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Abstract

Agqua-planet simulations using the Community Atmosphere Model version 4
(CAM4) with the Model for Prediction Across Scales - Atmosphere (MPAS-A) and
Higher Order Method Modeling Environment (HOMME) dynamical cores and zonally
symmetric sea surface temperature (SST) structure are studied to understand the
dependence of the inter-tropical convergence zone (ITCZ) structure on resolution and
dynamical core. While all resolutions in HOMME and the low-resolution MPAS-A
simulations give a single equatorial peak in zonal mean precipitation, the high-resolution
MPAS-A simulations give a double ITCZ with precipitation peaking around 2° to 3° on
either side of the equator. This study reveals that the structure of ITCZ is dependent on
the feedbacks between convection and large-scale circulation. We show that difference in
specific humidity between HOMME and MPAS-A can lead to different latitudinal
distributions of the convective available potential energy (CAPE) by influencing latent
heat release by clouds and the upper tropospheric temperature. With lower specific
humidity, the high resolution MPAS-A simulation has CAPE that increases away from
the equator that enhances convection away from the equator and through a positive
feedback on the circulation, results in a double ITCZ structure. We further show that the
dominance of anti-symmetric waves in the model is not enough to cause double ITCZ,
and the lateral extent of equatorial waves does not play an important role in determining

the width of the ITCZ but rather the latter may influence the former.
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1. Introduction

The Inter-tropical convergence zone (ITCZ) is the belt of east — west oriented
high precipitation region observed over the tropics. Climatologically, the zonal mean
ITCZ is located slightly to the north of the equator. Simulation of the ITCZ in general
circulation models is one of the most challenging aspects of modeling (e.g. Neelin et al.
1992, Lin 2007). Simulations of ITCZ show two prevalent structures: a single ITCZ that
peaks to the north of the equator or double ITCZs with peaks of precipitation on either
side of the equator (Zhang and Wang 2006, Lin 2007, Zhang et al. 2007, Liu et al. 2010).
Most climate models show a second precipitation belt over the southern hemisphere
especially in the Pacific, giving a double peak structure when zonally averaged (Lin
2007). The double ITCZ structure also manifests in atmospheric models without ocean
coupling, suggesting the primary role of atmospheric dynamics in generating the double
ITCZ. This prevalence of ‘double ITCZ syndrome’ in models is an important model bias
in the simulation of not only the tropics but also general circulation. Even models run in
idealized aqua-planet configuration showed both single and double ITCZ structures (e.g.
Numaguti 1993, Chao and Chen 2004, Liu and Moncrieff 2008, Liu et al. 2010, Mobis
and Stevens 2012, Oueslati and Bellon 2012,). Zonally symmetric model configurations
are also shown to simulate single (with precipitation peak centered on equator) or double
ITCZ (with peaks on either side of the equator) and even asymmetric ITCZ with a single
precipitation belt peaking off the equator when uniform SST is prescribed (e.g. Chao and

Chen 2004).
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Different hypotheses have been proposed to explain the double ITCZ in models.
Many factors such as SST gradient (e.g. Oueslati and Bellon 2012), cumulus
parameterization (e.g. Liu et al. 2010), and model resolution (e.g. Williamson 2008) have
been documented to influence the structure of the ITCZ. Some of the initial studies
proposed the CISK (convective instability of the second kind) mechanism to explain the
ITCZ splitting (e.g. Charney 1971, Lindzen 1974). Influence of wind induced surface
heat exchange is shown to be another important factor affecting the location of the ITCZ
(e.g. Liu et al. 2010, Liu and Moncrieff 2004, Liu and Moncrieff 2008). Chao and Chen
(2004) show that there are two forces acting to attract ITCZ towards and away from the
equator, namely Coriolis force and convective circulation modified by Coriolis force. The
feedback between convection and large-scale circulation is another phenomenon
suggested to be important in deciding the single and double structure of ITCZ (e.g.
Horinouchi 2012, Oueslati and Bellon 2012, Mobis and Stevens 2012). The position of
ITCZ is also influenced by exra-tropical clouds and ice (e.g. Chiang et al. 2003, Frierson
and Hwang 2012). Some studies have also demonstrated how equatorial waves increase
the chance of double ITCZ in the model by modulating the organized convection into
symmetric and anti-symmetric waves (e.g. Abiodun et al. 2008, Horinouchi 2012).
Abiodun et al. (2008) explain that at higher resolutions equatorial waves are better
simulated and precipitation corresponding to equatorial (anti-symmetric) wave peaks off-
equator, resulting in double ITCZ.

