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Abstract We present a heuristic model to explain the suppression of deep convection in convection-
resolving models (CRMs) with a small number of grid columns, such as those used in super-parameterized or
multi-scale modeling framework (MMF) general circulation models (GCM) of the atmosphere. Domains with
few grid columns require greater instability to sustain convection because they force a large convective fraction,
driving strong compensating subsidence warming. Updraft dilution, which is stronger for reduced horizontal
grid spacing, enhances this effect. Thus, suppression of deep convection in CRMs with few grid columns can be
reduced by increasing grid spacing. Radiative-convective equilibrium simulations using standalone CRM
simulations with the System for Atmospheric Modeling (SAM) and using GCM-coupled CRM simulations with
the Energy Exascale Earth System Model (E3SM)-MMF confirm the heuristic model results.

Plain Language Summary We present a simple mathematical model that helps explain why rising
cloudy air is suppressed in some computer simulations used for studying weather and climate. When the
computer model has fewer columns used to represent the atmosphere, more energy is needed to sustain upward
air movement because the warming of air around clouds as it sinks and compresses is stronger. We found that
increasing the number of columns or making the columns wider can help reduce this effect. Computer model
runs validate the results of our simple mathematical model.

1. Introduction

Convection-resolving models (CRMs) are popular tools used to simulate large-scale turbulent motions associated
with clouds and convection. A multi-scale modeling framework (MMF), also known as superparameterization
(SP), is a way to embed a CRM within an atmospheric general circulation model (GCM) to replace the con-
ventional parameterizations of convection (e.g., Grabowski, 2001; Grabowski & Smolarkiewicz, 1999; Khair-
outdinov et al., 2005; Randall et al., 2003). To manage their substantial computational burden, CRM domains
with a limited number of grid columns are typically employed. For example, recent SP/MMF simulations have
used embedded CRMs with as few as 64 columns (e.g., Hannah et al., 2020; Hannah et al., 2022; Lin et al., 2022).
However, CRM domains with many more columns are sometimes used. For example, in simulations with
OpenlFS (Open Integrated Forecast System) with regional SP deployment, Jansson et al. (2022) use three-
dimensional CRM domains with 64 grid columns in each horizontal dimension (4096 CRM columns per
GCM column), while Jansson et al. (2019) use three-dimensional CRM domains with 200 grid columns in each
horizontal dimension (40,000 CRM columns per GCM column). Henceforth, we refer to the number of grid
columns in a CRM domain as N.

The mass flux of a cloud updraft is balanced by clear air subsidence that causes adiabatic warming of the
environment at a rate proportional to the subsidence velocity. A convective updraft can most easily maintain
positive buoyancy relative to its sinking, warming environment when the updraft area is minimized, which
minimizes the subsidence warming rate by spreading the subsidence mass flux over a large area (Bjerknes, 1938).
In a CRM, the smallest possible updraft fraction is 1/N (i.e., one grid column), which increases as N decreases.
Similarly, the largest possible subsidence fraction is (N — 1)/N, which decreases as N decreases. Tompkins and
Craig (1998) point out that CRM domains with too few N may generate unrealistic sporadic convection, with
convection suppressed during periods of strong convective stability due to excessive subsidence warming.
Furthermore, they argue that because of the nonlinear dependence of atmospheric radiation on cloud cover and
relative humidity (i.e., the average heating rate of a domain oscillating between cloudy convective periods and
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clear, calm periods differs from that of a domain with continuous convection), CRM domains are sufficiently
large when they can support continuous ongoing convection somewhere within the domain. They arrive at a
minimum of N = 2400 based on a scale analysis using this criterion (almost 40X greater than the 64 columns
used in many modern SP/MMF simulations).

Previous work has demonstrated that MMF simulations are indeed sensitive to the N of embedded CRMs.
Pritchard et al. (2014) found that decreasing N from 32 to 8 (while keeping horizontal grid spacing constant) led to
an increase in the shortwave cloud forcing of an SP-GCM, primarily due to changes in low-level cloudiness. They
refer to the inhibiting effects of very strong subsidence that occurs in domains with small N as convective
“throttling”. Pritchard et al. (2014) find that convective throttling causes the lower troposphere to remain less
ventilated, resulting in increased lower tropospheric humidity, denser liquid clouds, and a cooler upper tropo-
sphere in simulations with small N.

It is well-appreciated that updraft buoyancy is reduced by dilution via entrainment of environmental air. Many
previous studies show that entrainment rates are inversely related to updraft width (e.g., Hannah, 2017; Her-
nandez-Deckers & Sherwood, 2018; Kirshbaum & Grant, 2012; Levine, 1959; McCarthy, 1974; Morrison, 2017,
Morrison et al., 2020). In a CRM domain, when N is sufficiently small, a deep convective updraft likely only
occupies one grid column and hence is as wide as one grid column. In this scenario, increasing the grid spacing
would thus result in a wider updraft. Consequently, it is reasonable to hypothesize that convective throttling may
be reduced due to decreased updraft dilution by entrainment in the wider updraft when grid spacing is increased.
In CRM simulations, updrafts reach higher maximum heights when they are wider (Khairoutdinov & Ran-
dall, 2006), and when coarser grid spacing is used (Rousseau-Rizzi et al., 2017; Tang & Kirshbaum, 2020). While
the relationship between entrainment and updraft width is debated (e.g., Dawe & Austin, 2013; Xu et al., 2021), it
has been shown in diverse CRM simulations that turbulent mixing decreases as grid spacing increases (Jeevanjee
& Zhou, 2022; Pauluis & Garner, 2006; Tang & Kirshbaum, 2020), indicating that grid resolution impacts
convective mixing.

Hence, this study focuses on understanding how convective throttling—which is an effect of N being too small to
sustain ongoing convection against too-strong subsidence (Bjerknes, 1938; Tompkins & Craig, 1998)-is
impacted by updraft dilution. Specifically, we explore how deep convective throttling in CRM domains with
small N may be modulated by varying the horizontal grid spacing. We focus only on domains that are too small to
support convective aggregation (see Muller & Held, 2012; Yanase et al., 2020).

