small grid spacings, the reduction in the strength of parameterized convection leads to enhancement in
both the mean and variability of resolved precipitation, which in turn leads to improved spatial and tempo-
ral distributions of total precipitation compared to the CRM benchmark.

In summary, we have shown that the methods presented in this study lead to improved performance of the
ZM scheme at smaller grid spacings and are helpful for developing resolution adaptability for other cumu-
lus parameterizations based on the QE assumption. It is possible that non-QE-based parameterizations can
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produce better resolution adaptability or better overall performance. The present work is meant to demon-
strate the resolution adaptability that comes with consistent application of QE at high resolutions. As a next
step, it is desirable to extend our methodology to prognostic closures like those of Pan and Randall (1998)
and to test the impact of a resolution-adaptable stochastic formulation (e.g., Plant & Craig, 2008) together
with the averaging algorithms.
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