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Differences in Tropical Rainfall in Aquaplanet Simulations
With Resolved or Parameterized Deep Convection

Rosimar Rios-Berrios! (2, George H. Bryan! (2, Brian Medeiros! (2, Falko Judt! (=, and Wei Wang!

'National Center for Atmospheric Research, Boulder, CO, USA

Abstract This study investigates the effects of resolved deep convection on tropical rainfall and its multi-
scale variability. A series of aquaplanet simulations are analyzed using the Model for Prediction Across Scales-
Atmosphere with horizontal cell spacings from 120 to 3 km. The 3-km experiment uses a novel configuration
with 3-km cell spacing between 20°S and 20°N and 15-km cell spacing poleward of 30°N/S. A comparison

of those experiments shows that resolved deep convection yields a narrower, stronger, and more equatorward
intertropical convergence zone, which is supported by stronger nonlinear horizontal momentum advection

in the boundary layer. There is also twice as much tropical rainfall variance in the experiment with resolved
deep convection than in the experiments with parameterized convection. All experiments show comparable
precipitation variance associated with Kelvin waves; however, the experiment with resolved deep convection
shows higher precipitation variance associated with westward propagating systems. Resolved deep convection
also yields at least two orders of magnitude more frequent heavy rainfall rates (>2 mm hr~!) than the
experiments with parameterized convection. A comparison of organized precipitation systems demonstrates that
tropical convection organizes into linear systems that are associated with stronger and deeper cold pools and
upgradient convective momentum fluxes when convection is resolved. In contrast, parameterized convection
results in more circular systems, weaker cold pools, and downgradient convective momentum fluxes. These
results suggest that simulations with parameterized convection are missing an important feedback loop between
the mean state, convective organization, and meridional gradients of moisture and momentum.

Plain Language Summary Tall cumulonimbus clouds are abundant in the tropics. However, those
clouds are so narrow and evolve so quickly that they cannot be captured by most weather prediction and climate
models. Most of those models rely on a separate component, called a deep convection parameterization, to
approximate the presence and evolution of cumulonimbus clouds and their associated processes. In this study,
we use a specialized model that can use such a parameterization to approximate cumulonimbus clouds, or can
explicitly produce those clouds without a parameterization given sufficient resolution. We then compare the
characteristics of tropical weather systems from these two approaches. Our comparison shows that when the
parameterization is used, the model produces lighter rainfall from circular clusters of clouds. Rainfall in these
experiments happens only when there is enough water vapor and warming in the atmosphere to create clouds
and rainfall. In contrast, when deep clouds are produced with fine resolution and no parameterization, the
results are more realistic, with heavier rainfall organized into linear clusters of clouds. These results suggest that
improvements to the representation of cumulonimbus clouds, either directly in the model or through improved
parameterizations, would result in more accurate weather and climate predictions.

1. Motivation

Tropical rainfall systems happen across many spatiotemporal scales. On the planetary scale, clouds and rainfall
organize along a narrow band known as the intertropical convergence zone (ITCZ). Within the ITCZ, zonal-
ly-propagating phenomena—known as convectively coupled equatorial waves—modulate tropical rainfall from
days to weeks and from synoptic to planetary scales (Kiladis et al., 2009). Embedded within those waves are
groups of organized precipitation systems known as mesoscale convective systems, which have a lifetime of hours
to days but which contribute over 50% of the climatological rainfall in the tropics (Nesbitt et al., 2006). While
most convective systems are organized into clusters, a large fraction of the total vertical mass flux is accom-
plished by relatively narrow, weak updrafts (Yuter & Houze, 1995; Zipser & LeMone, 1980). The objective of
this paper is to examine how those multiscale processes are represented in global models when deep convection
is explicitly resolved or parameterized.
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Climate and weather prediction models exhibit some noteworthy deficiencies when tropical convection is param-
eterized. Some climate models simulate a double ITCZ instead of the expected single ITCZ in time-mean zonal-
mean diagnostics of rainfall (Lin, 2007; Mechoso et al., 1995). Accurately capturing rainfall variability driven
by convectively coupled equatorial waves is also a challenge for some models. For example, a comparison of
20 general circulation models against satellite observations found that only five models captured equatorial
Kelvin waves reasonably well (Straub et al., 2010). Additionally, global models are unable to capture high-in-
tensity precipitation events that often result in extreme precipitation and flooding hazards in the tropics (e.g.,
Haiden et al., 2012; Vogel et al., 2018). Most of the aforementioned deficiencies are hypothesized to stem from
the convection parameterizations that are employed when the grid spacing is larger than roughly 10 km (Dias
et al., 2018; Frierson, 2007; Frierson et al., 2011; Lin et al., 2006; Liu et al., 2010; Mobis & Stevens, 2012;
Nakajima et al., 2013; Nolan et al., 2016; Pearson et al., 2014; Peatman et al., 2018; Seo et al., 2012; Straub
et al., 2010).

That hypothesis has been investigated with global storm-resolving models—that is, models that use grid spac-
ing smaller than 10 km and no convection parameterization (e.g., Becker et al., 2021; Hohenegger et al., 2020;
Judt, 2018; Judt et al., 2021; Judt & Rios-Berrios, 2021; Stevens et al., 2019; Weber et al., 2020; Weber &
Mass, 2019; Wedi et al., 2020). For example, Weber et al. (2020) and Judt and Rios-Berrios (2021) demon-
strated that forecasts using resolved deep convection produced the most accurate rainfall variability associated
with equatorial waves. Weber et al. (2020) attributed their results to a more accurate nonlinear moisture-rainfall
relationship than when using a convection parameterization. Judt and Rios-Berrios (2021) further showed that
the improved representation of rainfall variability stemmed from explicitly resolving convection because their
simulations with sub 10 km cell spacing and a convection parameterization did not show improvements over the
simulations with 15 km cell spacing or greater. Not all aspects of tropical rainfall are improved in global models
with explicit convection; for instance, resolving convection can produce overly intense rainfall that precludes the
formation of mesoscale convective systems (Becker et al., 2021; Stevens et al., 2019).

Finding solutions to improve the representation of tropical rainfall can be a challenge due to the complex inter-
actions happening in global models. Idealized model simulations of Earth-like conditions, such as aquaplanet
experiments, can reduce some of those complexities while still modeling physical processes in a realistic frame-
work. Furthermore, an idealized configuration facilitates comparison across different models such as was done
in the Aqua-Planet Experiment (APE, Blackburn & Hoskins, 2013). A comparison of 16 global models in
APE showed a variety of solutions for the tropical atmosphere (Blackburn et al., 2013; Nakajima et al., 2013;
Williamson et al., 2013). Some models exhibited a single ITCZ while other models developed double ITCZs for
the same sea-surface temperature (SST) profile, but the solution changed for some models when the underlying
SST profile was changed (Blackburn et al., 2013; Williamson et al., 2013). The models also exhibited quite
the variety of propagating tropical waves; some models captured mostly eastward propagating features while
other models captured westward or even stationary features (Nakajima et al., 2013). A more recent comparison
of a smaller subset of models using the same configuration as in the APE showed similar intermodel spread
(Rios-Berrios et al., 2020a, 2020b), suggesting that clearly more research is still needed to better understand and
simulate the dynamics of the tropical atmosphere.