We explore this in two sets of simulations: standalone CRM simulations in radiative convective equilibrium and
SP/MMF simulations in which CRM domains are coupled to a GCM grid. The behavior in these two types of
simulations is expected to differ due to their fundamental setup. In standalone CRM simulations in radiative
convective equilibrium, the CRM domain must balance its own energy budget vertically. Deep convection and
associated turbulent vertical fluxes are the sole mechanisms through which instability, which is continuously
generated by atmospheric radiative cooling, can be removed. Thus deep convection must occur eventually in these
simulations. In contrast, in SPMMF simulations, embedded CRM domains can exchange energy with other CRM
domains via the parent GCM grid's circulation. This coupling enables the continuous suppression of deep con-
vection in at least a subset of the CRM domains of an SP/MMF simulation. This fundamental difference in
circulation between the two simulation types is expected to lead to distinct behavior in how convective throttling
manifests and how it is modulated by changes in grid spacing.

2. Heuristic Model

Here, we present a heuristic argument to explain why convective throttling occurs in CRM simulations with few
grid columns in domains that are too small to support convective aggregation. We note that a similar model is
presented by Bjerknes (1938) to explain the propensity for the small fractional area of deep convection.

In the absence of a net circulation, the convective and environmental mass fluxes balance,
WO, = _We(l - (Tc)i (1)

where o. is the fractional area of convection, w is vertical velocity, and the subscripts ¢ and e refer to the ascending
convective and descending environmental regions, respectively. In writing Equation 1, we have ignored any
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horizontal variations in density, which are negligible compared to horizontal variations in vertical velocity and
ascent/descent area. We note that Equation 1 holds in the embedded CRM domains of both the SP-Community
Atmosphere Model (CAM) (Khairoutdinov et al., 2005, 2008) and the Energy Exascale Earth System Model
(E3SM)-MMF (Hannah et al., 2020) because the domain mean vertical velocity within the embedded CRMs must
be zero.

Sinking environmental air warms due to adiabatic compression at the rate w,(I', — I'y), where I' = —aT/dz is
the lapse rate (the rate of change of temperature, 7, with height, z) and I'; is the dry adiabatic lapse rate. Using
Equation 1 we can write subsidence warming in the descent region as

drT, w0,
¢ =2, -T)). 2
e T o)

The rate that temperature changes in the ascent region during undilute moist convection is

dr,
dt

=We (rc - Iﬁm)v (3)

where I',, is the saturated adiabatic lapse rate. To sustain a buoyancy-driven convective overturning circulation,
positive buoyancy of the convective region is required. We crudely approximate this condition as

dT, _dT,
dt = dt’

4)

In writing Equation 4 we have ignored contributions to convective region buoyancy from differences in water
vapor, pressure, and condensate loading between the convective region and the environment. Additionally, we
have assumed that the descending mass flux which balances the updraft mass flux, and which the updraft must be
maintained against, is uniformly distributed over the environmental region. While these simplifications limit the
heuristic model's quantitative accuracy, they allow us to elucidate the fundamental relationships between key
variables, providing valuable insights into the underlying mechanisms driving convective throttling for small N.
We can re-write Equation 4 in terms of the ascent area using Equations 2 and 3 as,

r-r
6, < — 1, (5)
l—‘d—l—‘m

where T is the domain mean lapse rate, and we have assumed negligible differences in the lapse rate between the
convective and environmental region. This assumption is valid because of the relative smallness of CRM domains
used in SPMMF models and the resulting closeness of I'. and I',, especially in the tropics due to the smallness of
horizontal temperature gradients there (e.g., Romps, 2012). Equation 5 describes a (crude) limit on the maximum
possible fractional convective area for a limited region with no mean circulation by the domain mean instability.
The largest o, that can exist during ongoing convection increases with instability (l_“) . Conversely, convective
area is limited when instability is small. This is a consequence of the condition posed in Equation 4.

We thus arrive at the primary reason that CRM domains with small N throttle convection. N limits the minimum
value that 6, can assume: The smallest possible value of 6, in a CRM domain is 1/N. This number decreases as N
increases. The threshold instability (I'*) needed to maintain a convectively driven overturning circulation in at
least one grid column during undilute convection in a CRM can be inferred from Equation 5:

= %(Fd -I)+T,. (6)
The right hand side of Equation 6 is a weighted average of the dry and moist adiabatic lapse rates, which decreases
and approaches the moist adiabatic lapse rate as N is increased. The dashed lines in Figure 1 show I'* computed
from Equation 6 for N ranging from 2 to 512 columns. Differences in I'* between N are large for very small N, and
converge toward I',, as N increases.
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Figure 1. The critical lapse rate, ['*, needed to maintain convection (i.e., to satisfy Equation 4) for undilute (dashed lines; see
Equation 6) and diluted (solid lines; see Equation 9) convection, for domains ranging from 2 to 512 columns, given a range of
entrainment rates (increasing by column left to right) and relative humidities of entrained air (increasing by row, top to
bottom).