In spite of these previous studies, there is still a lack of a coherent theory that can
explain the change between single and double ITCZ in climate models. The explanations

so far seem to be largely model dependent and/or parameterization dependent. In the
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absence of a unified explanation, it is important to understand the reasons behind the
simulated ITCZ structure differences in each model to understand the tropical biases.
Because of the simplicity of the forcings involved (such as absence of land-sea contrast,
orography), simulations with zonally symmetric aqua-planet model configuration are
useful for studying the differences between the dynamical processes causing single and
double ITCZ.

In this study, we examine the structure of ITCZ in two sets of aqua-planet
simulations produced by two different dynamical cores within the Community
Atmosphere Model Version 4 (CAM4, Neale et al. 2010), namely the Model for
Prediction Across Scales - Atmosphere (MPAS-A) (Rauscher et al. 2012) and the High-
Order Method Modeling Environment (HOMME, Taylor et al. 2008), each performed at
4 different horizontal resolutions ranging from about 0.25° to 2°. CAM4 is run with these
two dynamical cores following the aqua-planet experiment protocol described by Neale
and Hoskins (2000) with the same physics parameterizations. Both MPAS-A and
HOMME simulate maximum precipitation over the tropical region forming an ITCZ like
structure. Figure 1 shows the latitudinal distribution of zonal mean total precipitation for
both models at different resolutions. Although both models use the same physics package
including convective parameterizations, MPAS-A at higher resolutions generate a double
ITCZ-like pattern whereas in the HOMME simulations, a single narrow precipitation
band is maintained at all four resolutions. The objective of this study is to examine the
factors influencing the double and single ITCZ structures simulated by these models. We
explore the roles of equatorial waves, and convection and large scale circulation

feedbacks in determining the structure of ITCZ in these models. Section 2 decribes the
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model configurations, section 3 presents the results from various analyses, followed by

conclusions in section 4.

2. Model Description

We use outputs from aqua-planet simulations of CAM generated by MPAS-A
(Skamarock et al. 2012) and HOMME (Taylor et al. 2008). MPAS-A uses unstructured
Voronoi meshes and C-grid discretization as the basis of the model components. The
unstructured Voronoi meshes allow for both quasi-uniform discretization of the sphere
and local refinement (Du et al. 1999; Ringler et al. 2008; Ju et al. 2011). The underlying
numerical method used in MPAS-A is described in Thuburn et al. (2009) and Ringler et
al. (2010). In this study, MPAS-A is run with quasi-uniform resolutions of 240km,
120km, 60km and 30km. Further details about model configurations for these
experiments are discussed in Rauscher et al. (2012).

HOMME uses spectral finite element discretization on relatively isotropic cubed
sphere grid (Taylor et al. 2008; Evans et al. 2013). The HOMME spectral element
discretization uses a compatible formulation that conserves dry mass and total energy and
has significantly improves scaling as compared to the CAM finite volume and spectral
Eulerian dynamical cores (Dennis et al. 2012). HOMME simulations are run at
resolutions comparable to MPAS-A at 220km, 120km, 55km and 28km. Following the
aqua-planet experiment protocol of Neale and Hoskin (2000) all simulations are run with
zonally symmetric fixed sea surface temperature, which is also symmetrical about the
equator. In addition, solar insolation is fixed at the March equinoctial condition, which is

