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Abstract Numerous studies using both global and regional models of the atmosphere have found
daunting sensitivities of the structure and dynamics of the intertropical convergence zone (ITCZ) to the rep-
resentations of unresolved processes, particularly the convective parameterization (CP). Evaluations of these
results by comparison to high-resolution simulations with explicit convection have been rather limited, due
to the large computational burden of using grid spacings less than 10 km over large domains representative
of the Earth’s tropics. This study introduces a framework that allows the use of cloud-resolving grid spacings
over the tropics and larger spacings over remainder of the domain. The Weather Research and Forecasting
(WRF) model is used in an ‘‘aquachannel’’ beta-plane configuration, zonally periodic with length equal to
that of the real equator. This model reproduces the general circulation and eddy statistics of similarly con-
figured aquaplanet models. A channel shortened to one third the length of the equator (the ‘‘aquapatch’’)
also reproduces the zonal-mean circulations and eddies. Finally, nested grids embedded in the aquapatch
are used to simulate tropical convection with 5.15 km resolution. The nested 5.15 km simulations produce
broader and lighter rainfall distributions, making single ITCZs wider and smoothing out double ITCZ struc-
tures. They also show quite different rainfall production rates for atmospheric parameters such as convec-
tive available potential energy (CAPE) and column relative humidity (CRH). The apparent reason for these
differences is that the higher resolution allows for the representation of squall lines and associated cold
pools that propagate meridionally, redistributing rainfall away from the ITCZ.

1. Introduction

In the present day global climate models (also known as general circulation models, or GCMs) are the most
widely used tool for understanding the general circulation and climate of the Earth, and for predicting their
changes due to either natural processes or anthropogenic influences [Manabe and Wetherald 1975;
Houghton et al., 1990; Kirtman et al., 2013; Collins et al., 2013]. For this reason, an understanding of the weak-
nesses, limitations, and biases of such models is crucial for assigning confidence to climate change predic-
tions, as well as for providing guidance for ongoing model improvements. At the core of most climate
models is a set of algorithms and codes that simulate the motions of the atmosphere and its response to
thermodynamic forcings from the solar and infrared radiation, heat exchange with the surface, and latent
heat release and other effects from clouds [Randall, 2000; Satoh, 2014].

Since the very first GCMs, a standard test of model performance and behavior has been to replace the
oceans and continents of the real Earth with an ocean-like surface with fixed sea surface temperature [Pike,
1971; Held and Suarez, 1994]. This temperature may be an approximation to the Earth’s zonally averaged
SST [Hayashi and Sumi, 1986], something more idealized [Neale and Hoskins, 2001], or even constant across
the globe [Sumi, 1992; Kirtman and Schneider, 2000]. These are commonly known as ‘‘aquaplanet’’ simula-
tions. Even with vaguely Earth-like SST profiles, these simulations usually produce time and zonal mean cir-
culations that strongly resemble those of the Earth. The reliable symmetries and other simplifications of the
general circulation on a planet without continents facilitates the understanding of changes in the simulated
climate as a function of SST distribution, global mean temperature, or radiative properties of the atmos-
phere [Medeiros et al., 2008, 2014]. Furthermore, there can be significant model-to-model differences in
both the mean circulations and their variabilities. Since land interactions and ocean circulation feedbacks
are absent, such differences can be ascribed entirely to the atmospheric components of each climate
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model, providing a framework in which such differences can be understood, hopefully leading to model
improvements.

Many aquaplanet studies have found the climate of the tropics and particularly the structure and dynamics
of the intertropical convergence zone (ITCZ) to be highly sensitive to the parameterization of deep convec-
tion (generally known as convective parameterization, hereafter CP; see e.g., Numaguti [1995]; Hess et al.
[1993]; Liu et al. [2010]; M€obis and Stevens [2012]). Switching between similar CP schemes, or making small
changes to a single scheme, can lead to structurally different ITCZs, often demonstrated through the
appearance of either a single precipitation maximum at the equator (a single ITCZ) or two distinct maxima
on either side of the equator (a double ITCZ).

A desirable test for any CP scheme would be a side-by-side comparison to simulations with sufficiently small
grid spacings so that the development of individual convective cells can be reasonably well represented
and CP is not necessary. It is generally accepted that such grid spacings must be less than 8 km, and pref-
erably 3 km or less [Weisman et al., 1997; Pauluis and Garner, 2006; Bryan and Morrison, 2012; Skamarock
et al., 2014]. Unfortunately, the very large computational cost of such simulations with model domain sizes
similar to the real tropics has been prohibitive for such comparisons, and thus relatively few have been
attempted. Global aquaplanet simulations have been performed with the NICAM model [Satoh et al., 2008]
using resolutions such as 14 km, 7 km, and 3.5 km [Nasuno et al. 2007; Nasuno, 2008] and even 0.87 km
[Miyamoto et al., 2013]. However, the integration times and usable data provided by these simulations are
about 90 days, 30 days, 10 days, and 0.5 days, respectively.

A complicating factor when comparing simulations with CP to cloud-resolving simulations is the fact that
increased resolution also likely improves other aspects of a model, such as improving the evolution of mes-
oscale features and cloud-radiative interactions. It may also degrade other aspects, such as the effects of
shallow convection. While the anticipated effects of shallow convection is built into some CP schemes, mod-
els with grid spacings greater than 1 km almost certainly do not represent it well [Bryan et al., 2003; Pauluis
and Garner, 2006].

This paper presents a modeling framework that allows a meaningful comparison between moderate resolu-
tion simulations of the tropics with CP and high resolution simulations of the tropics without CP. We use a
regional atmospheric model to perform idealized simulations in tropical channel domains with sizes

Figure 1. The grid configurations used in this study: (a) the full-length aquachannel; (b) the aquapatch; (c) the aquapatch with nested
grids.
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comparable to the real earth (see Figure 1; more explanation is provided in section 2). The nested grid capa-
bility of the model is then used to achieve grid spacings of 5.15 km over a region that is 1/3 the length of
the equator, with a spin-up time of 1 year for all simulations and statistics computed over 6 months. Admit-
tedly, 5.15 km resolution would generally not be considered as truly ‘‘cloud resolving.’’ However, the cost of
increasing resolution further is very large, and the benefit of this marginally cloud-resolving resolution is
that it allows us to perform relatively long simulations with satisfactory spin-up and averaging periods.

Although not nearly as common as the aquaplanet configuration, tropical channel models have been used
previously to study convection and dynamics in the tropics. Nolan et al. [2007, 2010] used a tropical channel
configuration in the Weather Research and Forecasting Model (WRF) to study the vertical structure of the
ITCZ for various idealized and realistic SST profiles. Khoudier and Han [2013] also used WRF to study the
effects of CP and resolution on convectively coupled waves. However, their nested domains began and
ended inside the outer domain, creating a zonal discontinuity in the physics of the waves. To avoid such
problems, Tulich and Kiladis [2012] introduced a version of the WRF model where the high resolution grids
can be nested inside of each other in the meridional direction, but also extend across zonally periodic boun-
daries without disruption to the atmospheric flow. Most recently, Bretherton and Khairoutdinov [2015] took
more of a brute-force approach by using a tropical channel domain with 4 km grid spacing over a domain
about half the size of the Earth. The large computational cost limited the period of their simulation to 30
days.