Aquaplanet experiments using the same model with different horizontal resolution allow exploring the benefits
of resolved deep convection in comparison to parameterized convection. Tomita (2005) produced one of the first
aquaplanet simulations with explicitly resolved convection (mesh spacing of 3.5, 7 and 14 km), demonstrating
that the sub 10 km simulations captured many realistic tropical phenomena such as equatorial waves. Nasuno
et al. (2007) examined the simulations of Tomita (2005) in more detail, finding that the realistic representation of
equatorial waves was, in part, due to a realistic representation of cloud clusters ranging from synoptic to convec-
tive scales. Nasuno et al. (2007) further showed that mesoscale cloud clusters were maintained by convective
elements organized along the leading edges of cold pools. While those simulations were insightful, the 3.5 km
simulation was only integrated for 10 days due to computational constraints at the time. Nolan et al. (2016)
presented longer convection-permitting simulations except with an “aquapatch”, which used a limited-area beta-
plane representative of one third the length of the equator. Interestingly, Nolan et al. (2016) also suggested that
resolved cold pools were important, except they argue that cold pools redistributed precipitation away from
the equator resulting in a single, weak ITCZ when the grid spacing was reduced to 5 km. In contrast, Retsch
et al. (2019) found a double ITCZ in aquaplanet simulations with convection-permitting resolution although with
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Table 1
Summary of the Aquaplanet Experiments Analyzed in This Study
Simulation name Horizontal cell spacing Diffusion length scale Time step Simulation length
120 km 120 km everywhere 120 km 720 s 791 days
30 km 30 km everywhere 30 km 180 s 791 days
15 km 15 km everywhere 15 km 90 s 791 days
3 km 3 km between 20°S and 20°N,15 km poleward of 30°N/S 3 km 15s 160 days

a different modeling system. It appears that the presence of a single or double ITCZ may depend on factors other
than explicitly resolving convection.

Longer simulations with a more diverse range of model configurations are necessary to further identify potential
benefits of explicitly resolved convection, which in turn could potentially inform the improvement of convection
parameterizations. To this end, the primary purpose of this manuscript is to investigate differences of simulated
tropical rainfall in relatively long aquaplanet experiments when deep convection is either parameterized (using
relatively large grid spacing) or explicitly resolved (with relatively small grid spacing). We describe our experi-
ments in Section 2. A comparison of those experiments allows for a robust examination, presented in Sections 3
and 4, of tropical rainfall systems across multiple scales—from the ITCZ to equatorial waves to organized precip-
itation systems. Conclusions and implications of our results are discussed in Section 5.

2. Methods
2.1. Experimental Design

Simulated tropical rainfall systems were examined in a set of aquaplanet simulations using version 6.2 of the
Model for Prediction Across Scales-Atmosphere (MPAS-A; Skamarock et al., 2012), which is a nonhydrostatic
atmospheric modeling system using an unstructured grid. Rios-Berrios et al. (2020a); Rios-Berrios et al. (2020b)
documented the aquaplanet configuration of MPAS-A, showing that MPAS-A captured a stronger signal asso-
ciated with convectively coupled equatorial waves than many other general circulation models. The simulations
presented here use the same configuration as in Rios-Berrios et al. (2020a); Rios-Berrios et al. (2020b) follow-
ing the design of APE (Blackburn & Hoskins, 2013): a zonally-symmetric, temporally-fixed SST given by the
observed (“QOBS”) profile (Neale & Hoskins, 2001), a perpetual equinox, hemispherically symmetric ozone,
and radiatively-inactive aerosols.

Four experiments were produced spanning the horizontal grid spacings typically used by climate models, oper-
ational numerical weather prediction models, and next-generation models with storm-resolving resolution in
the tropics. The first three experiments, which were also analyzed by Rios-Berrios et al. (2020a); Rios-Berrios
et al. (2020b), used uniform cell spacing of 120, 30, and 15 km everywhere. The fourth experiment is the first
of its kind, employing a variable-resolution mesh with 3 km cell spacing between 20°S and 20°N gradually
transitioning to 15 km cell spacing poleward of 30°S and 30°N. Each experiment had a time step and horizontal
diffusion length scale proportional to its horizontal grid spacing (Table 1). The vertical grid, which is the same
for all experiments, contained 75 vertical levels stretching from 60 m spacing near the surface to 500 m between
10 and the model top at 40 km. A Rayleigh vertical velocity damping was applied above 30 km height.

All experiments used the same physics packages. Cloud microphysics processes were parameterized with the
Weather Research and Forecasting Single Moment six Class scheme (Hong et al., 2006), and subgrid-scale turbu-
lence was parameterized with the Yonsei University boundary-layer scheme (Hong et al., 2004). The Rapid
Radiative Transfer for GCMs radiation scheme was used for both longwave and shortwave radiation (Iacono
et al., 2008) with sub grid-scale cloud fraction calculated from grid-scale relative humidity, water vapor mixing
ratio, and cloud and ice mixing ratios following Xu and Randall (1996). The new Tiedtke convection scheme
(Zhang & Wang, 2017) was used for deep and shallow convection, except an experimental scale-aware function
was added to reduce the effect of deep convection for cell spacings smaller than 15 km (Wang, 2022). Over
90% of the tropical rainfall is explicitly resolved in the 3 km experiment in comparison to only 5% in the other
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= 23 20k 5% experiments; therefore, we will refer to the 120, 30, and 15 km experiments

— 120-km -
£ — 30-km —3-krl: as having parameterized deep convection and to the 3 km experiment as
g having resolved deep convection.
£ 21 J{\QSP\W
250 All experiments reach statistical equilibrium after about 60 days. This is
%19 illustrated by Figure 1, showing the globally-averaged precipitable water
] vapor. Experiments with parameterized convection were integrated for a total
“18 20 40 60 80 100 120 140 160 of 790 days (i.e., 2 years and 2 months) while the 3 km experiment was inte-
time (days) grated for 160 days because of the computational expense. One difference is

Figure 1. Time series of globally averaged precipitable water from the 120
(blue), 30 (green), 15 (pink), and 3 km (gray) experiments. Light brown

shading indicates the spinup period.

that the 3 km experiment has a drier atmosphere; specifically, the experiments
with parameterized convection equilibrate at a globally-averaged precipitable
water of approximately 21 mm, and the 3 km experiment equilibrates at a
globally-averaged value just below 20 mm. This difference may be associated
with more removal of water vapor by more intense precipitation in the tropics
in the storm-resolving experiment, as will be shown below. For purposes of
comparison, the first 60 days were considered model spinup and were not used in the forthcoming analysis.