symmetric about the equator. Hence any response not symmetric about the equator can
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only arise from internal model variability. Note that we use the same CAM4 physics
package in both sets of simulations. A physics time step of 10 minutes is used and all
physics parameter settings are the same in all simulations — i.e., no tuning was performed
at different resolutions. In the present study, precipitation, winds, temperature, specific
humidity, surface flux and surface pressure data with output every 6 hours and their
monthly averages are used. The models are run for 5 years, but only data for the last 4
years are used in the analyses.

In the following sections, we mainly compare results from simulations of MPAS-
A at 240 km resolution (denoted as M240) and MPAS-A at 30km (denoted as M30) to
understand the effect of resolution and use M30 and HOMME at 28km resolution

(denoted as H28) to compare the effect of dynamical core.

3 Results

a) Convection feedbacks

The precipitation over a region is determined by the total available moisture in the
column and the parameterizations used by the model. Column integrated moisture budget
analysis provides an excellent means of understanding different factors contributing to

precipitation over a region. This is expressed by the following equation,
dq dq
(57 =—V.va) - (w%) +E-P

where q is specific humidity, V is horizontal component of wind velocity, w is vertical
pressure velocity, E and P are evaporation and precipitation respectively. Parentheses < >

represent vertical integration from surface to the top of the atmosphere. The left hand side
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of the equation is zero when the system is in steady state averaged over a long period. On
the right hand side, the first two terms correspond to horizontal and vertical advection of
moisture. Figure 2 shows the zonal mean distribution of precipitation, evaporation and
the advection terms (horizontal and vertical combined) from the above equation for the
MPAS-A low resolution (M240), MPAS-A high resolution (M30) and equivalent
HOMME high resolution (H28) simulations. Over the tropics, the dominant contribution
to precipitation comes from advection. The distribution of evaporation is almost identical
in all simulations, while the shape of the advection terms is responsible for the ITCZ
structure simulated.

Among the advection terms, the dominant contribution comes from vertical
advection given by (w Z—Z) whereas horizontal advection is an order of magnitude smaller.

The structure of vertical advection is similar to the total advection, with a distinct double
peak in M30 coinciding with the double peaks in precipitation (figure not shown). The
magnitude of this term is higher in H28 compared to MPAS-A simulations. Figure 3
shows the distribution of vertical pressure velocity in the three simulations. The
latitudinal distributions of vertical winds in the three simulations almost resemble that of
precipitation with M30 showing two peaks and H28 and M240 showing a single
equatorial peak. Even the differences in the amplitudes of vertical winds among the
simulations compare fairly similarly to the differences of precipitation. That is, similar to
HOMME producing much higher precipitation amounts concentrated over a narrower
belt centered over the equator, the updrafts in HOMME are far higher and concentrated

closer to the equator compared to MPAS-A.
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In the tropics, the main factor contributing to the updraft speeds is the latent heat
release by cloud condensation. This released latent heat increases the buoyancy of the
parcel, intensifying the updrafts. Since convection is a dominant process for cloud
formation in the tropics, the cumulus parameterization may play an important role in
determining the latent heat release and updraft speed. In the present model, the modified
version of Zhang and McFarlane (Zhang and McFarlane 1995) scheme is used to
parameterize convection. This scheme uses a threshold in CAPE (70J kg) to trigger
moist convection. Figure 4 shows the distribution of zonal mean CAPE for the three
simulations. CAPE increases with resolution in MPAS-A. M30 has higher CAPE
compared to H28 and the latitudinal extent is larger. The zonal mean CAPE has a similar
distribution as that of precipitation and updraft speed with double peaks in M30
coinciding with the peaks in precipitation. On average, threshold values of CAPE are
reached beyond 5° of latitudes in M30, whereas in H28, these values are present over a
narrower range of latitudes of about 3° from the equator. In the MPAS-A simulations,
CAPE decreases with decreased resolution. The overall values of CAPE in M240 are far
smaller compared to the other two simulations with threshold values reached only in a
narrow region towards the equator.