Equation 6 and the dashed lines in Figure 1 show that domains with small N require more instability to maintain
undilute convection. However, in CRM simulations and in reality, buoyant convection does not occur without
entrainment, which can substantially dilute updraft buoyancy. We modify Equation 3 for entraining convection as

dar, L
d[ - (.'(FC 1—‘m €ﬁ) (7)

where € is the fractional entrainment rate (with units of inverse length) and f is a dilution factor that depends on
the difference in temperature and humidity between the updraft air and the entrained air, which we will crudely
approximate as

L
ﬁ = Tc - Tentrained + C_V(QS - qentrained)' (8)
P
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In Equation 8, L, is the latent heat of vaporization, c, is the specific heat capacity of dry air, g is the water vapor
mixing ratio, and the subscript “entrained” indicates quantities associated with the entrained air. In writing
(Equation 8), we have assumed that the convective region is saturated (qu) and have neglected differences in
latent heating due to ice processes. Using Equation 7, we can rewrite the threshold instability needed to maintain a
convectively driven overturning circulation for entraining convection as

= %(Fd -T)+T, + e/;’(l - %{) 9)

Entrainment of unsaturated air increases I'*. This is seen with the solid lines in Figure 1, which show the variation
in T™* calculated using Equation 9 that results from varying e between 0.25 and 1.75 km™! and the relative hu-
midity of the entrained air between 75% and 95%. We omit plotting I'* > I',. When entrained air is relatively dry,
even modest entrainment rates contribute to a large amplification of I'* because of strong dilution. Similarly, we
see a strong increase in I'* for the converse: when entrained air is humid (95% relative humidity) but the
entrainment rate is strong. The key point here is that entrainment dilution has a strong impact on I'*.

Comparison of Equation 9 with Equation 6 reveals that the decrease in I'* with increasing N is associated with
undilute processes. For a constant value of entrainment dilution, ef, entrainment actually reduces differences in
I'* between N. This can be seen by comparing the spread between the dashed lines and solid lines in each panel of
Figure 1, which is smaller for the entraining case (solid lines) than the undilute case (dashed lines). However, as
we mentioned in Section 1, N may directly affect ¢ via a control on updraft width by limiting the number of
columns available for convection. Convection-resolving model domains with small N may thus amplify ¢f by
forcing updrafts to occupy only one grid column, and hence be physically small and entrain more than they would
if they could occupy multiple columns and be wider. As a result, convective throttling due to small N may be
enhanced by entrainment dilution, and may be reduced by coarsening the grid spacing to reduce mixing. We will
explore this question next using both standalone CRM and GCM-coupled SP/MMF simulations.

3. Methods
3.1. Simulations
3.1.1. Standalone CRM Simulations: SAM

We use the System for Atmosphere Modeling (SAM; Khairoutdinov & Randall, 2003), version 6.10.6, configured
as a cloud-resolving model with doubly periodic lateral boundaries. We run 3-D simulations with 8 (N = 64), 16
(N =256),32 (N = 1,024), 64 (N = 4,096), 128 (N = 16,384), and 256 (N = 65,536) grid columns in each
horizontal direction, and with horizontal grid spacings of 62.5, and 250 m, 1 , and 4 km. We use 60 vertical levels
with a model top located near 26 km and a rigid-lid top boundary condition. Between the surface and 2.5 km, the
vertical grid spacing linearly increases from 75 to 500 m, and is held constant at 500 m above 2.5 km. A sponge
layer is located above 18 km. Sea surface temperature (SST) is fixed uniformly at 303K.

Simulations are non-rotating and forced with the same prescribed radiative heating profile, which was obtained
from an equilibrated SAM simulation run in radiative-convective equilibrium with interactive radiation (Rapid
and Accurate Radiative Transfer Model for General Circulation Models, Iacono et al., 2008). We use prescribed,
rather than interactive radiation, to inhibit the influence of cloud and water vapor radiative feedbacks on the
results (i.e., to more cleanly isolate the influence of N and grid spacing on the results). We include the radiative
heating forcing profile in the supplemental material (Figure S3 in Supporting Information S1).

We use a single moment microphysics scheme (Khairoutdinov & Randall, 2003) which uses an instantaneous
saturation adjustment to determine the partitioning between water vapor and cloud condensate, the latter of which
is divided into liquid and/or ice phases based on temperature. Similarly, precipitating water is diagnostically
partitioned into rain, snow, and graupel based on the temperature. The saturation adjustment occurs at each
effective time step.

Each run is initialized from the same warm, humid temperature and moisture profile (Figure S1 in Supporting
Information S1) with white noise temperature perturbations on the order of 0.01 K applied to the lowest 5 model
layers to initiate convection. A simple Smagorinsky-type scheme (Khairoutdinov & Randall, 2003) computes
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sub-grid scale momentum and scalar tendencies. Domain-averaged horizontal wind is nudged to zero at each
vertical level with a nudging time scale of 1 hr. Each simulation includes a 100-day spin-up phase. Unless
otherwise noted, a 20-day period after spin-up is used to compute equilibrium statistics (see Figure S2 in Sup-
porting Information S1 for time series over the entire 120-day simulation period). Domain-mean statistics are
sampled every 2 min and then averaged to estimate hourly domain-mean statistics.

For completeness, we also ran two-dimensional simulations with N = 16 and N = 128 and 1 km grid spacing.
The sensitivity of convective statistics and domain mean quantities to N in these two-dimensional simulations was
similar to that observed in the three-dimensional runs, thus we omit those results. Other studies have investigated
the sensitivity of convection to CRM dimensionality (Hsu et al., 2024; Liu et al., 2023), which is not a goal of our
study.

3.1.2. Global MMF Simulations: E3SM-MMF

The Energy Exascale Earth System Model (E3SM) was originally forked from the NCAR Community Earth
System Model (CESM), but all model components have undergone significant development since Golaz
et al. (2019). The dynamical core uses a spectral element method on a cubed-sphere geometry, while physics
calculations are performed on a finite volume grid that is slightly coarser than the dynamics grid, but more closely
matches the effective resolution of the dynamics (Hannah et al., 2021).

The multi-scale modelling framework (MMF) configuration of E3SM (E3SM-MMF) was originally adapted from
SP-CAM and reproduces the general behavior of its predecessor (Hannah et al., 2020). The embedded CRM is
adapted from SAM, but rewritten in C++ using the performance portability library of Yet Another Kernel
Launcher (YAKL, Norman et al., 2023) to facilitate GPU acceleration. Microphysical processes are parame-
terized with a single moment scheme, and sub-grid scale turbulent fluxes within the CRM are parameterized using
a diagnostic Smagorinsky-type closure. There is an additional boundary layer scheme outside of the CRM based
on Holtslag and Boville (1993). This allows surface momentum fluxes to be mixed through the boundary layer
prior to the global dynamics, which reduces biases in near-surface wind.