Despite its shorter integration time and variable resolution mesh, the 3 km experiment develops the expected
mean climate from an aquaplanet configuration with zonally-symmetric SST (Figure 2). The warmest air and
highest tropopause appear in the tropics, where zonally-averaged easterlies also exist throughout the troposphere
(Figure 2a). Moist ascending air, associated with a Hadley circulation, also appears in the tropics and is flanked
by dry descending air in the subtropics (Figure 2b). The Hadley circulation extends until approximately 25.5° lati-
tude as estimated from the mass streamfunction described by Rios-Berrios et al. (2020a). Westerly jets appear in
the middle latitudes along with relatively strong temperature gradients. The maximum zonally averaged, time-av-
eraged zonal wind is approximately 48 m s~! at 32° latitude. Overall, the general circulation is very similar
to that produced by the parameterized convection experiments (cf. Figure 2 with Figure 3 from Rios-Berrios
et al., 2020a; 2020b). These results demonstrate that the experiment with variable resolution produces a mean
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Figure 2. Time-averaged, zonally-averaged (a) temperature (shading, every 5 K) and zonal wind (contours, every 5 m s~!),
and (b) relative humidity (shading, every 5%) and meridional circulation (streamlines) from the 3 km MPAS-A simulation. In
panel (a), solid contours represent westerlies and dashed contours represent easterlies.
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climate that, with the exception of being slightly drier, is consistent with the mean climate from the uniform
resolution experiments.

2.2. Diagnostics

Model output from each simulation was conservatively regridded from the unstructured MPAS-A mesh to a
Gaussian grid using the Climate Data Operator tool. For time-averaged, zonally averaged analyses, the interpo-
lated output was on an n80 Gaussian grid with approximately 1.25° latitude-longitude spacing in the tropics. For
everything else (i.e., Sections 3.2—4), the output was interpolated to an n256 Gaussian grid. The equivalent grid
spacing in the tropics of the n256 grid is approximately 0.351° latitude-longitude grid spacing, which captures
most of the details of the 30, 15, and 3 km experiments. Whenever possible, the interpolated output from each
hemisphere was averaged as a function of latitude to effectively double the sample size. This hemispheric averag-
ing masks out subtle hemispheric asymmetries that exist in the middle and polar latitudes of the 3 km experiment,
which are not the focus of this study.

2.2.1. Objective ITCZ Identification

An objective ITCZ identification algorithm was used with the n80 interpolated output to compare ITCZ charac-
teristics amongst the aquaplanet experiments. The algorithm closely follows the steps of Berry and Reeder (2014).
ITCZ segments were defined as continuous grid points satisfying the following criteria on 14 days running mean
output (Figure S1 in Supporting Information S1):

1. Convergent boundary-layer winds given by the 925-1,000 hPa layer-averaged convergence

2. A positive Laplacian of the meridional divergence of boundary-layer winds (indicative of a maximum in
convergence)

3. 850 hPa wet bulb temperature exceeding 300 K, and

4. The above conditions must exist for a continuous 35° or larger longitudinal segments

With these criteria, the ITCZ position was identified on daily output from each experiment, thus providing a large
sample to analyze the ITCZ latitudinal location on each hemisphere (in the case of double ITCZs) or along the
equator (in the case of a single ITCZ). This objective ITCZ identification method yields a more robust analysis
than time-mean zonal-mean rainfall diagnostics. Additionally ITCZ width was determined by the latitudinal
extent of the 5 mm day~! contour away from the ITCZ points, and ITCZ intensity was defined by the rainfall rate
at the ITCZ grid points.

2.2.2. Convectively Coupled Equatorial Waves

Convectively coupled equatorial waves were identified, tracked, and analyzed from the n256 interpolated output
for a 100 day period. That period was the entire analysis period of the 3 km experiment and the last 100 days
of the other experiments. We focused on the dominant equatorial waves in aquaplanet simulations as described
by Nakajima et al. (2013): Kelvin waves, advective disturbances, and n = 1 inertio-gravity gravity waves. Here,
Kelvin waves are defined as eastward-propagating disturbances with a time period of 2.5-20 days and wavenum-
bers 1-14, advective disturbances are westward-propagating disturbances with a time period of 2.5-20 days and
wavenumbers 4-28 (these are similar to easterly waves in the real atmosphere), and n = 1 inertio-gravity waves
are westward-propagating disturbances with a time period of 1.8—4.5 days and wavenumbers 1-14. These waves
were identified using a similar method of Wheeler and Weickmann (2001) with the following steps:

1. Meridionally averaging the 6-hourly rainfall rates between 10°S and 10°N

2. Zero-padding the meridionally averaged rainfall rate by adding 700 time steps with all zeroes (to prevent
spectral leaking; Wheeler & Weickmann, 2001)

3. Applying a fast Fourier transform in both space and time

4. Zeroing out all frequencies and wavelengths outside the desired thresholds for each wave, and

5. Applying an inverse fast Fourier transform on the retained data
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Figure 3. Zonally averaged, time-averaged (a) precipitation rate (b) grid-scale cloud water path, and (c) 925-1,000 mb divergence. Four experiments are shown: 120
(blue), 30 (green), 15 (pink), and 3 km (gray).

This method yields filtered rainfall rate anomalies for each wave. Those anomalies were then used to identify
the location of each wave peak, which is given by grid points where the first temporal derivative of the filtered
anomalies is zero and the corresponding second derivative is negative (Figure S2 in Supporting Information S1).
Those anomalies and peak locations were used to compare the equatorial waves across experiments.

2.2.3. Organized Precipitation Systems and Cold Pools

Organized precipitation systems were defined as continuous rainy grid points as identified using an object-track-
ing approach with the Method for Object-based Diagnostic Evaluation (MODE; Davis et al., 2009). While MODE
was originally designed to compare model output against observations, MODE can also be used to identify any
kind of objects (i.e., regions of interest) from model output (e.g., Prein et al., 2017). Object identification in
MODE follows a “convolution thresholding” approach with three basic steps:

1. Convolving (i.e., smoothing) the field of interest in space,
2. Applying a mask to retain values only above or below a desired threshold, and
3. Identifying individual objects as the connected grid points inside the mask

After the initial identification of objects, MODE combines objects that are close enough to each other to be
considered part of the same system. MODE additionally calculates several diagnostics for each final object,
including its location, intensity, area, angle of orientation, etc. Here, we used MODE with rainfall rates to iden-
tify organized rainfall systems and with 2-m virtual temperature anomaly (from a zonal mean) to identify cold
pools. Both fields were convolved with a radius of two n256 grid points. More details on thresholds and output
will be provided in Section 4, and an example of rainfall systems identified by MODE is shown in Figure S3 of
Supporting Information S1.

3. Effects of Resolved Deep Convection
3.1. ITCZ and Subtropics

Storm-resolving resolution has a large impact on the ITCZ structure as demonstrated by zonally averaged,
time-averaged metrics (Figure 3). In these metrics, the 3 km experiment shows peak rainfall rates of 19 mm day~!
at approximately 2° latitude with a steep decrease toward a subtropics minimum of 1 mm day~! at 10° latitude
(Figure 3a). The cloud water path exhibits a consistent structure with peak cloudiness at 2° latitude and a rapid
decrease toward the subtropics minimum at 10° latitude (Figure 3b). In contrast, all experiments with parameter-
ized deep convection exhibit weaker peak rainfall rates of approximately 11 mm day~! in the 120 km experiment
and approximately 13 mm day~! in both the 30 and 15 km experiments. Those peaks are also 3-4° poleward of
the peak in the 3 km experiment, and are associated with a slower decrease toward a minimum of 1 mm day~!
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Figure 4. Probability density functions of objectively identified (a) intertropical convergence zone location, (b) intensity, and
(c) width for the 120 km (blue), 30 (green), 15 (pink), and 3 km (gray) experiments.

poleward of 13° latitude. Kinematic metrics, such as boundary-layer convergence (Figure 3c), further support this
key difference between experiments. The 3 km experiment is associated with peak convergence of 0.75 x 1073
s~! between 1° and 2° latitude, which is about 50% stronger and 2° and 3° equatorward of the peak convergence
of 0.5 x 1075 s~! at 5° latitude in all other experiments.