Having established the similarity between the latitudinal distribution of
precipitation with that of updraft speed and CAPE, it is important to understand the
factors contributing to the shapes and magnitudes of the latter. CAPE represents the
buoyancy of an air parcel, and is determined largely by atmospheric stability or the moist
static energy profile, which depends on the temperature and humidity profiles. To

understand the factors leading to higher CAPE over a wider area in MPAS-A compared
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to HOMME, Figure 5 shows the vertical temperature and specific humidity differences
between H28 and M30. The HOMME simulation has higher specific humidity compared
to MPAS-A. Furthermore, H28 has higher temperature compared to M30 at all levels
except above 100mb, and the difference increases with altitude to reach 3K around
150mb in the upper troposphere. Near the surface, the temperature difference is small as
both simulations are constrained by the same prescribed SST. With higher specific
humidity and comparable temperature at low levels, HOMME has higher moist static
energy than MPAS-A. However, at upper levels, larger increase in temperature with
altitude in H28 results in increased atmospheric stability compared to MPAS-A so
HOMME has lower CAPE values than MPAS-A, except very close to the equator (Figure
4),

Because of higher specific humidity, more latent heat is released in H28
compared to M30 when CAPE is above the threshold, which happens on average roughly
between 3°N and 3°S. This region coincides with the latitudinal belt at which H28 has
higher precipitation than H28. The higher cloud latent heat release in H28 contributes to a
warmer poleward branch of the Hadley circulation. This contributes to the warmer
temperature in the upper troposphere in H28 compared to M30. Hence the increased
specific humidity towards the equator plays a major role in determining the CAPE in
HOMME by increasing latent heat release near the equator and poleward heat transport.
The latter results in warmer upper tropospheric temperature, which increases atmospheric
stability and reduces CAPE poleward, giving rise to a narrower CAPE distribution and
precipitation belt. Compared to H28, M30 has lower latent heat release because of the

lower specific humidity. Because of the reduced poleward heat transport, the upper

10
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tropospheric temperature is lower so vertical stability is reduced in the atmospheric
column further away from the equator. This results in higher CAPE values and latent heat
release away from the equator.

To determine the factors contributing to the CAPE difference in MPAS-A at low
and high resolution, we note that in M240, both vertical winds and specific humidity are
comparable to M30 (figure not shown), so the mechanisms leading to differences
between H28 and M30 are not likely to be responsible for the differences between M240
and M30. Further analyses show that the distribution of cloud amount varies with
resolution. Figure 6 shows the zonal mean cloud fraction in M30 and M240. By
comparing the distribution of cloud amount in these two resolutions, it is clear that M240
has more cloud amount and the difference is larger at the upper troposphere compared to
mid troposphere. This increases the relative magnitude of upper tropospheric cloud and
latent heat release that result in increased poleward heat transport, increased atmospheric
stability, and reduced CAPE. The preference for high clouds in the low resolution
simulations is consistent with O’Brien et al. (2013), who found that the cloud size in
CAM4 aqua-planet simulations decreases with increase in resolution. Low resolution
simulations have larger clouds that result mainly from large scale condensation, since the
CAPE values in M240 are much lower than M30 and barely above the threshold used in
the cumulus parameterization (Figure 4). As the maximum altitude of clouds increases
with increased cloud size (e.g Wilcox and Ramanathan 2001), the increased upper
tropospheric cloud fraction contributes to increased upper tropospheric temperatures