We compare the time and zonal mean circulations of our channel simulations to those produced by vari-
ous GCMs as part of the ‘‘Aqua-Planet Experiment’’ (APE) described by Blackburn and Hoskins [2013],
Blackburn et al. [2013, hereinafter B13], Williamson et al. [2013, hereinafter W13], and Williamson et al.
[2012, hereinafter the ATLAS]. Despite the very different geometry of the tropical channel domain (i.e., a
‘‘flat’’ world), we will show that the general circulations of our simulations are very similar to those of the
aquaplanets.

Our primary finding is that the high resolution simulations without CP generate broader rainfall distribu-
tions in the tropics. For broader SST profiles, a distinct double ITCZ, frequently seen in many simulations
with CP, does not occur. These differences will be related to the sensitivities of rain production in each
model framework to the local atmospheric soundings, which in turn are related to differences in the evolu-
tion of convection.

Section 2 describes the model, domains, and parameterizations. Section 3 presents the basic model clima-
tologies and compares them to similar aquaplanet results. The differences between the parameterized and
cloud-resolving simulations are studied and understood in section 4. Section 5 provides a summary and
some conclusions.

2. Model and Configurations

The atmosphere is simulated with a modified version of the Weather Research and Forecast Model (WRF)
version 3.4.1 [Skamarock et al., 2008]. The most significant modification of the model is the added capability
of nested grids extending around a zonally periodic interface. In standard versions of WRF, nested grids
must lie inside of each other and cannot reach to the edge of its parent grid. This modified version of WRF
is an update of the version used by Tulich and Kiladis [2012] to perform cloud-resolving simulations of con-
vection in the tropics. In that study, the SST was highly peaked at the equator, and the background mean
zonal winds were held fixed to isolate the effects of different wind shear profiles on the convective dynam-
ics. In this study we use broader, more realistic SST profiles and the simulations are fully interactive so that
realistic Hadley circulations can develop. An additional modification is that the position of the sun is fixed at
a permanent equinox, with the diurnal cycle retained.

All simulations use an outer domain with either 139.05 km or 46.35 km resolution. The ‘‘aquachannel’’ refers
to simulations with a single domain that is equal to the length of the equator in the zonal direction (e.g.,
288 grid points at 139.05 km grid spacing) and with a meridional extent that is equivalent to the distance
from 60S to 60N on the Earth (e.g., 96 grid points at 139.05 km). The boundary conditions are periodic in
the zonal direction, with free-slip walls at the north and south boundaries. Additional simulations have the
same meridional extent but are zonally one-third the length of the equator and use either 139.05 km grid
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spacing (96 3 96 points) or 46.35 km grid spacing (288 3 288 points). This square domain is the ‘‘aqua-
patch.’’ When nesting is used, grids with 1/3 the grid spacing of their parent domains are embed-
ded in the outer domain. Nesting once from 46.35 km with a 3:1 grid ratio achieves a local grid
spacing of 15.45 km; nesting again achieves 5.15 km spacing. These horizontal grid configurations
are shown in Figure 1. For brevity, these resolutions will hereafter be referred to as 139 km, 46 km,
15 km, and 5 km.

All simulations use 50 levels in the vertical direction, with the model top reaching to approximately 26 km
or approximately 24 hPa. The model levels were unevenly distributed in height to provide greater resolution
in the boundary layer and around the tropopause, with 10 model levels between the surface and 1.2 km
height, and 10 model levels between 12 and 18 km height.

We use the following parameterizations: the Goddard microphyics scheme [Tao et al., 2003], the Goddard
shortwave and longwave radiation schemes [Chou et al., 1998; Chou and Suarez, 1999], and the YSU plane-
tary boundary layer scheme [Hong et al., 2006]. The surface layer formulations coupled to the YSU scheme
have been modified such that moisture fluxes as a function of wind speed are similar to the formulation of
Fairall et al. [2003]. Most of the simulations use the modified Tiedtke cumulus scheme [Tiedtke, 1989;
Gregory et al., 2000] as implemented in WRF version 3.4.1 [Wang et al., 2007].

At all points the surface is defined to be a ocean with fixed SST. We use two of the SST profiles pro-
posed by Neale and Hoskins [2001] for the aquaplanet experiment (APE): the narrower ‘‘control’’ SST
profile and the broader ‘‘observed’’ profile. Both the control and observed profiles are based on analyti-
cal functions of latitude. The observed profile is fairly close to the Earth’s zonal mean SST after it has

Figure 2. Precipitation distributions in the 139 km aquachannel simulation: (a) an example of instantaneous rain rate, shown in terms of
the base 10 logarithm of the rain rate in mm h21, along with surface wind vectors; (b) time-zonal mean resolved and parameterized rain
rates over year 2, in mm d21.
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been symmetrized about the
equator. All simulations begin
with the atmosphere at rest
using a tropical sounding.

Finally, the Coriolis parameter is
defined using the beta-plane
approximation f 5 by, with
b 5 1.6 3 10211 m21s21 as for
the real Earth. Extending this
formulation from the equator to
the midlatitudes is unquestion-
ably a poor approximation to
the geometry of a spherical
planet. f 5 2Xsin(/), where / is
latitude, can also be used in
WRF, as in Nolan et al. [2010],
but that is also a somewhat
unphysical configuration.
Despite the unusual geometry
and the b-plane approximation,
we will show in section 3 that
the resulting wind, temperature,

and precipitation fields in the tropics are very similar to those generated from spherical models, and the
mean flows and eddies in the midlatitudes are also quite similar.

3. The Aquachannel and the Aquapatch

3.1. Aquachannel Results and Validation
We begin with the full-length aquachannel using 139 km grid spacing. The domain size is 288 3 96 grid
points. The control SST profile is used. The simulation is integrated for 2 years and statistics are computed
over the second year.

Figure 2a shows a snapshot of instantaneous rain rate and surface wind vectors. The basic features of the
general circulation are evident: an ITCZ exists along the equator where northeasterly and southeasterly
winds converge. A series of baroclinic waves, some with attendant fronts, march across the midlatitudes.
Inspection of numerous output times revealed that there are almost always 8 such waves, occasionally 9, in
various stages of development (not shown). Near the northern and southern boundaries, the mean surface
flow reverses again to easterly; on aquaplanets this happens near the poles. The precipitation in the ITCZ is
zonally concentrated in two distinct regions along the equator. These mark the locations of convectively
coupled Kelvin waves (CCKWs) that will be discussed later.

The time and zonal mean rain rates are shown in Figure 2b. The total rain rate peaks near 30 mm d21 at the
equator, decreases to less than 1 mm d21 in the subtropics, and then peaks again at almost 5 mm d21 near
the 358 latitude. About 80% of the rain in the tropics is from CP, whereas poleward of 40S/N, virtually all the
precipitation is explicitly generated. Note that here ‘‘latitude’’ refers to an equivalent distance from the
equator, i.e., 111 km per degree.