The parameterized convection experiments also show differing cloudiness, as shown by the zonally-averaged,
time-averaged cloud water path (Figure 3b). Their amount of cloud water in the tropics decreases with decreasing
cell spacing amongst those experiments, but their peaks are consistently located with their rainfall peaks. Such
variability can affect the top-of-atmosphere radiation budgets through variability in cloud-radiative feedbacks
(not shown).

Objective metrics of ITCZ location, intensity, and width confirm that resolved deep convection yields a more
equatorward, stronger, and narrower ITCZ than parameterized deep convection (Figure 4). The probability
density function (PDF) of ITCZ location from the 3 km experiment exhibits a stronger peak and narrower distri-
bution than in all other experiments (Figure 4a). This result demonstrates that the 3 km experiment consistently
has convergent motions close to or at the equator—even on daily time scales. Meanwhile, the experiments with
parameterized convection are associated with a more poleward and more variable ITCZ location as demonstrated
by their wider PDFs with peak frequency at 4° latitude. Substantial differences also exist in the PDF of ITCZ
intensity (Figure 4b): while the 3 km experiment is associated with a wide distribution of rainfall rates between 5
and 30 mm day~!, the experiments with parameterized deep convection are associated with narrow distributions
peaking at 12 mm day~'. Lastly, the PDF of ITCZ width confirms that the ITCZ of the 3 km is narrower than the
ITCZ of the other experiments (Figure 4c). The PDF of the 3 km experiment is shifted toward smaller values and
is associated with a peak at 18°, which is at least 5° narrower than the peak of the experiments with parameterized
deep convection.

Motivated by previous work on ITCZ dynamics (Gonzalez & Schubert, 2019; Mobis & Stevens, 2012; William-
son et al., 2013), we compared zonally averaged, time-averaged boundary-layer and midtropospheric metrics
from our MPAS-A aquaplanet experiments (Figure 5). These metrics show that the 3 km experiment has a steeper
meridional gradient of both boundary-layer moist static energy and midtropospheric relative humidity poleward
of 5° and 2.5° latitude, respectively (Figures 5a and 5b). In contrast, all other experiments have a broad peak in
the tropics and a relatively weaker meridional gradient of boundary-layer moist static energy and midtropospheric
relative humidity poleward of 7.5° and 5° latitude, respectively. These results are consistent with the view that
an equatorward ITCZ position is associated with steeper meridional thermodynamic gradients, which support
convection close to the equator (Mobis & Stevens, 2012). However, the magnitude of these thermodynamic
metrics alone cannot explain the different ITCZ intensity because the 3 km experiment has comparable peak
boundary-layer moist static energy (339 J kg~!) and midtropospheric humidity (81%) to all other experiments.

Instead, the ITCZ behavior in these experiments is likely responding to and affecting multiple processes, includ-
ing dynamics in the boundary layer. Even though the peak magnitude of zonally averaged, time-averaged zonal
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Figure 5. Zonally averaged, time-averaged (a) 925-1,000 mb moist static energy, (b) S00-700 hPa relative humidity, (c)
925-1,000 mb meridional wind, and (d) 925-1,000 mb meridional momentum advection by the meridional wind.

and meridional winds are comparable amongst all experiments, the 3 km experiment stands out from the rest in
the location of that peak and in the strength of the meridional gradient of the meridional wind (Figure 5c). Specif-
ically, this experiment is associated with a peak boundary-layer meridional wind of 4.5 m s~! at 7° latitude and
a rapid decrease in magnitude toward the equator. In contrast, the other experiments have peak boundary-layer
meridional winds of 4 m s~! at 10° latitude (Figure 5¢). These differences are important because nonlinear
meridional momentum advection can modulate the intensity and location of the ITCZ as shown by Gonzalez and
Schubert (2019). Consistent with that study, the narrower and stronger ITCZ in the 3 km experiment is associated
with twice as strong meridional advection of meridional wind that peaks about 3—4° closer to the equator than in
all other experiments (Figure 5d).

A noteworthy result from this analysis is the close similarity between the experiments with parameterized convec-
tion. The 30 and 15 km exhibit nearly identical rainfall rates, boundary-layer winds, boundary-layer moist static
energy, and lower tropospheric ascent (not shown) in the tropics. Those metrics are weaker in the 120 than in
the 30 and 15 km experiments, but the general pattern is similar between all three experiments. Such similarity
demonstrates that increasing the horizontal model resolution—while parameterizing deep convection—results in
little change to the time-mean structure of the tropics in MPAS-A aquaplanet experiments.

3.2. Tropical Rainfall Variability

Our MPAS-A aquaplanet experiments also expose the effects of resolved deep convection on tropical rainfall
variability. Those effects are examined qualitatively with Hovmoller diagrams of raw and filtered precipitation
rates from the n256 interpolated output averaged between 10°S and 10°N (Figures 6 and 7). Rainfall varia-
bility is evident in the raw rainfall by periods of relatively heavy precipitation followed by periods of light or
no precipitation (Figure 6). There is a strong similarity between all experiments: tropical rainfall variability is
primarily driven by eastward propagating features. Those features correspond to Kelvin waves as demonstrated
by the filtered rainfall (Figure 7). An important difference is that the 3 km experiment shows more periods of
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Figure 6. Hovmoller diagrams of 6-hourly precipitation rate (shading, every 0.1 mm hr~!) averaged between 10°S and 10°N
from MPAS-A simulations using (a) 120, (b) 30, (c) 15, and (d) 3 km cell spacing. Ovals in panel (d) show examples of
westward propagating features.

high-intensity precipitation driven by short-lived and often westward propagating features that are much weaker
in the other experiments (see ovals in Figure 6d). These short-lived features project primarily into n = 1 westward
inertio-gravity waves; while they are present in all simulations, these waves happen more frequently and can be
up to three times stronger in the 3 km experiment than in the other experiments (0.3 mm hr=! vs. 0.1 mm hr~!;
Figure 7).