relative to high resolution and reduces atmospheric stability poleward.
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Having elucidated the differences in CAPE among the simulations, we return to
the moisture budget that directly attributes precipitation to its moisture sources. From
Figure 2, it is seen that the main source of moisture for precipitation in both HOMME
and MPAS-A is vertical advection. From the continuity equation and integration by parts,
this term is equal to the advection of moisture through horizontal wind divergence,
expressed as [qV.V . In the present zonally symmetric aqua-planet model, zonal
advection is negligible when taking the zonal mean profiles. This implies that the
meridional wind divergence is one of the main contributors in modulating the
precipitation patterns in our simulations. As the meridional winds transport moisture
towards the equator and reach the latitudes where CAPE exceeds the threshold values,
moist convection is triggered. The latitude at which this triggering happens is farther
from the equator in M30 compared to HOMME or the lower resolution MPAS-A
simulations because M30 has higher CAPE values over a broader range of latitudes for
reasons discussed earlier. This triggered condensation increases the instability of the
column by release of latent heating at the upper troposphere (CISK mechanism), causing
increased vertical velocities at these latitudes. Hence, the latitudinal distribution of
vertical velocity in Figure 3 is similar to that of precipitation with a maximum in wind
speed coinciding with the location of peak precipitation corresponding to each
simulation. As can be seen from the figure, stronger negative velocities start to develop
farther away from the equator in MPAS-A compared to HOMME. Consequently,
increased vertical winds off the equator cause an increased transport of moisture into the
upper troposphere and decreased pressure, leading to lateral expansion of the lower

pressure gradient. This shifts the region of large pressure gradient away from the equator
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and feeds back positively to increase convergence over the region. Reduced pressure
gradient and the associated wind speeds on the equator side of this latitude lead to a
consequent dip in specific humidity being transported towards the equator. This results in
a decrease of CAPE and moisture supply over the equator, and hence lowers precipitation
over the equator causing the double peak in precipitation. The positive feedback between
condensation and moisture convergence contributes to the much larger differences in
precipitation and updraft speeds (Figure 3) than CAPE (Figure 4) among the simulations,
although these quantities all share similar latitudinal distributions.

In the lower resolution MPAS-A simulation, the magnitude of specific humidity
and hence CAPE is smaller. Hence precipitation triggering is only possible at latitudes
closer to the equator leading to single ITCZ structure. Although the cloud amounts in
M240 are large (Figure 6), they are mostly associated with large-scale condensation that
does not produce as significant precipitation as convection that dominates in M30 and

H28.

b) Effect of equatorial waves

Previous studies have shown the importance of equatorial waves on the ITCZ
structure. For example, Abiodun et al. (2008) showed that simulation of equatorial waves
at higher resolutions contributed to double ITCZ in contrast to single ITCZ in lower
resolutions. Honirouchi (2012) showed the effect of equatorial waves on Hadley
circulation and ITCZ structure. Most of the tropical waves have a dynamical structure
with precipitation peak occurring on either side of the equator. Such waves include all
asymmetric waves and also symmetric waves like Rossby waves and even-mode Inertio

Gravity (IG) waves. On the other hand, symmetric waves like Kelvin waves have
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corresponding precipitation peak centered over the equator, facilitating a single ITCZ
structure. We study the effect of these waves simulated in the present models on the
ITCZ

Wavenumber — frequency spectra of precipitation calculated using the Wheeler and
Kiladis (1999) method show that MPAS-A and HOMME both simulate Kelvin, Rossby
and 1G waves (Rauscher et al. 2012). Wavenumber frequency filtering of precipitation
corresponding to different theoretical wave regimes allows a comparison of the wave
amplitude variations in the simulations. We follow Wheeler and Kiladis (1999) to
calculate the wave amplitudes in order to examine the latitudinal variation of amplitudes
corresponding to different waves. The equivalent depths used for filtering in the present
study are 15m and 75m as most of the wave amplitude falls within this region.