Using the APE simulations as reference, the total rain rate distribution is very similar to the rain rates pro-
duced by many of the spherical aquaplanets. Figure 3 compares the aquachannel time-zonal mean rain rate
to three of the APE cases: the Geophysical Fluid Dynamics Laboratory (GFDL) model, the European Centre
for Medium-range Weather Forecasting (ECMWF) model (version CY29), and the German Weather Service
(DWD) model. Details about these models and the specific versions of each are provided in Tables 2–4 of
B13. Relative to all of the APE models, the DWD model configuration was the most similar to the aquachan-
nel, in that it used the Tiedtke cumulus scheme (as implemented in that model) and the grid spacing was
about 18. Not surprisingly then, its equatorial rain rate is very similar to the aquachannel, around 30 mm
d21, decreasing to less than 1 mm d21 in the range of 10–208 latitude.

Figure 3. Time-zonal mean rain rates from year 2 of the aquachannel and aquapatch simu-
lations (black curves) compared to three of the APE simulations.
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Figure 4 shows time-zonal mean fields of zonal, meridional, and vertical winds, and temperature as func-
tions of latitude and pressure. The plots are designed to be easily compared to time-zonal means from the
APE simulations shown in B13, W13, and the ATLAS, such as the multimodel means shown Figure 3 of B13.
Since it is not the result of an average over many models, the mean general circulation of the aquachannel
shows much sharper features, most notably in the meridonal (v) and vertical (w) winds, but otherwise it is
structurally very similar to the APE multimodel mean. Water vapor (qv) and relative humidity (RH) are also
very similar (not shown). There are a few consistent differences between the aquachannel and APE results.
The most obvious is that the Hadley cell and its associated structures are narrower in the aquachannel. For
example, the zonal jet peaks at about 26 S/N in the aquachannel, as compared to locations ranging from 28
to 30 S/N in most of the APE simulations.

A more explicit comparison of the zonal wind profiles is shown in Figure 5a. Along with the equatorward
shift of the mean jets, it is evident that, in contrast to the APE models chosen for comparison, the aquachan-
nel has significant upper-level super-rotation, i.e., upper-level westerlies at the equator. As can be seen from
Figure 4a, westerly winds at the equator are maximized around 100 hPa and extend downward

Figure 4. Time-zonal mean fields from 1 year of model output for the aquachannel simulation using the control SST profile: (a) zonal wind,
(b) meridional wind, (c) vertical wind in pressure coordinates, (d) temperature. The zero contour is included as a thick line in Figure 4a.
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considerably, changing to east-
erly winds below 600 hPa. Some
of the other APE simulations
also show equatorial westerlies
at 200 hPa, such as the LASG
and MRI models (see Figure
4.17 of the ATLAS), but none of
them have westerly winds over
such a deep layer.

After most of the simulations
for this study were completed,
some additional tests were per-
formed using f 5 2Xsin(/).
These simulations produced
zonal jets that were closer to,
although still not quite equal to,
the jet locations of the aquapla-
nets. The more realistic variation
of f also diminished the super-
rotation at the equator, with the
mean zonal winds at 200 hPa in
the aquachannel being reduced
from about 13 ms21 to 9 ms21.

Vertical profiles of the meridio-
nal wind v at 8N are shown in
Figure 5b. All simulations show
the four flows in and out of the
ITCZ discussed by Nolan et al.
[2010]: the boundary layer
inflow, the shallow return flow,
the midlevel inflow, and
the upper-level outflow. The
strengths and depths of the
boundary layer inflow and
the shallow return flow for the
aquachannel are very similar to
those of the three APE simula-
tions. The aquachannel has a
more pronounced midlevel
inflow and a substantially

stronger upper level outflow jet. The stronger outflow jet appears to be due to the increased mass flux
into the ITCZ associated with the mid-level inflow (which is nearly nonexistent in the APE profiles), and
the narrower vertical extent of the outflow . Both of these, in turn, are likely due to the greater vertical
resolution in our model.

A higher order validation of the aquachannel climate can be seen by comparisons to mean eddy fluxes. Fig-
ure 6 shows the variance and fluxes associated with transient eddies (specifically, ½v’�2�, ½u’�v’��, ½v’�T ’��, and
½v’qtot ’��, where qtot is the total water including condensate, bars indicate time means, brackets indicate
zonal means, and primes and stars indicate deviations from each, respectively). These plots can be com-
pared to some of the plots in Figure 6 of B13. The structures of the heat and moisture fluxes in the aqua-
channel are quite similar to the APE multimodel means, and they are especially similar to those of the DWD
model (see Figure 4.59 of the ATLAS). ½v’�2� in the aquachannel shows a more intricate structure than in any
of the APE results, with its maximum considerably weaker but also more narrowly localized in the vertical,
perhaps again due to the greater vertical resolution.

Figure 5. Profiles of (a) zonal wind at 200 hPa height, and (b) meridional wind at latitude
88N, for the various aquachannel and APE simulations.
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Of the four fluxes, the eddy momentum flux ½u’�v’�� shows the largest deviation from the APE models. Per-
haps this should not be surprising, since it is eddy fluxes of momentum (or rather, angular momentum) that
are most sensitive to the unusual geometry of the aquachannel. Figure 7 shows meridional profiles of the
eddy fluxes at 200 hPa for the aquachannel and the APE cases. The aquachannel eddy momentum fluxes
are substantially more equatorward than for the aquaplanets, most notably near the equator, which helps
to explain the increased westerly winds there. The eddy transports of heat and moisture are also signifi-
cantly less in the aquachannel than the aquaplanets. A good part of this difference can be explained simply
by geometry: the zonal length of the aquachannel does not change with increasing latitude, while the
aquaplanets become shorter. At 30N, the aquachannel is 15% longer than the aquaplanet; mean fluxes that
are 15% less will transport the same net quantity poleward.

To summarize, the aquachannel with the control SST profile produces a very similar global climatology as
comparable aquaplanet simulations, with the only notable difference being its significantly stronger west-
erly flows at upper levels in the tropics. The midlatitude eddy fluxes of heat, moisture, and momentum are

Figure 6. Time-zonal mean fields for some covariances of the transient mean eddies for the aquachannel with the control SST profile: (a)
½v’�2� , b) ½u’�v’�� , c) ½v’�T ’�� , and d) ½v’qtot ’�� .
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all less in the aquachannel than in the aquaplanets, and these differences are consistent with the altered
geometry of the aquachannel.

3.2. The Low-Resolution and High-Resolution Aquapatch
The next step is to take the 139 km resolution aquachannel and to shorten its length by a factor of 3, result-
ing in a square domain with each side having length equal to the distance from 60S to 60N on the earth.
This is the aquapatch (Figure 1b). The simulation is repeated with 1 year spin-up time and means are com-
puted for 1 year.

The mean general circulation in the 139 km aquapatch is very similar to that of the aquachannel. Due to its
shorter length, two or three (as opposed to 8 or 9) baroclinic waves are almost always found on each side
of the equator (not shown). The time-zonal mean rain rates and fields of u, v, w, and T are nearly identical to
those of the aquachannel. Some explicit comparisons of the aquapatch and the aquachannel (and the aqua-
planets) are available in Figures (3 and 5), and 7. Much of the commentary regarding the means and eddy
fluxes that is applied above to the aquachannel also holds for the aquapatch, with the notable difference
that the upper-level westerlies are not as strong in the aquapatch.

Next, the horizontal resolution of the aquapatch is tripled, changing the grid spacing to 46 km. Snapshots
of the rain rate show the pattern of 3 or occasionally 2 baroclinic waves in each of the midlatitudes (Figure
8). The time-zonal mean total rain rate is also nearly identical, although now about half of the rain produced
at the equator is from explicit precipitation.