A quantitative analysis further illustrates the differences between simulations. Figure 8a shows the variance of
rainfall rates averaged between 10°S and 10°N over a 100-day period. Consistent with the qualitative analysis,
the experiments with parameterized deep convection exhibit comparable rainfall variance of approximately
0.05 mm? hr=2. This indicates that rainfall variability is similar amongst those experiments despite their horizon-
tal resolutions spanning an order of magnitude. On the other hand, there is a much more pronounced increase in
rainfall variability from 15 to 3 km cell spacing: the total variance from the 3 km experiment is double the total
variance from the 120 and 30 km experiments. This result indicates that resolved deep convection results in more
day-to-day variability of synoptic-scale tropical systems, which is consistent with the real-data forecasts analyzed
by Judt and Rios-Berrios (2021).
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Figure 7. Hovmoller diagrams of filtered 6-hourly precipitation rate associated with westward inertio-gravity waves
(shading, every 0.025 mm hr~') and Kelvin waves (contours, every 0.125 mm hr~') from MPAS-A simulations using (a) 120,
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Figure 9. Wave-relative composites of rainfall rate anomalies associated
with (a) Kelvin waves, (b) n = 1 inertio-gravity waves, and (c) advective
disturbances from MPAS-A simulations using 120 (blue), 30 (green), 15
(pink), and 3 km (gry) cell spacing.

Rainfall variability was further compared between experiments by compar-
ing rainfall variance associated with convectively coupled equatorial waves.
Figure 8b shows that comparison; this figure is similar to Figure 8a, except
for showing the variance of rainfall rate anomalies associated with Kelvin
waves, advective disturbances, and inertio-gravity waves. This partition of
wave-filtered precipitation variance exposes both similarities and differ-
ences between the disturbances that are captured by our MPAS-A aquaplanet
simulations. All experiments exhibit the largest variance for Kelvin waves,
followed by advective disturbances and inertio-gravity waves. The dominant
role of Kelvin waves in these aquaplanet experiments is consistent with the
qualitative analysis that showed eastward-propagating rainfall associated
with Kelvin waves regardless of horizontal resolution (Figures 6 and 7).

Advective disturbances and inertio-gravity waves exhibit the largest difference
in this quantitative comparison of rainfall variability. The variance associated
with westward advective disturbances increases with increasing horizontal
resolution, such that the variance of the 3 km experiment is at least 75%
larger than in any of the experiments with parameterized deep convection.
Westward-propagating inertio-gravity waves exhibit the most pronounced
differences between experiments. Specifically, these waves are more active
with resolved deep convection than with parameterized deep convection—
their filtered variance in the 3 km experiment is at least 200% larger than in
any of the other experiments. This much larger variance reflects both their
more frequent and stronger signals in the 3 km experiment (Figure 7).

Our experiments also demonstrate that the rainfall structure of convec-
tively coupled equatorial waves is substantially different with resolved deep
convection. This result is shown in Figure 9 through wave-relative compos-
ites of rainfall rate anomalies. The wave peak was identified as described
in Section 2c. The equatorial waves in the 3 km experiment are associated
with stronger rainfall rates at their peaks. This result is true for all waves,
but it is most evident for Kelvin waves (Figure 9a) and inertio-gravity waves
(Figure 9b) for which the maximum rainfall anomalies from the 3 km experi-
ment is almost three times larger than the maximum from each of the experi-
ments with parameterized convection. Weber et al. (2020) obtained a similar
result in their analysis of a single Kelvin wave: the wave peak was much
stronger (and more similar to observations) with resolved deep convection.

Away from the peak, the effects of storm-resolving resolution on rainfall
structure depend on the wave type. Kelvin waves and inertio-gravity waves
are associated with sharper rainfall rate gradients toward and away from their
stronger peaks in the 3 km experiment (Figures 9a and 9b). This result implies
that these waves are not only stronger but also zonally narrower when deep
convection is resolved. In contrast, advective disturbances primarily differ in
the magnitude of their rainfall peaks (Figure 9c); the composite peak of rain-
fall rate anomalies from the 3 km experiment is approximately 5 mm hr~!,

whereas that peak is approximately 4 mm hr~! in both the 30 and 15 km experiments and 3 mm hr~! in the 120 km
experiment. Away from the peak, all experiments—including the 3 km experiment—show decreasing composite
rainfall anomalies reaching a minimum between —0.5 and —1.0 mm hr~!. Compared to Kelvin and inertio-gravity
waves, the effects of resolved deep convection are less pronounced on advective disturbances. A forthcoming
study will examine this result in more detail.
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Figure 10. Distributions of rainfall rates from the 120 (blue), 30 (green), 15 (pink), and 3 km (gry) experiments. Each panel
shows a different time period: (a) daily rainfall rates, (b) 12 hourly rainfall rates, (c) 6 hourly rainfall rates, and (d) 1 hourly
rainfall rates. Inset shows zoomed in distributions for the lowest rainfall rate bins. Note the different units for the top and
bottom panels.

3.3. Rainfall Extremes

A common theme so far is that resolved deep convection in the tropics yields more intense rainfall rates at the
planetary and synoptic scales. We further examine if that result could be generalized by comparing distributions
of rainfall rates from all grid points between 10°S and 10°N in the n256 interpolated output (Figure 10). Given
that the native output was conservatively regrided, a comparison of the interpolated output facilitates compar-
ison across all experiments. We also considered different time scales by examining the distributions for daily
(Figure 10a), 12 hourly (Figure 10b), 6 hourly (Figure 10c), and hourly (Figure 10d) rainfall rates. This analysis
only considered the last 100 days from each simulation.

Resolved deep convection results in stronger rainfall rates across all timescales in our MPAS-A experiments.
Whether we consider daily or sub-daily rainfall rates, the fraction of heavy rainfall rates (>48 mm day~' or
2 mm hr~!; Trenberth & Zhang, 2018) is at least two orders of magnitude larger in the 3 km experiment than in the
experiments with parameterized deep convection (Figures 10a and 10b). This result stems from a smaller fraction
of light rainfall rates when deep convection is explicitly resolved. The experiments with parameterized convec-
tion produce too much light rain too often, which is consistent with real-data forecasts from other global models
(Becker et al., 2021; Judt & Rios-Berrios, 2021; Stephens et al., 2010). Additionally, the distributions of daily
and 12 hourly rainfall rates from the 3 km experiment intersect all other experiments around 30 and 17 mm day !,
respectively. Beyond those values, the distribution from the 3 km experiment exhibits a long tail with daily rain-
fall rates reaching up to 400 mm day~' and 12 hourly rainfall rates of up to 310 mm day~". In contrast, the extreme
rainfall rates from the other experiments are under 300 mm day~' regardless of horizontal resolution.

Similarly, the distributions of 6 hourly and hourly rainfall rates from the 3 km experiment intersect all other
distributions around 1.9 and 5 hr~!, respectively (Figures 10c and 10d). The larger values beyond that intersec-
tion imply that the 3 km experiment is associated with stronger rainfall extremes than other experiments, which
could explain the more intense rainfall rates from the ITCZ to individual equatorial waves. However, it is unclear
if the more intense rainfall extremes of the 3 km experiment are too intense or if those extremes would be even
stronger without the scale-aware cumulus parameterization. More analysis with real-data forecasts compared
against observations are needed to clarify this point.