The analysis shows that for all waves at all resolutions, the HOMME simulations
have higher amplitude compared to MPAS-A (figure not shown). However, the
magnitudes of the waves are mainly determined by the magnitude of the precipitation
itself. To understand the relative importance of different waves in these simulations, we
look at the ratio of Kelvin wave amplitude to asymmetric wave amplitudes in each model
(Figure 7). A higher value of this ratio should favor single ITCZ while a lower value
should favor double ITCZ structure. In both models, the ratio decreases with increasing
resolution, showing higher possibility of double peaks at higher resolutions. However
MPAS-A has a higher ratio compared to HOMME except at the highest resolution, which
is inconsistent with the nature of the ITCZ structure simulated by M30 where double
ITCZ is most apparent. From this we conclude that the dominance of different types of

waves simulated alone do not determine the structure of ITCZ in these simulations or it
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may play a more minor role that is overshadowed by the CAPE and convection feedback
mechanisms discussed above.

Another factor that can influence ITCZ structure is the distance of the
precipitation peak from the equator. From equatorial wave theory, the distance of the
peak from the equator depends on the latitudinal extent of the waveguide given by the
expression
yo>=(2n+1)c/p
where y. represents the latitudinal extent, n is the meridional mode number of the wave, ¢
is gravity wave speed given by \/gTeq where heq is the equivalent depth of the
atmosphere and B is the Coriolis constant. In this equation, the only variable is the gravity
wave speed, which depends on the equivalent depth heq of the system. The equivalent
depth can further be determined using the expression given by Tian and Ramanathan

(2003) as

_ RgAmAp  RzAm (1 pd)
°1" 4gC,P,  4gC, Dm

where Ry is the gas constant, 4m is gross moist stability, py is the level at which the
divergence changes sign, and 4p is the depth between p, and the level of upper
tropospheric divergence maximum (pq). From this equation, variables that can change the

equivalent depth are 4m, pq and ppy. Increase in 4m and py leads to increased hey and

increased py leads to decreased heg. In the present models, the ratio 24 is almost constant.

Pm

Hence the only contributing term is the gross moist stability of the system. Here we
calculate the gross moist stability following Neelin and Held (1987) and equations 3 and

4 in Frierson (2007). Figure 8 shows the zonal mean Gross Moist Stability (GMS)
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divided by C, at the equator for both models at different resolutions. In both models,
there is a monotonic decrease in GMS with resolution. This should actually result in
narrowing of the wave lateral width at higher resolution. But a comparison of the distance
of peak wave amplitudes shows that in MPAS-A the waves are laterally wider at higher
resolutions whereas in HOMME the distance decreases, which is inconsistent with the
observed GMS values. This means that the width of the wave is modulated by the width
of the ITCZ itself. From this it can be inferred that the simulated characteristics of the
equatorial waves in the models are dependent on the ITCZ structure, rather than the
waves influencing the structure of the ITCZ in contrast to the findings of Abiodun et al.

(2008).

4 Discussion

Although many studies have addressed the ITCZ structure in aqua-planet
simulations and investigated the factors affecting single/double ITCZ, the mechanisms
determining ITCZ splitting are still ambiguous. Here we look at two dynamical
frameworks with similar configurations in idealized aqua-planet simulations to
understand how the simulated large scale environments and equatorial waves modulate
the ITCZ structure in these models. Despite the common physics parameterizations used
in both MPAS-A and HOMME, the ITCZ structures simulated by the models are
different with MPAS-A displaying double ITCZ at higher resolutions while HOMME
showing a consistent narrow single ITCZ regardless of resolution.

Analyzing different factors affecting the structure of the ITCZ in these
simulations, we show that the feedbacks between convection and large-scale Hadley

circulation determine whether the model simulation will have single or double ITCZ. In
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HOMME, higher specific humidity results in higher latent heat release in convective
clouds. The energy is transported poleward by the Hadley circulation and increases the
upper tropospheric temperature in HOMME relative to MPAS-A and decreases CAPE
poleward. This limits convective precipitation closer to the equator, resulting in narrower
albeit higher precipitation because of the higher specific humidity, giving rise to a single
ITCZ. On the other hand, in MPAS, at higher resolution (M30), the zonal mean CAPE is
higher farther away from the equator as lower specific humidity reduces the poleward
heat transport by the Hadley circulation and the lower upper tropospheric temperature
compared to H28 enhances atmospheric instability poleward and triggers a wider
precipitation band.