If an aquapatch that is 1/3 the length of the Earth can produce nearly the same general circulation as the
aquachannel, how much shorter can we go? Additional simulations were performed using 46 km resolution
and channel lengths that are 2/3, 1/3, and 1/6 of the aquapatch (or 2/9, 1/9, and 1/18 of the Earth). Their
rain rates and zonal wind profiles are shown in Figure 9. Remarkably, a very similar climatology to the

Figure 7. Profiles at 200 hPa of transient mean eddy fluxes for the various aquachannel and aquapatch simulations, and two of the APE
simulations: (a) ½v’�2� , b) ½u’�v’�� , c) ½v’�T ’�� , and d) ½v’qtot ’�� . Temperature and moisture fluxes that were available for the ECMWF model
were erroneous and are not show.
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aquachannel (and the aquaplanets)
can be reproduced with the 2/3
and 1/3 length aquapatches. In
these cases, there is almost always
either 2 or 1 baroclinic waves,
respectively, on each side of the
equator. Apparently the eddy
transports of these waves are
enough to ventilate the tropics
and produce a climate similar to
the aquaplanet. For the 1/3 aqua-
patch, the zonal wind profile at
200 hPa shows an exaggerated jet
due to reduced angular momen-
tum transports (not shown). The 1/
6 aquapatch produces a drastically
different climate, with a very
strong and narrow ITCZ, virtually
no rain in the subtropics, reduced
rain rates in the midlatitudes, and
an even more exaggerated sub-
tropical jet. In fact, the time-zonal
wind fields of the 1/6 aquapatch
are reminiscent of axisymmetric
simulations [e.g., Schneider, 1977;
Held and Hou, 1980].

3.3. Convectively Coupled Waves
Within the ITCZ, the dominant pre-
cipitation features in the tropics for
all simulations are convectively
coupled Kelvin waves (CCKWs)
[Kiladis et al., 2009]. The snapshots
of rain-rate in Figures 2a and 8a
show precipitation in the ITCZ
zonally concentrated in one or two
regions. While the mean low-level
wind is easterly and the individual
convective cells move westward,
these precipitation ‘‘super-clusters’’
move eastward with speeds of

15–20 ms21. Figure 10 shows Hovm€oller diagrams of total precipitation averaged in the 5S to 5N band for
the 139 km aquachannel and the 46 km aquapatch. Both diagrams show distinct eastward moving features,
with weaker, smaller-scale, and slower westward moving features embedded within them. The mean CCKW
phase speeds are 19.1 and 15.3 ms21 for the aquachannel and the aquapatch, respectively. Some of this dif-
ference may be due to the significantly stronger upper-level westerlies (13 ms21 versus 7 ms21) at the
equator for the aquachannel versus the aquapatch (see Figure 12a).

Also shown are power-spectra using methodologies similar to those described in Wheeler and Kiladis [1999].
Note that the x-axis for the aquapatch simulation shows zonal wavenumbers 1 through 5, rather than 1
through 15, since wavenumber 5 in the aquapatch is equivalent in length scale to wavenumber 15 in the
aquachannel.

These figures can be compared to similar Hovm€oller diagrams from the APE papers, such as Figures 16 and
17 from B13 or Figure 4.93 of the ATLAS. The power spectra from the aquachannel and aquapatch are quite
similar to those of the APE simulations, with particularly good agreement with the aforementioned DWD

Figure 8. Precipitation fields for the aquapatch with 46 km resolution: (a) snapshot of
instantaneous precipitation, and (b) time-zonal mean rain rates.
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model. A more complete analy-
sis of the CCKWs in these simu-
lations, including composite
structures and comparisons
between parameterized and
resolved convection, will be the
subject of a separate paper.

3.4. The Aquapatch With
Nesting
To achieve a horizontal resolu-
tion that would be appropriate
for not using CP, two nested
grids are embedded in the
high-resolution aquapatch. For
the control case, the 15 km grid
has 864 3 288 points, covering
from 20.0S to 20.0N. The 5 km
grid has 2592 3 576 grid points,
covering from 13.3S to 13.3N.
Both of these domain edges are
well outside the high precipita-
tion zone of the ITCZ for the
control case. Due to their high
computational costs, the nested
simulations were only per-
formed for 18 months. They
used only domain 1 for the first
4 months, domains 1 and 2 for
the next 4 months, and then all
three domains for the next 10
months. The last 6 months were
used for analysis.

Snapshots of the precipitation
and wind fields for the 46 km
domain and a subset of the
5 km domain are shown in Fig-
ure 11, along with the time-
zonal mean rain rates. Using the
5 km grid without parameteriza-
tion results in broader precipita-

tion fields, both instantaneously and in the mean. Mean profiles of rain rate, winds, and eddy fluxes for the
nested aquapatch case are included in Figures (3 and 5), and 7. The time-zonal mean fields are generally
similar to the previous results, but are consistent with a broader and weaker ITCZ, generating a slightly
weaker zonal jet. The reasons for the broader ITCZ will be discussed later in the paper.

Although it is hard to tell from the figures, the domain-averaged rain rates are very similar across all the sim-
ulations. For the 139 km aquachannel, the 139 km aquapatch, the 46 km aquapatch, and the 5 km nested
aquapatch, these are 3.41, 3.45, 3.49, and 3.35 mm d21. The total precipitation nearly balances total evapo-
ration, with the former being about 1% less than the latter for the three CP simulations, and 0.3% less for
the nested 5 km simulation.

Another feature that is evident in Figure 11, unfortunately, is a local discontinuity in the rain rate on either
side of the nesting interfaces, with narrowly confined increases in rain rate on the inside of each interface,
each matched by a nearly equal decrease in rain rate on the outside. Interestingly, these jumps in rain rate

Figure 9. Time-zonal mean outcomes for aquapatch simulations with even shorter lengths
in the zonal direction: (a) rain rate across the entire domain; (b) zonal wind at 200 hPa for
positive latitudes.
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only occur in the explicit rain, as the parameterized rain rate varies smoothly across the interface from
domain 1 to domain 2. Tests also found that this jump in explicit rain occurs whether or not the cumulus
scheme is present in either or both domains. The discontinuity appears even when a nest interface is relo-
cated well into the midlatitudes. One possible cause for the jump in rain rates on the higher resolution sides
of each interface is that smaller grid spacing allows for smaller-scale updrafts, which for dynamical reasons
can be stronger than wider updrafts [Weisman et al., 1997; Pauluis and Garner, 2006; Morrison, 2016].