E3SM-MMF uses a 60 layer vertical grid with 50 levels in the embedded CRM. The embedded CRM in E3SM-
MMF uses a two-dimensional domain with 64 CRM columns in a north-south orientation and 2 km horizontal
grid spacing. The global physics time step is set at 20 min with a CRM time step of 10 s. The CRM variance
transport scheme of Hannah and Pressel (2022) is enabled to reduce grid-scale noise caused by variance trapping
in the CRM (Hannah et al., 2022).

E3SM-MMF was configured for radiative-convective equilibrium (RCE) according to the RCE model inter-
comparison project (RCEMIP) protocol (Wing et al., 2018). This includes globally homogeneous surface tem-
perature of 300K and globally homogeneous downward shortwave radiation. The initial condition was created
from a 100-day run starting from an analytic initial condition. The standard global cube-sphere grid was used with
30 x 30 spectral elements per cube face and 2 X 2 finite volume physics cells per element (i.e., ne30pg2), with
an approximate physics grid spacing of 150 km. Each simulation was run for 198 days using 64 Perlmutter GPU
nodes at the National Energy Research Scientific Computing Center (NERSC).

3.2. Methods for Diagnosing Entrainment and Detrainment Rate

We will present some results relating to diagnosed fractional entrainment and detrainment rate. Here we docu-
ment how they are calculated. We first estimate the entrainment and detrainment rate through a simple entraining-
detraining bulk-plume model (e.g., De Rooy et al., 2013; Yano, 2014):

9

()Zu = _€(¢u - ¢n) + SM (10)
1 oM

where ¢ is a relatively conserved variable, subscripts “u” and “n” denote averages across convective updraft grid
cells and non-updraft grid cells, S, is the net source of ¢ within updraft, ¢ and § represent the fractional
entrainment rate and detrainment rates, M represents the convective updraft mass flux, and z is height. Here, we
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choose ¢ as the total non-precipitating water (i.e., water vapor plus liquid and ice cloud mixing ratio). S, is
evaporation of precipitation minus cloud-to-precipitation conversion averaged across updraft grid cells.
Convective updraft grid cells are those with cloud mixing ratios greater than 10~ kg kg™' and upward vertical
velocities greater than 1 m s~!. Non-updraft grid cells are defined as those with cloud water mixing ratios smaller
than 10~° kg kg™'. Horizontally averaged ¢,, ¢, S,, and M were saved as part of our domain-mean statistics
outputs.

In addition to the above single plume model, we also used a spectrum plume method to diagnose the entrainment
rate distribution (Kuang & Bretherton, 2006). Unlike the single plume model which assumes all the updrafts have
the same entrainment rate profile, the spectrum plume model allows updrafts to have a spectrum of entrainment
rates. Here we briefly describe the procedure of calculating entrainment rate distribution used in Kuang and
Bretherton (2006). First we need to calculate the convective updraft mass flux distribution in the space of frozen
moist static energy (FMSE) and height. Frozen moist static energy is defined as ¢, T + gz + L,q — Lyq;, where
T is temperature, g is gravitational acceleration, L, is the latent heat of fusion, respectively, and g, g; are the
mixing ratios of water vapor and ice, respectively. Then we specify a set of fractional entrainment rate values, and
calculate the FMSE profile of an entraining plume using the mean FMSE in the updraft at the cloud base for each
fractional entrainment rate. Then, at each level, we count how many mass fluxes fall into each entrainment rate
interval according to their FMSE. Essentially we get mass flux distribution in the space of entrainment rate and
height. To ensure sufficient 3-D output for calculations related to this spectrum plume method, we extended the 1
km-resolution simulations with instantaneous 3-D fields saved every 30 min as follows: N = 16 X 16 for 320 days,
N =32 x 32 for 160 days, N = 64 X 64 for 160 days, N = 128 X 128 for 80 days, and N = 256 X 256 for 20 days.

4. Simulation Results
4.1. Standalone CRM (SAM)

N has a clear impact on the behavior of limited-domain CRM simulations. Figure 2 shows time series of
convective available potential energy (CAPE), precipitation, environmental vertical velocity w, (defined as the
mean vertical velocity at 4 km for grid cells with cloud condensate less than 10> kg kg™'), and the free
troposphere lapse rate (calculated between heights of 1 and 12 km). As hypothesized by Tompkins and
Craig (1998), the temporal variability of precipitation, instability, and vertical velocity is generally larger for
small V. This is a consequence of excessive subsidence warming with small V, which stabilizes the domain, with
periods of quiescence between convective events as radiative cooling and surface fluxes regenerate instability. In
comparison, domain mean precipitation and w, are continuous for large N. Tompkins and Craig (1998) estimate
that a domain with about N = 2400 (approximately 50 X 50 columns in each horizontal direction) is needed to
simulate continuous convection. Qualitatively, for our simulations, there is a large reduction in the temporal
variance of domain mean precipitation and w, between 32 X 32 and 64 X 64, consistent with Tompkins and
Craig (1998).

An exception to the previous discussion occurs for the simulations with the finest grid spacing of 62.5 m.
Continuous convection is not achieved at this grid spacing, even for the largest N (Figure 2e). The temporal
variance in CAPE increases with N, instead of decreasing as it does for the other grid spacings. We note that both
the aspect ratio of grid cells (horizontal to vertical = 0.125) and the physical domain size (16 X 16 km for
N = 256 X 256) are unusually small for deep convective simulations, and so we choose not to explore this
behavior further.