In both HOMMA and MPAS-A, the increased precipitation at or away from the
equator enhances vertical winds through latent heat release. This consequently further
enhances surface convergence over the respective regions. In M30, this increased
convergence away from equator causes reduced moisture being transported towards the
equator-side. This dip in moisture and the resulting reduction in CAPE cause a dip in the
precipitation at the equator, resulting in a double ITCZ structure in the simulation. In
contrast, when MPAS-A is applied at coarser resolution (M240), the preference for high-
level clouds compared to M30 results in top-heavy temperature profiles and reduced
CAPE so that convection can only be triggered close to the equator, leading to a single
ITCZ. We note, however, that M240 simulates a larger amount of clouds compared to
M30, but the clouds are primarily associated with large-scale condensation since CAPE
values are very low in M240. A flow chart of feedbacks leading to single and double

ITCZ structures in HOMME and MPAS-A at high resolution is given in Figure 9.
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The role of equatorial waves in modulating the ITCZ structure is also explored in
these simulations. We show that the dominance of asymmetric waves is not enough to
cause a split in the ITCZ in our simulations. This can happen because a large portion of
precipitation variability is not organized by the equatorial waves; hence the zonal mean
precipitation features are primarily attributed to the red-noise. In the present simulations,
convectively coupled equatorial waves are not discernable from the raw spectra proving
that the precipitation is dominated by processes associated with the red-noise. We also
investigate the factors affecting the lateral extent of equatorial waves. Although the
equivalent depth of the system decreases with resolution in MPAS-A, the width of
equatorial waves still increases with increased resolution. This shows that the lateral
extent of the waves may be determined by the width of the ITCZ precipitation (which is
governed more by the red-noise) rather than the wave width determining the ITCZ.

Previous studies have suggested a role for surface fluxes in the single versus
double ITCZ structure (e.g., Liu and Moncrieff 2004). In our simulations, higher
humidity in HOMME leads to lower surface latent flux compared to MPAS-A, but the
differences are relatively small. Because of the lower humidity, the surface latent heat
flux in MPAS-A is more sensitive to changes in surface winds, which may contribute to
the enhanced vertical moisture transport associated with the enhanced low-level
convergence away from the equator in M30 and further accentuate the off equator
precipitation peaks. However, as CAPE plays a key role in determining the latitudinal
structure of the ITCZ but it is more dominantly influenced by atmospheric stability that
depends on the moist static energy profile, the impacts of surface fluxes on the ITCZ

would appear to be relatively minor in our simulations.
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Another important feature of the double ITCZ structure is the distance of peak
precipitation from the equator. Many studies explored various factors contributing to the
distance between the ITCZ peaks by varying the SST distribution, convective
parameterization, etc. (e.g. Bellon and Sobel 2010). In the present study, the location of
peak precipitation is 2° to 3° from equator, which is closer to the equator than most
previous studies in which the ITCZs vary between 5° to 15° away from the equator. In the
present simulations, the magnitude of CAPE is very low relative to most previous studies.
As CAPE decreases poleward, the low CAPE values might be limiting the latitudinal
expansion of precipitation zone, thus giving rise to ITCZ bands that are closer to the
equator. However, exploring the mechanisms behind this latitudinal extent of ITCZ is
beyond our scope and requires further study.