It is natural to wonder how much of the differences in the rain-rate profile between the 46 km aquapatch
and the 5 km nested simulations are due to the increased resolution and how much are due to the use (or
not) of the CP. While the high computational cost of the 5 km simulations prohibits repeating it with CP
active on all grids, this question can be answered to some extent by examining single-nest, 15 km simula-
tions with and without CP, as shown in Figure 12. Both the decrease in grid spacing and the elimination of
CP contribute to broadening of the rain rate distribution around the equator. The resolution effect from
46 km to 15 km is opposite to the change from 139 km to 46 km, which caused the rain rate to be more
focused. However, for the 15 km case with CP, about 80% of the rain around the equator is already from

Figure 10. Hovm€oller diagrams of total rain rate within 158 of the equator, in mm d21, for (a) the 139 km aquachannel and (b) the 46 km
aquapatch, and Wheeler-Kiladis-style power spectra for symmetric outgoing longwave radiation within 158 of the equator, for (c) the
139 km aquachannel and (d) the 46 km aquapatch.
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resolved processes, so that the processes by which higher resolution leads to a broader distribution (to be
discussed below) are probably the dominant effect. Bretherton and Khairoutdinov [2015] used 4 km grid
spacing in their aquachannel simulation, but also performed an additional simulation with 20 km spacing
(without CP). The differences in rain rate profiles for their 4 km and 20 km results (see their Figure 17) are
quite similar to those of the 5 km and 15 km simulations shown here. Bretherton and Khairoutdinov used
the observed SST profile, but in the section 3.5we find similar changes using that profile as well.

3.5. Results for the ‘‘Observed’’ SST Profile
All simulations described in the previous sections were repeated for the Neale and Hoskins [2001]
‘‘observed’’ SST profile. To handle broader rainfall distributions, the boundaries of the 15 km and 5 km
nested domains were extended to 30.0S/N and 20.0S/N, respectively.

Much like in many aquaplanet simulations (B13), this broader SST profile generates a more diverse set of
rain rate distributions, as shown in Figure 13. Like the DWD model, the 139 km aquachannel simulation
retains a single ITCZ and a general circulation very similar to that of the control profile. However, increasing
to 46 km resolution changes the distribution to a distinctly double-ITCZ pattern, which it shares with the

Figure 11. Results for the nested 5 km simulation with control SST profile: (a) snapshot of log10(rain rate) on the 46 km domain; (b) snapshot of log10(rain rate) from the 5 km grid,
restricted to the middle 1/3 of the domain; (c) time and zonal mean rain rates, with comparison to the 46 km results. Note the full range of the blue curve in Figure 11c is shown in
Figure 8b.
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ECMWF and GFDL simulations.
In the aquapatch nested to
5 km, however, the rain rate dis-
tribution again becomes
broader, and the rain rate at the
equator becomes high enough
to nearly eliminate the double-
ITCZ pattern. This can also be
seen in Figure 14, which shows
that even without CP at 15 km,
the change in the rain-rate pro-
file between 15 km and 5 km is
quite substantial.

As with the control SST, we can
conclude that the tropical rain
rates and general circulation
patterns generated in the aqua-
channel and aquapatch simula-
tions are reasonably similar to
those of equivalent simulations
on the sphere. A more interest-
ing result, worthy of further

study, is that using 5 km resolution without CP in the tropics leads to broader, more diffuse rain rate distri-
butions in both cases, with the near-elimination of the double ITCZ pattern for the observed SST profile.

4. Simulated ITCZ Structure and the Convective Response to Atmospheric Forcing

4.1. Relationships Between Precipitation Rates and Atmospheric Parameters
We now focus on the result that the 5 km simulation without CP produces a broader rain rate distribution
(Figure 11). A similar pattern, though less pronounced, was seen in the comparison of 15 km simulations
with and without CP (Figure 12). Alternatively, one may wonder why the CP focuses precipitation into nar-
rower bands, either on or off the equator.

To answer this question, first we attempt to determine exactly how rain rate depends on the local environ-
ment for the two different frameworks of moderate resolution with CP versus high resolution without CP.
Of course, the rain rate production of a particular CP is determined by its assumptions, formulation, and pro-
gramming. Unfortunately, the very strong nonlinearities built into most CP schemes makes predicting their
rain rates from environmental variables a priori rather difficult. Instead, we will take the a posteriori approach
of recording rain rates in the model output and correlating them with local environmental variables.

We sample rain rates in the ITCZ and its fringes every 6 h for 2 months. Only every 4th grid point in each
direction is sampled. At each point, we also compute variables that are generally believed to be important
for precipitation: surface evaporation (QFX), column relative humidity (CRH), boundary layer (0–1 km) mois-
ture convergence (BLMC), and convective available potential energy (CAPE). The values of rain rate and
each of these environmental variables are divided into 10 equally spaced bins, and joint frequency dia-
grams are constructed between rain rate and each of the variables.

As a first example, we consider the 46 km aquapatch with the control SST profile. The frequencies of each
rain rate as a function of each of the aforementioned parameters is shown in Figure 15a. Each plot of the
figure shows the number of times that the combined rates of resolved and parameterized rain (total rain,
hereafter TR) was in the range indicated on the y axis when one of the environmental variables was in the
range indicated on the x axis. Since zero and very small rain rates were extremely common, with frequen-
cies typically 10 times or more greater than the higher rain rates, the lowest row of data corresponding to
rain rates from 0 to 1.0 mm h21 are not shown. For example, Figure 15a (top-left) shows that by far the
most frequent occurrence (for rain rates> 1.0 mm h21) was 1–2 mm h21 when QFX was around 5 3 1025

kg s21 m22. Higher rain rates also occurred most frequently for the same evaporation rates. The other plots

Figure 12. Time-zonal mean rain-rates for simulations nested to 15 km resolution, with
and without the Tietdke cumulus parameterization activated.
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show that rain rates of all values
were most common when CAPE
was around 1700 Jkg21, column
RH was near 78%, and the
boundary layer moisture con-
vergence was around 1 3 1027

kgs21m22.

This figure, however, is mislead-
ing. After all, why would not
higher rain rates occur more fre-
quently for higher values of
CAPE? Why does the frequency
drop off as CRH approaches its
largest values? To identify what
conditions are most favorable for
a particular event, we have to
normalize by how often each of
those conditions occurs. This is
achieved simply by dividing the
frequencies in each joint bin by
the total number of frequencies
in each vertical column (includ-
ing the large numbers of events
for rain rates< 1 mm h21).

These normalized frequencies
for the same simulation are
shown in Figure 15b. The areas
in white indicate that there
were less than 100 events for
the environmental predictor.
For QFX, the normalized fre-
quencies are slightly different,
with the largest rain rates
shifted toward slightly lower
evaporation rates. This may
indicate that where rain is fall-
ing, the boundary layer is
already moistened, reducing
evaporation. The normalized
frequency distribution for CAPE
indicates a preference for

higher values of CAPE, with the frequencies of the highest rain rates peaking around 2000 Jkg21. Extrapola-
tion of the values to the right would suggest that higher values of CAPE also produce significant rain, but
there is insufficient data in that region. For CRH, the normalized frequencies show that, not surprisingly, its
highest values are strongly correlated with the highest rain rates, with moderate rain becoming even more
frequent than light rain when CRH> 80%. The large increase in TR with CRH, shown more explicitly below,
is consistent both with observations [Bretherton et al., 2004; Peters and Neelin, 2006; Holloway and Neelin,
2009] and other simulations [Tompkins, 2001; Grabowski, 2003; Derbyshire et al., 2004].

Normalized frequencies for BLMC are the most strikingly different, with two maxima, one for large positive
values, and one for smaller negative values. In the raw frequency diagram (Figure 15a), the correlation
between high rains rates and small values of BLMC is due to the generally positive values of BLMC that are
occurring in and around the ITCZ, where rain most frequently occurs. However, the normalized frequencies
show almost the opposite pattern, with strong correlations between high rain rates and both positive and

Figure 13. Results for simulations using the Neale and Hoskins [2001a] ‘‘observed’’ SST pro-
file, with comparisons to some of the aquaplanet simulations: (a) mean rain rate; (b) mean
zonal wind at 200 hPa.
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negative BLMC. Our hypothesis
is that the first correlation is due
to the convergence that occurs
underneath deep convection,
while the latter represents areas
of stratiform precipitation that
follow deep convective events.