In addition to becoming more variable, domain mean CAPE also increases as N decreases. This is true even at the
grid spacing of 62.5 m. This is a consequence of convective throttling: For small domains, more instability is
needed to maintain a convective overturning circulation (Equation 6). The suppression of convection in domains
with small N causes the accumulation of instability, which is otherwise efficiently removed by convection in
domains with large N (Tompkins & Craig, 1998). However, we see a decrease in domain mean CAPE for each
increase in N. In other words, we do not see a convergence as the N approaches the Tompkins and Craig (1998)
limit of 2,400. The changes in CAPE are also evident in the free-troposphere lapse rate (last row in Figure 2),
which increases as N decreases. This dependence of the lapse rate on N, which is larger for small N, is consistent
with predictions from the heuristic model (Figure 1).
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Figure 2. For days 101-105 in SAM simulations, time series of (first row) convective available potential energy (CAPE) (second row) surface precipitation (third row)
environmental vertical velocity, and lapse rate (last row) for horizontal grid spacings of (left column) 62.5 m (center left column) 250 m (center right column) 1 km, and
(right column) 4 km. Environmental vertical velocity is evaluated at 4 km and is calculated by averaging the vertical velocity across all grid cells with cloud mixing ratio
less than 10> kg kg™!. Lapse rate is calculated based on the temperature difference between model levels at z = 12 km and z = 1 km.

Figure 3 shows profiles of domain averaged mean state quantities from the SAM simulations as a function of N
(line colors) and grid spacing (columns). The first row of Figure 3 shows that the convective mass flux increases
as N decreases. The simulations in this study are in radiative-convective equilibrium with identical prescribed
radiative cooling rates. This means that, ignoring the minor contribution from vertical turbulent fluxes, the heating
due to convection (the net condensation minus evaporation rate) must also be identical across the simulations. The
convective mass flux and gross condensation rate are intimately related (Kogan, 2021, 2022). Thus, there must be
more evaporation occurring in the simulations with small N (see Figure S3 in Supporting Information S1), which
have larger convective mass fluxes, in order to produce equivalent convective heating rates as simulations with
large N. This suggests that for larger NV, convection is more efficient at heating the free troposphere, as less of the
condensation is offset by evaporation. The second row of Figure 3 shows that relative humidity increases as N
decreases, consistent with there being more condensate evaporation and mixing between the updraft and envi-
ronment for small N.

High cloud fractions are also larger in small domains (Figure 3b). This is likely due to two factors: first, the larger
convective mass flux below the anvil level, which enhances the detrainment of cloud material at the anvil level;
and second, the higher relative humidity, which slows anvil cloud evaporation. These processes contribute to the
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first order balance between cloud formation and dissipation that determines overall anvil cloud fraction (Beydoun
et al., 2021; Seeley et al., 2019).

Next we discuss the increased evaporation in domains with smaller N. The critical instability in Equation 6 is the
threshold lapse rate for one grid column to buoyantly convect without violating condition (Equation 4). For a
given value of I' > T, the number of grid columns available for convection increases with N. This implies, for a
fixed grid spacing, that increasing N also allows updrafts to be physically wider by occupying more grid cells.
Figure 4a shows that we indeed see a widening of the updraft width distribution as N is increased, with a reduction
in the number of small updrafts and an increase in the number of wider updrafts. Convective entrainment rates
may be larger for physically small updrafts (e.g., Hernandez-Deckers & Sherwood, 2018; Khairoutdinov &
Randall, 2006; Kirshbaum & Grant, 2012; Levine, 1959; McCarthy, 1974; Morrison, 2017; Morrison
et al., 2020). Thus, enhanced updraft dilution due to enhanced entrainment into smaller updrafts may be causing
increased evaporation in domains with smaller N. Figure 4b shows that the distribution of entrainment rates
diagnosed using the spectral plume method (see Section 3.2) indeed shifts toward smaller values as N is increased
and updrafts become wider.

From this argument, it logically follows that the impact of N on convective throttling should be reduced by
increasing the grid spacing to make updrafts physically wider such that dilution by entrainment is also reduced.
The profiles shown in Figure 3 consistently support this expectation. As the grid spacing is coarsened, the spread
in the bulk fractional entrainment rate with N decreases and the distribution of bulk entrainment rates shifts
toward smaller magnitudes. Furthermore, the spread in the convective mass flux and cloud fraction with N re-
duces as grid spacing is coarsened, suggesting that convective throttling is also reduced. Finally, the troposphere
lapse rate and its spread with N is reduced as grid spacing is coarsened (Figures 2m—2p), which is consistent with
the heuristic model results shown in Figure 1. Jeevanjee and Zhou (2022) also show that the updraft mass flux,
relative humidity, and anvil cloud fraction increase for finer horizontal grid spacing as a result of
increased mixing.

The final row of Figure 3 shows how bulk detrainment varies with N. The termination of updrafts contributes to
bulk detrainment, and occurs when updrafts reach their level of neutral buoyancy, can no longer ascend, and thus
transfer their remaining mass to the environment. We refer to this type of detrainment as dynamical detrainment
(see De Rooy et al., 2013). From Section 2, it can be intuited that dynamical detrainment should be larger for
smaller N. For small N, compensating subsidence warming is strong because o,. is forced to be large. As a result,
an existing updraft is more likely to become neutrally buoyant at a lower altitude than in a domain with large N
(and with a smaller ., assuming all else equal). Note that this is an undilute effect. However, the sensitivity of
dynamical detrainment to N is likely exacerbated by updraft dilution by entrainment. That is, updrafts in domains
with smaller N are even more likely to reach their levels of neutral buoyancy at lower altitudes because of
enhanced dilution. Finally, the enhancement of turbulent mixing between the updraft and the environment for
small N likely also contributes to the increased turbulent (in addition to dynamical) detrainment for small N. This
is supported by the increase in detrainment rate for smaller N, and the reduction in the differences between
detrainment rates with N for coarser grid spacings.