Rainfall rates over the tropical ocean increase exponentially beyond critical values of saturation fraction (SF)
(Ahmed & Schumacher, 2017; Bretherton et al., 2004; Neelin et al., 2009) and lower-tropospheric plume
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Figure 11. Conditionally averaged rainfall rate as a function of (a) saturation fraction (SF) separated into 0.01 bins and (b)
lower-tropospheric plume buoyancy (B,) separated into 0.01 m s~ bins. The legend shows the exponential fit for the (blue)
120, (green) 30, (pink) 15, and (gray) 3 km experiments.

buoyancy (B,) (Ahmed et al., 2020). SF, also known as column relative humidity, is the ratio of precipitable
water vapor to saturated precipitable water vapor. B, measures the buoyancy of parcels exiting the boundary layer
and is defined as

wrep — e*
By = %HL L L),
er I Iy

where e is moist enthalpy [e =T+ <i> qv|, IT is the Exner function, g is gravity, subscript L represents

lower-tropospheric layer (500-850 hPa),psubscript B represents the boundary layer (850—-1,000 hPa), and w;, and
wj, are weighting functions set as 0.52 and 0.48 (Ahmed et al., 2020).

Conditionally averaging 6 hourly rainfall rates as a function of binned SF (Figure 11a) or binned B, (Figure 11b)
shows different moisture-rainfall relationships between the experiment with resolved deep convection and the
other experiments. Rainfall rates exhibit a slightly earlier and steeper exponential increase when deep convection
is resolved than when it is parameterized. An exponential fit to the conditionally-averaged rainfall rates indicate
that the exponential increase begins when SF is 0.88 in the 3 km experiment but when SF is 0.91 in the other
experiments. Likewise, an exponential fit with B, indicates that rainfall rates begin their exponential increase
when B, is —0.05 in the 3 km experiment but —0.02 in the 30 and 15 km experiments. This indicates that the
highest rainfall rates happen at moderately moist environments when deep convection is resolved. At the same
time, the smaller rainfall rates for the same SF or B, in the experiments with parameterized convection suggests
that those experiments cannot resolve weather phenomena that produce moderate-to-heavy rainfall beyond the
critical values of moisture and buoyancy.

The above results underscore the impacts of resolved deep convection because this comparison was done on the
same grid scale despite the different cell spacing during model integration. The similarities between experiments
with parameterized deep convection—together with the substantially different distributions from the 3 km exper-
iment—further emphasize that the different fractions of heavy and extreme rainfall rates stem primarily from the
resolved convection and not from the different cell spacings between experiments. It is possible that these results
depend on the convection scheme, such that the Tiedtke scheme is deficient at accounting for small-scale precip-
itation systems that produce extreme precipitation and that are explicitly captured with resolved deep convection.
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Table 2 4. Organized Precipitation Systems

Summary of the Amount of Precipitation Systems and Cold Pools Identified

With MODE

The larger fraction of heavy rainfall—from hourly to daily timescales—

Simulation name

demonstrates that resolved deep convection captures robust rain-produc-

30 km
15 km
3 km

Precipitation systems Calle ot ing phenomena that are either weaker or different at coarse resolution with
15,941 390 parameterized deep convection. We suspect that this result stems from
15,640 1,160 differences in the common unit of all tropical rain-producing phenomena:
15,024 6,368 organized precipitation systems. Tropical clouds and precipitation frequently

happen in clusters or regions of organized convection ranging from meso to
planetary scales. Organized precipitation systems are known as the “building
blocks” of tropical convection—their evolution from shallow to deep convec-
tion to stratiform precipitation is characteristic of rainfall production in the tropics across different spatiotemporal
scales (Mapes et al., 2006). Therefore, it is likely that resolved deep convection can affect the characteristics of
organized precipitation systems in our aquaplanet experiments, which in turn can feedback onto planetary-scale
and synoptic-scale systems.

We investigated this possibility through a comparison of organized precipitation systems from our MPAS-A
aquaplanet experiments. Here, an organized precipitation system is defined as a group of three or more contig-
uous grid points (from the n256 interpolated output) with rainfall rates of 0.9 mm hr=! or larger. The number
of grid points ensures that the system covers at least 10,000 km?, which is well inside the area of observed
mesoscale convective systems (see Figure 40 of Houze 2004). Moreover, the rainfall rate threshold was chosen
because the cumulative density functions of 6 -hourly rainfall rates from the 3 km experiment intersect all other
experiments at 0.9 mm hr~! (not shown). Our results are insensitive to the area and rainfall thresholds. Organized
precipitation systems were identified with MODE as described in Section 2c. We identified over 15,000 systems
over a 100 day period in each experiment (Table 2) which allows for a robust statistical analysis (we only present
results from the 30, 15, and 3 km experiments because the 120 km experiment was very similar to the 30 and
15 km experiments). The latitudinal distribution of centroid location from each system (Figure 12a) is consistent
with the aforementioned results: the 3 km experiment captures more precipitation systems at lower latitudes than
the rest of experiments. This comparison of organized precipitation systems can, therefore, inform how mesos-
cale and synoptic-scale phenomena are linked to the different ITCZ and equatorial waves characteristics across
experiments.

Resolved deep convection yields organized precipitation systems with higher volumetric rainfall than parameter-
ized deep convection. This result is shown in Figure 13a through distributions of rainfall volume as diagnosed by
MODE. While the mean volume is comparable across experiments, the 75th percentile and the maximum volume

10{(a) -T- (b) -
75
8 50
q_) 6 g 25
© ©
2 = 0 -+
= )
© 4
—+ £-25
5 -50
-75
0 —_— —_—
30km 15km 3 km 30km 15km 3 km
experiment experiment

Figure 12. Violin plots showing the distribution of (a) absolute latitude and (b) angle with respect to the horizontal of all
rainfall systems in the 30 (green), 15 (pink), and 3 km (gray) experiments. The horizontal line marks the median from each
experiment.
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Figure 13. Box plots showing the distributions of (a) total volumetric rainfall, (b) area, (c) median intensity, and (d) extreme
intensity from organized precipitation systems in the 30 (green), 15 (pink), and 3 km (gray) experiments. Boxes extend

from the 25th to the 75th percentiles, whiskers extend from minima to maxima, and the horizontal line on the box marks the
median (or 50th percentile) of each experiment.

from the 3 km experiment are at least 50% larger than from the 30 and 15 km experiments. This means that the
3 km experiment has a wider distribution associated with more heavy rain-producing systems. Evidently, both
the 75th percentile and maximum volume increase with increasing horizontal resolution. Volumetric rainfall is
a function of both the area of raining points and the rainfall intensity. The distributions of area covered by the
0.9 mm hr~! contour of each system does not exhibit a clear relationship between horizontal cell spacing and
system size (Figure 13b); in fact, the distributions largely overlap with one another and the median areas of the
30 and 3 km experiments are smaller than the median area of the 15 km experiment.

Instead, the larger volumetric rainfall from the 3-km results from more intense rainfall rates as shown by the
distributions of median and extreme (i.e., top tenth percentile) rainfall intensity (Figure 13c). The experiments
with parameterized deep convection produce nearly identical distributions of rainfall intensities associated with
the precipitation systems. The interquartile range of median intensity spans 1.09-1.27 and 1.09-1.28 mm hr~!
for the 30 and 15 km experiments, respectively. Despite their different horizontal cell spacings, the convec-
tion parameterization seems to dominate and produce precipitation systems with similar rainfall intensities. In
contrast, there is practically a step function going from the 15 to the 3 km experiment; the 25th percentile of
extreme precipitation from the precipitation systems in the 3 km experiment is larger than the 75th percentile of
all other experiments. Another noteworthy difference is the larger spread of the interquartile range from the 3 km
experiment (2.5-4.4 mm hr~!), which indicates that the 3 km experiment captures not only systems with more
extreme rainfalls but also a wider spectrum of heavy-rainfall-producing organized systems.
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Figure 14. Composite fields relative to the centroid of each rainfall system. Panels show (a—c) rainfall rate (shading, every 0.1 mm hr~! & solid contour showing
0.9 mm™") and (d-f) 2 m virtual temperature anomaly from the zonal mean (shading, every 0.1 K) and magnitude of the gradient of horizontal wind (contours, every
0.25 x 10° s7!) from the (left) 30, (middle) 15, and (left) 3 km experiments.