Figurew 16a and 16b show the
normalized frequencies for rain
rates separated into convec-
tively parameterized rain (CR)
and explict rain (ER). The ER fre-
quencies are generally lower,
and show an even greater cor-
relation with nearly saturated
columns. For BLMC, ER shows
the highest values for negative
BLMC, while high values of CR
are most correlated with posi-
tive BLMC. This supports our
hypothesis that BLMC is most

closely associated with deep convection, which eventually transitions to stratiform, where the evaporation
of falling rain causes low-level cooling, sinking, and divergence (negative BLMC).

We would like to think of these diagrams of normalized frequency of TR as a symbolic representation of the
rainfall production by a particular model framework. By ‘‘framework’’ we mean here the combined CP,
microphysics scheme, and grid resolution. If this is the case, then we would expect that 1) the same model
framework would produce similar diagrams for different environments, and 2) different frameworks would
produce diagrams with notable differences. Figures 16c and 16d show the normalized frequencies for TR
and ER for the 46 km aquapatch simulation with the observed SST profile, which produces a very robust
double ITCZ. The ER rates are significantly reduced, and the CR rates are nearly identical to TR, and thus are
not shown. Comparing Figures 15b and 16c, we can see that the TR frequencies for the control and
observed SST simulations are quite similar, supporting point (1) above.

To support point (2) above, some normalized frequency diagrams for different cumulus schemes are shown
in the Appendix A.

Our goal here is to understand the differences between moderate resolution simulations with CP and the
high-resolution simulations without CP. Frequency diagrams for TR (equal to ER) for the 5 km nested aqua-
patch simulations with the control and observed SST profiles are shown in Figure 17. For a fair comparison
to the previous results, these diagrams are generated from the model output on the 46 km grid (domain 1),
which are simply the block-averaged values from the 5 km grid cells. These plots are generally similar to
those above, but there are two important differences. First, the rain rates in the nested cases show much
less preference for high CAPE. Significant rains occur without significant atmospheric instability. The same
result was found for other measures of instability, such as boundary-layer moist static energy, or its differ-
ence between the surface and 600 hPa (not shown). Second, the 5 km rain rate frequencies are actually
greater for moderate and low values of CRH than for the simulations with CP. Similar results were found for
midlevel (500–700 hPa) humidity (not shown).

These diagrams suggest that the reason for the double ITCZ precipitation structure for the 46 km simula-
tions using the observed SST profile and the Tiedtke scheme is that, in comparison to 5 km simulations
without CP, the CP is actually produces too little rain in areas of moderate instability or moderate atmos-
pheric moisture. This indicates that the positive feedbacks that cause convection to be localized or ‘‘aggre-
gated’’ in the tropics - such as free-tropospheric moisture, boundary layer convergence, and reduced
longwave cooling - are actually too strong. The 5 km simulations indicate there should be more rain in the
fringes of the ITCZ, and also more rain at the equator when the SST profile is flatter there.

Figure 14. As in Figure 12, but for the observed SST profile.
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A more condensed, and easier to compare, summary of these results is shown in Figure 17c, which conveys
average TR as a function of each parameter, for the 46 km simulations with CP (blue curves) and the 5 km
nested simulations (red curves). The differences at low values of CRH are easier to see, with 5 km resolution
producing significantly greater mean rain rates at low CRH. It can be seen that for 5 km the mean rain rates

Figure 15. (a) Raw frequencies and (b) normalized frequencies for total rain rate as a function of various environmental variables in the
46 km aquapatch simulation with control SST profile. White squares indicate insufficient data.
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in the stratiform regions (associated with negative BLMC) actually produce more rain (on average) than the
convecting regions.

4.2. Explicit Convection, Squall Lines, and Cold Pools
Consistent with many previous studies, we have found that simulations with CP tend to focus convection
into narrow bands, either on the equator or in the double-ITCZ configuration [e.g., Liu et al., 2010; M€obis and
Stevens, 2012]. The 5 km simulations without CP show either a single ITCZ or a very marginal double ITCZ,
but more importantly, in both cases the rainfall distribution is broader, with lighter mean rain rates extend-
ing farther away from the equator or ‘‘filling in’’ the gap between the two off-equatorial maxima. Substantial
rain occurs in these fringe regions despite reduced values of CAPE and CRH.

We propose that a significant reason for these differences in rainfall distributions and environmental sensi-
tivities is because the 5 km simulations produce propagating squall lines and strong surface cold pools.
Examination of numerous precipitation fields and animations reveals that, in the 5 km nested simulations,
squall lines and other organized areas of convection tend to move meridionally away from the ITCZ. A few
such bands can be seen in Figure 11b, such as from x 5 4500 to 5500 km, along y 5 300 km. In that case,

Figure 16. Normalized frequency diagrams for tropical rain rate versus environmental parameters for the 46 km aquapatch simulations: (a) control SST, parameterized rain; (b) control
SST, explicit rain; (c) observed SST, total rain; (d) observed SST, explicit rain.
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convective cells can be seen on the leading (north) edge of the band, while the lighter, stratiform rain areas
are on the trailing (south) edge. Generally, the leading edges of the squall lines and their propagation are
more easily seen in terms of the 2 m temperature (T2m, a diagnostic output of the boundary layer scheme).
The plots on the left side of Figure 18 show a sequence of images of T2m from the 46 km grid (domain 1) for
the 5 km nested aquapatch simulation with control SST. The plots are separated by 6 h, and the magenta
arrows subjectively show the location and motion of squall lines propagating away from the equator. Such
events occur repeatedly in this simulation. Vertical cross sections through these lines show cold pools that
are typically about 500 m deep with temperature anomalies of 22 to 24 K, poleward boundary layer winds
of 5–10 ms21, and precipitation falling on their leading edges (not shown).

Figure 17. Normalized frequencies of total rain rate in the tropics for (a) the 5 km nested aquapatch with control SST profile; (b) 5 km nested aquapatch with observed SST profile; (c)
results summarized in terms of mean rain rates for four different cases: 46 km control SST (blue o’s); 46 km observed SST (blue 1’s); 5 km control SST (red 3’s); 5 km observed SST (red
triangles).
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Meridionally propagating squall lines also occur for the 46 km simulation with CP, but they are generally
weaker, shorter-lived, and do not travel as far. One of the more robust examples of cold pool/squall line
propagation is shown in the plots on the right side of Figure 18. While the coldest T2m values are as cold as
the coldest values on the left, the areas of the coldest regions are much smaller. In the 12 h period, the
edges of the larger cold pool region do not propagate as far to the north and south as for the example
from the 5 km simulation.