Profiles from SAM simulations with the same setup but with interactive radiation are shown in Figure S4 in
Supporting Information S1. In general, interactive radiation does not change the sensitivity of domain mean
quantities to N. We note some exceptions: in the upper troposphere, differences in relative humidity between N
are slightly enhanced in simulations with interactive radiation; while differences in the convective mass flux are
slightly reduced.

In summary, CRM domains with small N throttle convection by producing too-strong subsidence. Additionally,
we show that CRM domains with small N also limit updraft width and increase convective entrainment rates.

Figure 3. Sensitivity of domain mean profiles to computational domain size across horizontal resolutions of 62.5 km (left column), 250 m (center left column), 1 km
(center right column), and 4 km (right column). The rows from top-to-bottom are (a—d) relative humidity (e-h) updraft mass flux (i-1) cloud fraction (m—p) fractional
entrainment rate, and (q—t) fractional detrainment rate. Entrainment and detrainment are diagnosed using the bulk plume model described in Section 3.2. Shaded
uncertainty range is estimated by dividing each 20-day simulation into 8 non-overlapping 2.5-day time block and calculating the standard deviation across the 8 time
blocks. In panel i, the inset plot zooms in on a smaller range of cloud fraction to provide greater clarity.
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Thus, convective throttling in standalone CRM simulations can be reduced

N
o

N
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either by increasing N or by increasing the grid spacing to reduce mixing.
16x16

32x32
64x64
128x128 We now assess sensitivity to the N of embedded CRMs in SP/MMF simu-
—— 256x256 lations. The CRMs in these simulations are different from those analyzed in
Section 4.1 in two primary ways. First, they have interactive radiation, and
thus cloud and water vapor radiative feedbacks will affect their statistics.

4.2. GCM-Coupled (E3SM-MMF)

o
o

5

1' 0 15 Second, the individual CRMs are not in radiative-convective equilibrium

because they are able to laterally exchange energy with other CRM domains

U pd raft core size (g rid S) via the parent GCM grid's circulation. This second point is important because

(b)

this coupling enables low-instability (i.e., “throttled”) CRMs to effectively

N
o

N
o

Percentage (%)

“export” their instability to higher instability CRMs via the GCM circulation,
enabling continuous convective suppression in at least a subset of the CRM
domains, unless processes outside of the CRM, such as GCM advection and
fluxes from the surface component models, conspire to create adequate
instability to encourage convection. In contrast, in the standalone CRM
simulations turbulent vertical fluxes, including deep convection, are the sole
mechanism through which continuous radiative cooling is balanced.

Figure 5 shows time series of various quantities from the E3SM simulations.

0 +—
10°1

100 Figure 6 shows domain mean (i.e., across all GCM grid cells) profiles,
averaged from days 110-200. Precipitable water is larger for smaller N, with a

Entrainment rate (km_l) roughly 5 mm spread between N = 32 and N = 256, consistent with the

Figure 4. Probability distributions of (a) updraft core size and

(b) entrainment rate at an altitude of 6 km for simulations with 1 km grid
spacing. Updraft cores are defined as contiguous grid cells with an upward
velocity exceeding 1 ms™" and a cloud mixing ratio exceeding 105 kgkg™".

relative humidity being larger for smaller N, which we also found in the
standalone simulations. However, GCM coupling greatly reduces the spread
in relative humidity with N that we observe in the standalone simulations,
with some levels even having negligible or no differences in relative humidity

Updraft core size is defined as the number of grid cells in each updraft core. The ~ in E3SM-MMTF. The increase in precipitable water for smaller N is driven
mass flux of each updraft core is used as the weight to calculate the probability  primarily by larger relative humidities at low levels, as in Pritchard

distribution of core sizes. The entrainment rate distribution is diagnosed using
the spectrum plume model described in Section 3.2.

et al. (2014). This is consistent with an increase in low cloud fraction (6i, 6j)
and shortwave cloud radiative effect (Figure 7) for smaller N, which was also
found in Pritchard et al. (2014).

As in Pritchard et al. (2014), we find that the convective mass flux decreases for smaller N in the SP/MMF
configuration (Figures 6¢ and 6d). Note that this is the opposite result to the one we found for standalone CRM
simulations (Figures 3e—3h), in which the convective mass flux increases for smaller N. The convective mass flux
used to construct these profiles is saved as a diagnostic calculated online using cloudy grid cells exceeding a 2 m
s~! threshold vertical velocity (which is the same threshold used in the convective mass flux diagnostic from SP-
CAM). Figure S5 in Supporting Information S1, constructed from 32-day extensions of the 1 km simulations,
shows that the convective mass flux computed using this 2 m s~! threshold is smaller by an order of magnitude,
has a different shape, and a re-ordered variation with N from one computed with a lower threshold of 0.1 m s™!.
Thus, the profiles shown in Figures 6e and 6f should be considered as the convective mass flux of only the fastest
updrafts, rather than the total convective updraft mass flux, as the high 2 m s=! threshold is likely causing many
updrafts, especially for small N, to be missed.

Profiles of the large-scale mass flux (the intensity of the GCM-grid overturning circulation) in Figures 6k and 61
show that the intensity of the large-scale (i.e., GCM grid scale) overturning circulation is larger for small N. This,
combined with the relative invariance of the dry static stability (Figures 6g and 6h) with N suggests that, as we
expect, there is indeed more energy being circulated via the GCM grid scale circulation for smaller N. This is
because CRMs with small N have a harder time taking care of their own instability via deep convection (i.e., they
are throttled) so they “export” it to neighboring GCM grid cells via the large-scale (i.e., GCM) circulation.
Figures Se—5h shows that the ascent area and (for 1 km grid spacing) the spatial variance of vertically integrated

moist static energy <(h)’2) is increased for smaller N, consistent with convection being more organized or
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Figure 5. Time series of (a), (b) precipitable water (c), (d) the net radiative flux at the top of the model (e), (f) ascent area, and
(g), (h) the spatial variance of vertically integrated moist static energy, (h)’2, for E3SM-MMF simulations. Left (right)
column is for simulations with embedded CRM horizontal grid spacing of 1 km (4 km).

clustered. This is likely a consequence of convective throttling for smaller N, which concentrates convection into
a smaller, moister, and more unstable region. Interestingly, the decrease in both organization and precipitable
water with N is incongruous with how these two fields typically vary together in simulations (i.e., convective
organization tends to dry out the domain) (reviewed in Wing et al., 2017).