To further explore the differences seen in the statistics of rainfall systems, we obtained system-relative' latitudes
correspond to equatorward (poleward) distance from the system centroid) composites of rainfall rates centered
on the centroid latitude and longitude from each system (Figures 14a—14c). The composites of the precipitation
systems also demonstrate that, consistent with the previous section, organized precipitation systems produce
heavier rainfall rates when deep convection is resolved. The maximum composite rainfall rate is 1.6 mm hr=! in
the 3 km experiment and 1.2 mm hr~' in both the 30 and 15 km experiments (Figures 14a—14c). The most intense
composite rainfall rates appear near the center of the systems in the experiments with parameterized convection,
but away from the centroid in the experiment with resolved deep convection. Double rainfall maxima appear in
the composite from the 3 km experiment, which result from the varying sizes of squall lines that are produced in
this experiment but not in the experiments with parameterized convection (Movie S1).

These composites also show a striking difference between experiments: the organized precipitation systems are
structurally different with resolved convection. While the composite rainfall rates exhibit a circular core in the 30
and 15 km experiments (Figures 14a and 14b), the 3 km experiment has sharper meridional rainfall gradients and
a broader zonal extent (Figure 14c). For example, the 0.9 mm hr~! contour of the composite extends beyond 2°
east and west from the centroid of systems in the 3 km experiment, as compared to about 1.5° east and west from
the centroid in the 30 and 15 km experiments. The meridional extent of the systems is also somewhat smaller at
3 km, extending up to 1.5° poleward and equatorward in contrast to 1.75° in the other experiments. Such contrast-
ing structures point at different modes of convective organization; resolved deep convection produces more linear
systems, whereas parameterized deep convection produces more circular clusters of convection.

This result is confirmed in Figure 12b through a distribution of the mathematical angle? between each system's
axis and an east-west line. Only the 3 km experiment produces mostly zonally oriented precipitation systems;
its distribution of angle is narrow and centered around zero. Precipitation systems in this experiment are
mostly organized along east-west oriented rain bands. In contrast, the distributions from the experiments with

! System-relative fields of southern Hemisphere systems were flipped in latitude such that negative latitudes correspond to equatorward distance
and positive latitudes correspond to poleward distance from the system centroid.

2 To obtain the angle, MODE fits an ellipse to the points encompassing each system and then determines the orientation between the ellipse's
major and minor axes. Figure S3 shows various examples of angles obtained from MODE.
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Figure 15. Composite vertical profiles of (a) meridional wind, (b) resolved vertical flux of meridional wind, and (c) vertical
convergence of meridional wind flux averaged within 5° longitude and 2° latitude from the centroid of precipitation systems
from the 30 (green), 15 (pink), and 3 km (green) experiments. The dashed lines on panels (b and c¢) show the convective (i.e.,
parameterized) momemtum flux and its convergence, respectively, from the 30 km experiment.

parameterized deep convection are broad and include more data points with absolute angles greater than zero.
Such distribution implies that these experiments produce systems with a larger meridional extent or with a more
southeast-northwest orientation than the 3 km experiment, which is consistent with the system-relative compos-
ites. Animated plots of rainfall rate confirm this finding and also show that the linear systems of the 3 km exper-
iment propagate poleward (Movie S1).

Previous observational studies have shown that convective momentum transport depends on the orientation of
tropical convective systems (LeMone et al., 1984; Moncrieff, 1992). In particular, linear systems have been
associated with up-gradient (i.e., against the shear) upward momentum fluxes perpendicular to their propaga-
tion. To investigate if that is the case in our experiments, we obtained vertical profiles of meridional (v) winds
and resolved convective momentum fluxes (W, where the overbar represents zonal mean between —5° and 5°
from the centroid of each system, the prime denotes a departure from that mean, and w is the vertical velocity).
Figures 15a, 15b show those profiles averaged between 2° poleward and equatorward of the precipitation systems.
We focus on the meridional wind, which is the component of the wind that is perpendicular to the dominant
propagation of the organized systems in the aquaplanet experiments.

The meridional wind profile shows that the organized precipitation systems in the 3 km experiment are associated
with stronger meridional shear between the middle and lower troposphere (850-500 hPa or 1-5 km; Figure 15a).
Consistent with stronger shear, the 3 km experiment is associated with a different sign and vertical gradient of
meridional momentum flux, with a peak negative value between 3 and 4 km (Figure 15b), such that the vertical
convergence of the momentum flux yields a different sign of mean meridional wind tendency than the other
experiments (Figure 15c¢). This means that the different momentum flux profile in the 3 km experiment acts to
increase the shear in the lower and middle troposphere. Furthermore, since the meridional winds decrease with
height, positive meridional momentum fluxes mean a up-gradient convective momentum transport in the 3 km
experiment. In contrast, the other experiments have a down-gradient resolved-scale momentum transport that acts
to weaken the medidional shear.

The convection parameterization also contributes to the total convective momentum flux. To examine this contri-
bution, Figures 15b and 15¢ show the convective (i.e., parameterized) convective momentum flux and its vertical
convergence only for the 30 km experiment. While the convective meridional momentum flux is negative, its
vertical derivative shows that the largest contribution from this flux happens in the boundary layer below 2 km.
The convective flux has a near-zero or negligible contribution above 2 km, where the resolved flux dominates.
Even when accounting for these contributions, the total meridional momentum flux in the 30 and 15 km exper-
iment acts to reduce the shear in the free troposphere. Although further analysis is needed, these results seem
consistent with a lower frequency of linear systems when deep convection is mostly resolved.

The orientation of organized convective systems in the tropics depends, in part, on the strength and depth of
cold pools (Grant et al., 2020). Indeed, another key difference between experiments is the coupling between
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Figure 16. Box plots summarizing the distributions of (a) summed 2 m virtual temperature (7,) anomaly, (b) total area of cold pools, and (c) median 2 m 7, anomaly
from the (green) 30, (pink) 15, and (gray) 3 km experiments. Lines and boxes represent the same as in Figures 12 and 13.

rainfall and cold pools associated with the organized precipitation systems. Figures 14d—14f show system-rel-
ative composites of two metrics used to diagnose cold pools: 2-m virtual temperature anomaly (with respect to
a zonal mean) and the magnitude of 10-m wind gradient—a recently introduced metric to identify cold pools
from near-surface winds (Garg et al., 2020). Both metrics show a similar result: organized precipitation systems
in the 3 km experiment are associated with stronger cold pools than in the experiments with parameterized deep
convection. The strongest composite 2-m virtual temperature anomaly reaches approximately —0.4 K and the
strongest 10-m wind gradient composite magnitude exceeds 3.0 X 107 s~! in the 3 km experiment. In contrast,
the strongest composite 2-m virtual temperature anomaly is approximately —0.2 K in both the 30 and 15 km
experiments, and the strongest 10 m wind gradient is close to 1.57° s~! in those experiments—a 50% reduction in
cold pool strength per both metrics.