To more objectively differentiate between precipitation that is or is not associated with meridional propaga-
tion, we compute space-time lag correlations. Specifically, using rain rate data saved every 3 h on the 46 km

Figure 18. 2 m temperature over selected 12 h periods for (left) the 5 km nested control SST simulation and (right) the 46 km control SST
simulation.
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grid for both the 46 km aquapatch and nested 5 km with control SST, we identify every grid point between
the equator and 108 north with rain rates greater than 1.0 mm h21. Using these as reference points, we
compute the normalized correlation between their rain rates and the rain rates at nearby points, but at lags
of 3 or 6 h. The normalization uses the combined variances at both the reference point and its neighbors,
i.e.,

ci;jðsÞ5
1
N

X
r0;03ri;jðsÞ

� �
= r0;03ri;j
� �1=2

(4.1)

where the rs are rain rates, 0,0 refers to the reference point, i and j range from 25 to 15, N is the number of
samples (over 100,000 for each case), s is the lag, and r is the variance of each location relative to reference
points. For s 5 0, c0,0 converges to 1.0.

Figure 19 shows the results. For the 46 km aquapatch, the 3 h lag correlations show that significant
rain rates are most often followed by rainfall directly to the west, and also to the east (though not as
frequently). At 6 h, there is a hint of some propagation northward with time. For the nested 5 km simu-
lation, at s 5 3 h there are clear signals of propagation to the northwest, northeast, and also to the

Figure 19. Normalized lag-correlations of rain rate between locations with rainfall rates greater than 1.0 mm h21 and adjacent locations at subsequent times: (a) 46 km aquapatch, 3 h
lag; (b) 46 km aquapatch, 6 h lag; (c) 5 km nested, 3 h lag; (d) 5 km nested, 6 h lag.
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southeast, with largest correlations at 46 km (one grid point) to the north. At s 5 6 h, the propagation
continues in all three directions. Further inspection of the rain rate and T2m fields (not shown) finds
that some squall lines actually propagate back across the equator, which explains the signals indicating
southeastward propagation. It is evident that, in contrast to the 46 km simulation with CP, heavy rain-
fall in the ITCZ region of the 5 km simulation tends to propagate meridionally.

These findings of more pronounced squall line propagation are consistent with the earlier work of
Weisman et al. [1997], who studied the simulated evolution of three-dimensional, quasi-linear squall
lines in shear as a function of horizontal resolution. As the grid spacing was changed from 12 to 8 to
4 km the overall evolution became quite similar to their ‘‘ideal’’ case that used 1 km grid spacing. More
importantly, Weisman et al. noted that the strengths of the surface cold pools and the resulting propa-
gation of the squall lines increased considerably as the resolution was changed from 12 to 4 km, but
did not increase much more for smaller grid spacings. Those simulations were performed without CP.
However, as suggested by the results shown earlier using 15 km grid spacing both with and without
CP (Figures 12 and 14), it is the decrease of grid spacing to 5 km leads to the most qualitatively differ-
ent results.

4.3. Can the Tiedtke Scheme be Modified to Produce Similar Results?
One of the most important empirical parameters in many cumulus schemes is the entrainment param-
eter E which determines the rate at which rising or sinking columns of air mix with their surrounding
environment. Large values of E tend to suppress convection in less favorable environments (e.g., less
CAPE or lower CRH) because rising plumes become diluted by mixing with their environment as they
rise. In the WRF 3.4.1 formulation of the Tietdke CP there are several entrainment parameters with the
following default values: for penetrative (deep) convection, Epen 5 1.0x1024 m21; for midlevel (synopti-
cally forced) convection, Emid 5 1.0 3 1024 m21; for shallow convection, Escv 5 1.2 3 1023 m21; and for
downdrafts, Edd 5 2.0 3 1024 m21. Another relevant parameter is the downdraft mass flux, which is
the fraction of the detrained updraft mass flux that can be potentially converted into downdraft mass
flux. Its default value is CDMF 5 0.3.

Using the 46 km aquapatch and the observed SST profile, we attempted to find modifications to these
parameters that changed the pronounced double ITCZ configuration shown by the blue curve in Figure
14 to something more like the broader rainfall distribution of the 5 km nested simulation shown by
the red curve. Since the normalized rainfall diagrams shown above indicate that the explicit convection
is actually less sensitive to CAPE and CRH, lower values for Epen seem like a logical starting point. How-
ever, as shown in Figure 20a, none of the results for values of Epen 5 0.5, 0.75, 1.5, or 1.75 3 1024 m21

produced rainfall distributions more similar to the 5 km results. Most of these rain-rate profiles are
noisier than what has been shown above, in part because these results were computed from only the
last 6 months of 18 month simulations. For Epen � 1:531024 m21 there is a clear double ITCZ, but there
is a single ITCZ for Epen 5 1.75x1024 m21. In fact, the change occurs across an even smaller range of
Epen, with double ITCZ for Epen 5 1.5625 3 1024 m21 and single ITCZ for Epen 5 1.625 3 1024 m21 (not
shown). This outcome is consistent with the results of M€obis and Stevens [2012], who found that
increasing the entrainment parameter made the convection away from the equator more susceptible
to mixing with dry air from the subtropics, thus pushing the preferred precipitation region back toward
the equator.

However, as Epen is decreased to 0.75 and 0.5 3 1024 m21, the simulated ITCZ does not broaden nor
become more like the results of the nested 5km case in any way. It is evident that changing Epen in either
direction does not make the 46 km simulations with CP more like the 5 km results.

Since stronger cold pools seem to be evident in the 5 km simulations, we also considered
whether increasing downdraft strengths would have a positive effect. In theory, downdrafts and
their associated cold pools could be strengthened either by increasing the downdraft mass flux to
CDMF to 0.45, or by decreasing downdraft entrainment Edd to 1.0 3 1024 m21. However, as shown
in Figure 20b, neither of these changes made the ITCZ more like the 5 km results, nor did apply-
ing them both at the same time (nor did changing either of those parameters in the other direc-
tion, not shown).
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5. Summary and
Conclusions

The primary goal of this
study was to develop a mod-
eling framework in which
simulated atmospheres using
low to moderate resolution
and CP, with realistic tropical
and midlatitude dynamics,
can be directly compared to
the output of high-resolution
simulations that do not use
CP. In this case ‘‘high resolu-
tion’’ refers to 5 km grid
spacing, which is by no
means ideal and is not typi-
cally considered ‘‘cloud
resolving.’’ However, the sim-
ulations show significant
changes in the precipitation
distribution when the resolu-
tion is changed from 15 to
5 km, indicating that 5 km
resolution leads to important
changes in the dynamics of
organized convection.

The framework proposed
here uses the grid-nesting
capabilities of an established
community model (WRF)
modified so that the nested
grid boundaries can extend
across the zonally periodic
boundaries. Preliminary simu-
lations without grid nesting
were performed using the
‘‘aquachannel’’ configuration
which is an equatorial beta-
plane approximately equal in
length to the entire Earth.
‘‘Aquapatch’’ simulations were

similar but with a domain length equal to 1/3 the length of the equator. The tropical and midlati-
tude circulations and eddy statistics of these simulations were shown to compare satisfactorily
with those of equivalent aquaplanet models. Another useful finding is that the majority of the rain-
fall in the midlatitudes was produced by explicit processes (see Figures 2 and 8), reducing the
effects (or biases) of the choice of CP in those regions. This suggests that cloud-resolving grid
spacings are most beneficial in the tropics and are not as critical in the midlatitudes.