Differences between simulation fields with N as grid spacing is increased from 1 to 4 km are more subtle for the
GCM-coupled CRM simulations here than they are in the standalone CRM simulations shown in Section 4.1.
Precipitable water for all N decreases by about 5 mm, with a small reduction in spread with N, consistent with a
decrease in mixing as CRM grid spacing is coarsened, as in the standalone CRM simulations (also Pauluis &
Garner, 2006; Tang & Kirshbaum, 2020; Jeevanjee & Zhou, 2022). This may be driven, in part, by a reduction in
mid-tropospheric relative humidity and associated cloudiness, which in-turn leads to a slight reduction in the
magnitudes of the shortwave and net cloud radiative effects at 4 km grid spacing. However, interactive radiation
also makes the coarser simulation colder by about 2-5 K (not shown), which could also be driving the reduced

precipitable water at 4 km. The increased ascent area and decreased W shows that large-scale convective
organization is also slightly decreased for 4 km grid spacing, compared to 1 km grid spacing as throttling is
reduced. Differences between N are comparable between grid spacing, except for the profiles of updraft mass
flux, cloud fraction, and large-scale mass flux between about 800 and 400 hPa. Thus, for GCM-coupled simu-
lations, throttling appears to only be reduced in the mid-troposphere as grid spacing is coarsened.
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Figure 6. Domain mean profiles from E3SM-MMEF simulations across days 110-200 (a), (b) relative humidity (c),

(d) radiative heating rate (e), (f) updraft mass flux (g), (h) dry static stability (i), (j) cloud fraction, and (k, 1) large-scale mass
flux. The first and third (second and fourth) columns are for simulations with embedded CRM horizontal grid spacing of
1 km (4 km).

5. Summary

In simulations using convection resolving models (CRMs), small domains (i.e., domains with few grid columns)
are used in both standalone simulations and within GCMs employing superparameterization or a multi-scale
modeling framework.

Convective fractional area must be small in order to maintain positive buoyancy against a subsiding and warming
environment. Small convective fractional area ensures that the downward mass flux is spread over a large area and
hence, heats the environment slowly. This is the same argument used to explain the observed smallness of
convective ascent area (Bjerknes, 1938). In CRM domains, the smallest possible convective fractional ascent area
increases as the number of total grid columns, N decreases. Consequently, convective fractional ascent area is
forced to be large in CRM domains with small N which causes a suppression of convection due to strong sub-
sidence warming. This argument is presented qualitatively in Pritchard et al. (2014), and inspired Tompkins and
Craig (1998) to conduct a scale analysis to find the minimum number of columns needed to support continuous
convection (N =~ 2400).

Here, we present a heuristic analytic argument to show why convection is “throttled”, or suppressed, for small V.
We show that.

1. Domains with small N require more instability to sustain convection due to large convective fractional areas.
2. Updraft dilution by entrainment increases the critical instabiltiy needed to sustain convection.
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Figure 7. Cloud forcing (clear sky minus all sky top-of-atmosphere radiative flux) binned by column relative humidity
(precipitable water divided by saturated precipitable water) for E3SM-MMF simulations with embedded CRM grid spacing
of (a) 1 km and (b) 4 km. Dashed lines are the longwave cloud forcing, dotted lines are the shortwave cloud forcing, and the
solid lines show the net (longwave plus shortwave) cloud forcing.

3. Enhanced updraft dilution occurs for small NV, which may be due to restricted updraft size. This enhances the
throttling effect of small N, and can be reduced by increasing the grid spacing to reduce updraft dilution.

We run standalone CRM simulations and GCM-coupled simulations in radiative-convective equilibrium to
showcase these features in two frameworks: one where the CRM domain is in radiative-convective equilibrium
(standalone CRM simulations), and one where the CRM domain may also horizontally exchange energy with
other CRM domains via the GCM circulation.

In standalone CRM simulations with prescribed radiative heating tendencies, as a result of “throttled” convection,
the domain mean instability increases for small N, and precipitation becomes more temporally variable, with
periods of intense rain followed by relatively quiescent periods. Enhanced entrainment and detrainment in small
domains increases the mean relative humidity, convective mass flux, and anvil cloud fraction. Increasing the grid
spacing reduces the differences between N, consistent with reduced mixing and updraft dilution.

In GCM-coupled simulations, small N also leads to convective throttling. Smaller N simulations have more
precipitable water, increased low-level relative humidity, and enhanced cloud radiative effects compared to larger
N domains, consistent with Pritchard et al. (2014). However, spread in most fields is reduced compared to
standalone simulations. Throttling in the presence of GCM-coupling causes the large-scale (i.e., GCM) circu-
lation to be more intense for small V, and for the large-scale to exhibit more organization or clustering. Increasing
grid spacing slightly reduces differences between simulations with varying N, with the largest differences in the
mid-tropospheric cloud fraction.

6. Discussion

In this study, we discuss the modulation of convective throttling due to domain smallness (i.e., having few grid
columns) by horizontal grid spacing. We emphasize that the heuristic model we present is not valid for large
domains, especially those that support convective aggregation.