We recognize that the cold anomalies represented by the 2-m virtual temperature anomaly are not necessarily
associated only with rainfall-induced cold pools. It is also possible that the cold anomalies stem from other synop-
tic-scale features that bring cool and dry boundary-layer air to the vicinity of precipitation systems. To confirm
that the 3 km experiment produces stronger cold pools, we objectively identified cold pools using MODE. Here,
system-scale cold pools are defined as three or more contiguous grid points (from the n256 interpolated analysis)
bounded by the —1.0 K virtual temperature contour at 2-m height and with 50% or more overlap with an organ-
ized precipitation system as previously defined.

Using this methodology, we identified 390, 1,160, and 6,368 system-scale cold pools in the 30, 15, and 3 km
experiments, respectively, over a 100 day period (Table 2). There are more than three times as many cold pools
in the 3 km experiment than in the experiments with parameterized deep convection. Moreover, the distribution
of cold pool intensity—as measured by the summed 2 m virtual temperature anomaly over the entire cold pool
object—also shows that cold pools are much stronger in the 3 km experiment (Figure 16a). The 50th percentile of
cold pool intensity is stronger (i.e., more negative) than the 25th percentile from the 30 to 15 km experiments.
The stronger cold pools result from both larger cold pools as measured by the area of negatively 2-m virtual
temperature anomaly (Figure 16b) and more negative buoyant air as depicted by the median intensity of each
cold pool (Figure 16c). Both of those characteristics are likely a result of the paramaterized rain evaporation. This
analysis suggests that resolved deep convection results in a better coupling between rainfall and cold pools, such
that heavier rainfall is associated with stronger, larger, and more numerous cold pools. Importantly, this result
confirms the hypothesized relevance of cold pools in other simulations with resolved deep convection (Nasuno
et al., 2007; Weber et al., 2020).

5. Discussion

Through a set of aquaplanet experiments using MPAS-A, we explored the effects of explicitly resolved deep
convection on tropical rainfall and its multi-scale variability. Our findings are summarized through a schematic
in Figure 17. All experiments using horizontal cell spacing of 15 km or greater, and thus having over 95% of
rainfall contributed from a convection parameterization, showed a broad ITCZ and tropical rainfall variability
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Figure 17. Summary schematic of tropical rainfall differences between the experiments with parameterized deep convection (left) and the experiment with resolved
deep convection (right). The schematic represents a height-latitude cross section. Clouds and rainfall represent the intertropical convergence zone (ITCZ) and organized
precipitation systems embedded within it. Blue arrows represent the zonally averaged, time-averaged meridional winds and the light blue shading represents cold pools.
Lastly, convective momentum fluxes perpendicular to the ITCZ are shown with the thin blue lines.

predominantly driven by eastward propagating Kelvin waves. A novel experiment was presented with 3 km cell
spacing and explicitly resolved deep convection in the tropics, which showed a narrower, more equatorward, and
more intense ITCZ associated with stronger precipitation extremes. Furthermore, this 3 km experiment showed
substantially larger tropical rainfall variance and more rainfall activity associated with short-lived and intense
westward-propagating disturbances. An analysis of organized precipitation systems showed that a key difference
between experiments was that the 3 km experiment produced linear systems with stronger and deeper cold pools,
whereas the experiments with parameterized deep convection produced more circular clusters of convection.

The question remains as to how all these phenomena-specific differences relate to each other. We offer the
following hypothesis to explain these differences (Figure 17): resolved deep convection results in a different
feedback loop between the mean state, convective organization, and rainfall production. When deep convection is
explicitly resolved, the mean state is associated with stronger meridional shear and a stronger meridional gradi-
ent of boundary-layer moist static energy. Those conditions favor convective organization in the form of linear
systems, which are associated with up-gradient meridional convective momentum fluxes that act to reinforce the
mean state vertical shear and lower-tropospheric meridional winds. At the same time, mechanical lifting within
those linear systems contribute to heavy rainfall and strong cold pools, which act to support or even increase the
meridional gradient of boundary-layer moist static energy and lower-tropospheric convergence. Those conditions
support a narrower, more equatorward, and more intense ITCZ, and the feedback loop continues. In contrast, the
different mean state conditions with parameterized deep convection support less linear convective clusters, down-
gradient meridional convective momentum fluxes that weaken the mean state shear, weaker rainfall rates, and
smoother meridional gradients that support a wider, more poleward, and weaker ITCZ. Those different feedback
loops likely affect the equatorial waves as it has been recently shown that accurate representation of convective
organization is critical to capture tropical rainfall variability (Chen et al., 2021; Moncrieff et al., 2017).

Our experiments have important implications for the representation of tropical rainfall, its organization and multi-
scale variability in climate and weather prediction models. Tropical rainfall—from the mean state represented by
the ITCZ to equatorial waves to rainfall extremes—is very similar amongst MPAS-A experiments with param-
eterized deep convection despite their different horizontal model resolutions. This result implies that the bene-
fits of increasing horizontal resolution while parameterizing deep convection are minimal in comparison to the
benefits of using convection-permitting resolution—at least for the convection parameterization and numerical
model used here. While these results are based on a highly idealized configuration, a companion study finds
similar results for a case study of a 40 day period simulated with cell spacing from 480 to 3.75 km (Judt &
Rios-Berrios, 2021). More importantly, Judt and Rios-Berrios (2021) demonstrated that most of the differences
when using a cell spacing under 10 km stemmed from the explicitly resolved convection—not from the smaller
grid spacing. Together, Judt and Rios-Berrios (2021) and our study suggest that numerical simulations with
sub-10-km grid spacing are a possible venue for improved weather predictions and climate projections of tropical
rainfall and its multi-scale variability.
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A potential shortcoming of our study is that we employed a scale-aware convection parameterization in the
experiment with 3 km cell spacing in the tropics. Such paramerization was necessary because we used a variable
resolution mesh with 15 km cell spacing outside the tropics. While over 90% of the tropical rainfall was explicitly
resolved, the convective parameterization still contributed a small fraction of rainfall in that region. It is possible,
although unproven, that the scale-aware convective parameterization mitigated some issues of global models
with entirely resolved deep convection, such as the production of overly intense rainfall extremes or the lack of
organized convective systems (e.g., Becker et al., 2021). This issue must be investigated to explore the possibility
of using scale-aware convection parameterizations even when global models move to grid spacings smaller than
10 km (Freitas et al., 2020).

Data Availability Statement

Users interested in the post-processed model output examined in this manuscript should refer to the data set of
Rios-Berrios et al. (2020a); Rios-Berrios et al. (2020b). Users who would like to produce their own output should
access the MPAS-A source code with modifications for the aquaplanet configuration (Rios-Berrios, 2022).
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