Applying 5 km grid spacing without CP to the tropics significantly changed the distributions of precip-
itation. For the control SST profile of Neale and Hoskins [2001], a fairly narrow and intense ITCZ was
changed to a weaker ITCZ and a broader distribution of rain. For the observed SST profile, a pro-
nounced double ITCZ was changed to a marginal double ITCZ, again with a much broader distribution
of light rain into the fringes of the tropics. Neither changes to the entrainment parameters in the

Figure 20. Rain rate profiles for simulations with modified entrainment parameters in the
Tiedtke CP scheme: (a) results for changes in entrainment for penetrative (deep) convec-
tion; (b) results for changes to initial downdraft mass flux and entrainment for downdrafts.
The new rain-rate profiles are somewhat noisier than what appears in previous figures
because they were computed from only 6 months of model output.
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Tiedtke CP scheme nor using other CP schemes produced rainfall distributions that were similar to the
5 km results.

To understand these differences, normalized frequency distributions were computed for rain rates as a
function of various environmental parameters such as CAPE, column relative humidity (CRH), and
boundary layer moisture convergence (BLMC). Rainfall production in the 46 km simulations with CP
were found to be fairly sensitive to CAPE and very sensitive to CRH, the latter being in good agreement
with other modeling studies and observations. Significant rainfall was found to occur for both positive
and negative BLMC. Examination of this result and separation into convective rain (CR) and explicit
rain (ER) showed that these two signals indicate the occurrence of deep and stratiform convection,
respectively.

In the cloud-resolving simulations, rainfall production was found to be different in two ways: first, there
was much less sensitivity to CAPE, with average rain rates becoming roughly constant for CAPE values
ranging from 500 to 2000 Jkg21. Second, there was less sensitivity to dryness of the midlevel atmos-
phere (as measured by CRH; results for 700–500 hPa relative humidity were similar). The first result
indicates that precipitation will be less tightly focused where the CAPE is highest, in contrast with the
CP results. The second result is consistent with how precipitation is spread more broadly away from
the ITCZ in the 5 km simulations.

Further examination of the model output offered a phenomenological explanation for both of these
differences. The 5 km simulations produce stronger cold pools and associated squall lines that fre-
quently propagate away from the ITCZ. Occasionally, they propagate back across the equator. As the
squall lines propagate away from the initial convective event, they both reduce the rain rate in the
initiation region and increase rain rates away from the ITCZ. While modifications to the entrainment
parameters of the Tiedtke CP scheme can lead to changes such as single versus double ITCZs, they
could not reproduce the more robust squall lines and broader rainfall profiles of the 5 km
simulations.

Given the large sensitivities of tropical rainfall to CP (see also the Appendix A), it seems likely that 5 km grid
spacing produces much more accurate results, either for the hypothetical aquaplanet or for the real Earth.
Nonetheless we must consider the possibility that 5 km grid spacing is too close to the ‘‘gray zone’’ between
resolutions that are appropriate for CP and resolutions that do not need it, and that the 5 km results are
biased in the opposite sense as the CP results. We can take encouragement from some studies that have
found satisfactory behavior for resolutions around 4 km, such as for squall lines [Weisman et al., 1997] or
radiative-convective equilibrium [Pauluis and Garner, 2006]. Bryan and Morrison [2012] also found that
strengths of precipitation-driven cold pools are sensitive to grid spacing, with the cold pools becoming
stronger when grid spacing was decreased from 4 km to 1 km, but then moderating again as spacing was
decreased to 0.25 km. Although their idealized simulations were over land, their results suggest that further
decrease in grid spacing would not diminish the stronger cold pools and the more robust propagation of
squall lines in the nested simulations.

Further work is required to fully understand, and hopefully address, biases in tropical precipitation
found with CP schemes when compared to cloud-resolving simulations. The modeling strategies pre-
sented here - the aquachannel, aquapatch, and the nested aquapatch - have been shown to be useful
for this purpose. The simulations also produce convectively coupled equatorial waves, which will be
the topic of a forthcoming paper.

Appendix

In this brief Appendix A we show the results of some aquapatch simulations with different CP schemes.
Our purposes are to (1) illustrate the large sensitivity of ITCZ structure to CP, (2) show that none of the
other CP schemes produce rainfall distributions similar to the 5 km nested results, and (3) show that
the normalized frequency diagrams and average rainfall rates explain some differences among
schemes.

Results are shown for the 46 km aquapatch with the observed SST profile, since in this configuration
the large majority of the rain comes from CP, and a diversity of ITCZ structures are produced.
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Figure A1 shows rain rates in the tropics using the Kain-Fritsch (KF) [Kain and Fritsch, 1990; Kain, 2003],
Betts-Miller-Janjic (BMJ) [Betts and Miller, 1986; Janjic, 1994], simplified Arakawa Schubert (SAS) [Han
and Pan, 2011], and Grell 3D ensemble (G3D) [Grell and Devenyi, 2002] schemes, along with the original
Tiedtke result, 46 km with no cumulus scheme (noCP), and the 5 km nested result. Most of these simu-
lations were integrated for only 18 months and the averages were computed with only the last 6
months of data. This partially explains why some of the rainfall distributions are more asymmetrical
and noisier than others; but only partly, because some of the simulations simply have more extreme
rainfall events that lead to rougher mean profiles. This is particularly true for noCP, which by necessity
generates many ‘‘gridpoint storms.’’

From the mean rain profiles we see that the KF and G3D schemes also produce robust double ITCZs.
The KF and G3D schemes also generate numerous tropical-cyclone-like storms that emerge from either
ITCZ and move into the midlatitudes (not shown); this did not occur in the simulations with Tiedtke
CP. The no-CP simulation produces a marginal double ITCZ, somewhat like the nested 5 km result,
except that the rain rates are greater and more narrowly focused on the equator, similar to the other
46 km results. SAS and BMJ produce single ITCZs, with rain rate profiles that are rougher and smoother,
respectively.

Figure A2 shows normalized frequency diagrams for two of the schemes: KF and SAS. These two are shown
because they illustrate some of the differences between the schemes that produce a double ITCZ (KF and
G3D) and those that do not (BMJ and SAS). The most striking difference is in the lack of preference for high
CAPE values for production of TR in the SAS scheme. The plot for BMJ was similar. Although less obvious,
another difference is that for the SAS scheme, there is less rainfall for low values of CRH. BMJ was also simi-
lar in this regard (in comparison to KF and G3D).

Among the schemes, those that produce double ITCZs (including noCP) show a clear preference for
producing more rain where CAPE is larger, while the two CP schemes that make single ITCZs generate
the most of their rain with lower CAPE values. Reduced but still fairly high CAPE values often exist on
both the poleward and equatorward sides of double ITCZs (not shown), but schemes that prefer higher
CAPE and also have some sensitivity to midlevel dryness (in comparison to the nested 5 km results)
will not produce significant rainfall in those regions. These differences can be seen more clearly from a
plot with average total rain rates from each scheme (Figure A2c). The BMJ and SAS schemes produce
less rain for low to moderate CRH but do not respond strongly to high CAPE values, while the KF and

Figure A1. Time and zonal mean rain rate profiles for additional simulations using alternative cumulus parameterizations; see text for
details.
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G3D schemes are slightly less sensitive to dryness but are very productive in high CAPE. The nested
5 km simulations produce rainfall quite differently than all the CP schemes, being less sensitive to dry-
ness and much less responsive to CAPE.
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