Overall our analyses of aqua-planet simulations produced by MPAS-A and
HOMME using the same physics parameterizations at different spatial resolutions
suggest that dynamical core and model resolution play a role in the single vs. double
ITCZ structure through their influence on the large scale environments including Hadley
circulation and humidity. Differences latent heat release by clouds and humidity
influence the vertical temperature profile and CAPE and affect convection. The
subsequent feedbacks from convection to the large-scale convergence further enhance
precipitation off the equator and reduce CAPE and precipitation over the equator, leading
to a double ITCZ structure in MPAS-A at higher resolution. Convective
parameterizations also play a role in this mechanism through the dependence of
convective triggering on CAPE. Convective parameterizations that have stronger

dependence on large-scale forcing may be less sensitive to differences in CAPE caused
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by differences in dynamical cores and/or model resolutions, hence display different
sensitivity of the ITCZ structure to dynamical cores and model resolutions.

Similar ITCZ structures were also studied previously by Williamson and Olson
(2003) using two CAM dynamical cores, namely, Eulerian and semi-Lagrangian. They
showed that the difference in time-step used in the two dynamical cores results in
different moisture deposit from surface fluxes, leading to different CAPE and ITCZ
structures. In the present simulations, both dynamical and physics time steps are the same
between MPAS-A and HOMME and moisture and precipitation amount is actually higher
in the HOMME simulations with a single ITCZ. Thus it appears that even with the same
time steps, the numerics of different dynamical cores can result in different humidity
states in the models, which favor different kinds of equilibriums leading to contrasting
ITCZ structures.

Shorter sensitivity experiments with HOMME including switching from the Eta
vertical coordinate (Simmons and Burridge 1981) to a vertical semi-Lagrangian method
similar to Lin and Rood (1997), hence adding vertical dissipation to the model, and
doubling the surface latent heat flux do not result in a change in the single ITCZ
structure. Rauscher et al. (2012) experimented with MPAS-A by reducing the coefficient
of the v* dissipation and found a single ITCZ at high resolution. However the simulation
still exhibits a double ITCZ structure in the convective precipitation even though the
large scale precipitation is significantly enhanced and its peak over the equator
overwhelms the off-equator peaks in the convective precipitation. A detailed
investigation of the numerical sources of these differences is beyond the scope of the

present study. We show that despite similar model configurations, a change in one of the
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basic states (e.g. specific humidity) from differences in the dynamical cores alone can
lead to differences in climate processes amplified by positive feedbacks that result in

different structures of the salient circulation patterns.
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Figure List

Figure 1. Zonal mean precipitation (ms™?) in MPAS-A (left) and HOMME (right)
corresponding to different resolutions. Color code given in the figure.

Figure 2. Zonal mean precipitation, advection and evaporation in M240 (left), M30
(center) and H28 (right) simulations.

Figure 3. Latitude — height distribution of zonal mean vertical pressure velocities in
M240 (left), M30 (center) and H28 (right) simulations.

Figure 4. Zonal mean convective available potential energy (J kg™*) in M30 (thick solid
line), M30 (thin solid line) and H28 (dashed line)

Figure 5. Latitude — height distribution of difference in zonal mean temperature and
specific humidity between H28 and M30 simulations

Figure 6. Zonal mean cloud fraction in M30 (left) and M240 (right) simulations.

Figure 7. Ratio of Kelvin wave amplitude to that of asymmetric Rossby and 1G waves.
Figure 8. Zonal mean gross moist stability (K) at the equator for HOMME and MPAS-A
simulations.

Figure 9. Schematic of the feedback mechanisms corresponding to double and single

ITCZ simulations.
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Figure 1. Zonal mean precipitation (ms™®) in MPAS-A (left) and HOMME (right)

corresponding to different resolutions. Color code given in the figure.
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Figure 2. Zonal mean precipitation, advection and evaporation in M240 (left), M30

(center) and H28 (right) simulations.
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593  Figure 5. Latitude — height distribution of difference in zonal mean temperature and

594  specific humidity between H28 and M30 simulations
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596  Figure 6. Zonal mean cloud fraction in M30 (left) and M240 (right) simulations.
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