We pose that increasing grid spacing reduces convective throttling by allowing updrafts to be physically wider,
and hence entrain less. While many studies have found a link between updraft width and entrainment rate (e.g.,
Hernandez-Deckers & Sherwood, 2018; Levine, 1959; McCarthy, 1974; Kirshbaum & Grant, 2012; Morri-
son, 2017; Morrison et al., 2020), the strength of this link is debated (e.g., Dawe & Austin, 2013; Xu et al., 2021),
and may not be the pathway through which grid spacing affects updraft dilution (Jeevanjee & Zhou, 2022; Tang &
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Kirshbaum, 2020). More work is needed to confirm the pathway through which grid spacing affects updraft
buoyancy for simulations with small N. Additionally, because turbulent mixing is, in part, a sub-grid scale (and
hence, parameterized) process, there may be some model variation.

We present results using simulations with a fixed sea surface temperature (SST), and did not explore any sea
surface temperature dependence of convective throttling and how it is modulated by grid spacing. It is possible
that changing the fixed SST impacts the dependence of simulated convection on CRM domain size. Both
instability and the diluting effects of entrainment increase with SST (Singh & O’Gorman, 2015), which may
either reduce or amplify throttling depending on which pathway is more enhanced via changes in SST. If SST
indeed affects throttling, then climate change simulations using an SP/MMF-GCM may display nonphysical
evolving convective statistics due to change in the strength of convective throttling. Since convective throttling
has a clear impact on cloud radiative effects (Pritchard et al., 2014), and on convective organization, this deserves
further study. Additionally, it remains unclear from our study how interactive SSTs may interact with convective
throttling. This also deserves further study as feedbacks between SST, deep convection, and cloud shading are
important for maintaining the observed near cancellation of shortwave and longwave cloud radiative effects in the
tropical warm pool (Hartmann et al., 2001; Wall et al., 2019).

This study has direct implications for SP/MMF modeling, in which simulations using domains with few columns
are still commonplace. While we note that throttling is reduced when grid spacing is coarsened, we do not
necessarily advise using this fact as the sole basis upon which to choose coarse resolution in a SP/MMF setup. For
example, coarse grid spacing may artificially enhance low-level cloudiness due to reduced mixing (Pauluis &
Garner, 2006; Peng et al., 2024). Our simulations also show that moving from 1 to 4 km grid spacing is associated
with a reduction in the mid-tropospheric cloud fraction and stability near the freezing level, which is an important
part of the tropical convective cloud spectrum (Johnson et al., 1999). Reducing grid spacing is often seen as a
desirable change as it permits explicit resolution of smaller eddies, which are important for climate-regulating
marine stratocumulus clouds (Parishani et al., 2017; Peng et al., 2024). However, care must be taken when
grid spacing is reduced as this may enhance the effects of “throttling” as mixing is enhanced.

This study also illustrates that the sensitivities observed in standalone CRM simulations may not directly translate
to identical sensitivities when a CRM is coupled to a GCM in a SP/MMF setup.

The convective area fraction's tight control by the domain lapse rate is in part a result of domain mass conservation
(Equation 1). We can write the condition for convection presented in Equation 4 because it is always true that
environmental air is descending if there is convection occurring. Consider however the case where domain mass is
not conserved, for example, in an SP/MMF-GCM where the CRM directly experiences the large-scale vertical
motion of a host grid cell. Assuming condition (Equation 4) holds, (Equation 5) becomes

— T
FC Fm W,

e (12)
ry,-r,+I.-rI,

6.<

where w is the mean circulation of the domain. If w < 0, condition (Equation 4) is still valid. However, convection
may be less “throttled” because the descending mean mass flux enables a larger maximum o,. That is, for a given
computational domain size, convection may be triggered for less unstable profiles than is possible when w must be
zero. For large-scale ascent (w > 0) , environmental air is no longer guaranteed to be sinking and warming, and we
can not claim Equation 12 because of the potential for violation of the condition in Equation 4. Currently, in both
E3SM-MMF and SP-CAM, any large-scale vertical motion occurring on the GCM grid is communicated to the
embedded CRM via a horizontally uniform forcing on the temperature (and moisture) tendencies (Gra-
bowski, 2001), rather than on the velocity field. This does not impact the limitation of convective fractional ascent
by the local lapse rate written in Equation 5. It remains to be seen if convective throttling is reduced in super-
parameterized simulations without strict enforcement of w = 0.

Lastly, while quantitative, the argument we use to explain why a small CRM domain “throttles” convection relies
on a minimalist depiction of relations between variables during convective motions. For example, radiation,
which is not considered in our equations, may help reduce the critical lapse rate (I'*) needed to sustain an
overturning circulation for a given computational domain size because it heats the convective region relative to
the non-convective region and thus helps maintain the condition in Equation 4. Similarly, we do not consider
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cooling in the environmental region due to evaporation of detrained condensate, which may further help to reduce
. It is possible that these processes may have stronger effects than we anticipate. While entrainment is
considered in a mostly qualitative sense in our discussion of the limitation of updraft width by domain size, we
show in Figure 1 that it can have a large impact on I'*. Nonetheless, we believe that the model captures the primary
relationships between variables that help explain convective throttling in small domains.

Data Availability Statement

Convection resolving model simulations were conducted with the System for Atmospheric Modeling (SAM)
version 6.10.6 (Khairoutdinov, 2022). The Energy Exascale Earth System Model (E3SM) project (E3SM Proj-
ect, 2024) is sponsored by the U.S. Department of Energy, Office of Science, Office of Biological and Envi-
ronmental Research Earth Systems Model Development Program area of Earth and Environmental System
Modeling. The E3SM project, code, simulation configurations, model output, and tools to work with the output
are described on its website (https://e3sm.org). Instructions on how to get started with running E3SM are available
on the website (https://e3sm.org/model/running-e3sm/e3sm-quick-start). All code for E3SM may be accessed on
the GitHub repository (https://github.com/E3SM-Project/E3SM). The raw output data from E3SM-MMF used in
this study are archived in the National Energy Research Scientific Computing Center (NERSC). Simulation data
to reproduce figures is archived and can be accessed from Zenodo (Jenney et al., 2025).
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