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 18 

Abstract 19 

 20 

Aqua-planet simulations using the Community Atmosphere Model version 4 21 

(CAM4) with the Model for Prediction Across Scales - Atmosphere (MPAS-A) and 22 

Higher Order Method Modeling Environment (HOMME) dynamical cores and zonally 23 

symmetric sea surface temperature (SST) structure are studied to understand the 24 

dependence of the inter-tropical convergence zone (ITCZ) structure on resolution and 25 

dynamical core. While all resolutions in HOMME and the low-resolution MPAS-A 26 

simulations give a single equatorial peak in zonal mean precipitation, the high-resolution 27 

MPAS-A simulations give a double ITCZ with precipitation peaking around 2
o
 to 3

o
 on 28 

either side of the equator. This study reveals that the structure of ITCZ is dependent on 29 

the feedbacks between convection and large-scale circulation. We show that difference in 30 

specific humidity between HOMME and MPAS-A can lead to different latitudinal 31 

distributions of the convective available potential energy (CAPE) by influencing latent 32 

heat release by clouds and the upper tropospheric temperature. With lower specific 33 

humidity, the high resolution MPAS-A simulation has CAPE that increases away from 34 

the equator that enhances convection away from the equator and through a positive 35 

feedback on the circulation, results in a double ITCZ structure. We further show that the 36 

dominance of anti-symmetric waves in the model is not enough to cause double ITCZ, 37 

and the lateral extent of equatorial waves does not play an important role in determining 38 

the width of the ITCZ but rather the latter may influence the former. 39 
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 40 

1. Introduction 41 

The Inter-tropical convergence zone (ITCZ) is the belt of east – west oriented 42 

high precipitation region observed over the tropics. Climatologically, the zonal mean 43 

ITCZ is located slightly to the north of the equator. Simulation of the ITCZ in general 44 

circulation models is one of the most challenging aspects of modeling (e.g. Neelin et al. 45 

1992, Lin 2007). Simulations of ITCZ show two prevalent structures: a single ITCZ that 46 

peaks to the north of the equator or double ITCZs with peaks of precipitation on either 47 

side of the equator (Zhang and Wang 2006, Lin 2007, Zhang et al. 2007, Liu et al. 2010). 48 

Most climate models show a second precipitation belt over the southern hemisphere 49 

especially in the Pacific, giving a double peak structure when zonally averaged (Lin 50 

2007). The double ITCZ structure also manifests in atmospheric models without ocean 51 

coupling, suggesting the primary role of atmospheric dynamics in generating the double 52 

ITCZ. This prevalence of ‘double ITCZ syndrome’ in models is an important model bias 53 

in the simulation of not only the tropics but also general circulation. Even models run in 54 

idealized aqua-planet configuration showed both single and double ITCZ structures (e.g. 55 

Numaguti 1993, Chao and Chen 2004, Liu and Moncrieff 2008, Liu et al. 2010, Mobis 56 

and Stevens 2012, Oueslati and Bellon 2012,). Zonally symmetric model configurations 57 

are also shown to simulate single (with precipitation peak centered on equator) or double 58 

ITCZ (with peaks on either side of the equator) and even asymmetric ITCZ with a single 59 

precipitation belt peaking off the equator when uniform SST is prescribed (e.g. Chao and 60 

Chen 2004).  61 
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Different hypotheses have been proposed to explain the double ITCZ in models. 62 

Many factors such as SST gradient (e.g. Oueslati and Bellon 2012), cumulus 63 

parameterization (e.g. Liu et al. 2010), and model resolution (e.g. Williamson 2008) have 64 

been documented to influence the structure of the ITCZ. Some of the initial studies 65 

proposed the CISK (convective instability of the second kind) mechanism to explain the 66 

ITCZ splitting (e.g. Charney 1971, Lindzen 1974). Influence of wind induced surface 67 

heat exchange is shown to be another important factor affecting the location of the ITCZ 68 

(e.g. Liu et al. 2010, Liu and Moncrieff 2004, Liu and Moncrieff 2008). Chao and Chen 69 

(2004) show that there are two forces acting to attract ITCZ towards and away from the 70 

equator, namely Coriolis force and convective circulation modified by Coriolis force. The 71 

feedback between convection and large-scale circulation is another phenomenon 72 

suggested to be important in deciding the single and double structure of ITCZ (e.g. 73 

Horinouchi 2012, Oueslati and Bellon 2012, Mobis and Stevens 2012). The position of 74 

ITCZ is also influenced by exra-tropical clouds and ice (e.g. Chiang et al. 2003, Frierson 75 

and Hwang 2012). Some studies have also demonstrated how equatorial waves increase 76 

the chance of double ITCZ in the model by modulating the organized convection into 77 

symmetric and anti-symmetric waves (e.g. Abiodun et al. 2008, Horinouchi 2012). 78 

Abiodun et al. (2008) explain that at higher resolutions equatorial waves are better 79 

simulated and precipitation corresponding to equatorial (anti-symmetric) wave peaks off-80 

equator, resulting in double ITCZ. 81 

In spite of these previous studies, there is still a lack of a coherent theory that can 82 

explain the change between single and double ITCZ in climate models. The explanations 83 

so far seem to be largely model dependent and/or parameterization dependent. In the 84 



 5 

absence of a unified explanation, it is important to understand the reasons behind the 85 

simulated ITCZ structure differences in each model to understand the tropical biases. 86 

Because of the simplicity of the forcings involved (such as absence of land-sea contrast, 87 

orography), simulations with zonally symmetric aqua-planet model configuration are 88 

useful for studying the differences between the dynamical processes causing single and 89 

double ITCZ. 90 

 In this study, we examine the structure of ITCZ in two sets of aqua-planet 91 

simulations produced by two different dynamical cores within the Community 92 

Atmosphere Model Version 4 (CAM4, Neale et al. 2010), namely the Model for 93 

Prediction Across Scales - Atmosphere (MPAS-A) (Rauscher et al. 2012) and the High-94 

Order Method Modeling Environment (HOMME, Taylor et al. 2008), each performed at 95 

4 different horizontal resolutions ranging from about 0.25
o
 to 2

o
. CAM4 is run with these 96 

two dynamical cores following the aqua-planet experiment protocol described by Neale 97 

and Hoskins (2000) with the same physics parameterizations. Both MPAS-A and 98 

HOMME simulate maximum precipitation over the tropical region forming an ITCZ like 99 

structure. Figure 1 shows the latitudinal distribution of zonal mean total precipitation for 100 

both models at different resolutions. Although both models use the same physics package 101 

including convective parameterizations, MPAS-A at higher resolutions generate a double 102 

ITCZ-like pattern whereas in the HOMME simulations, a single narrow precipitation 103 

band is maintained at all four resolutions. The objective of this study is to examine the 104 

factors influencing the double and single ITCZ structures simulated by these models. We 105 

explore the roles of equatorial waves, and convection and large scale circulation 106 

feedbacks in determining the structure of ITCZ in these models. Section 2 decribes the 107 
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model configurations, section 3 presents the results from various analyses, followed by 108 

conclusions in section 4. 109 

2. Model Description 110 

 We use outputs from aqua-planet simulations of CAM generated by MPAS-A 111 

(Skamarock et al. 2012) and HOMME (Taylor et al. 2008). MPAS-A uses unstructured 112 

Voronoi meshes and C-grid discretization as the basis of the model components.  The 113 

unstructured Voronoi meshes allow for both quasi-uniform discretization of the sphere 114 

and local refinement (Du et al. 1999; Ringler et al. 2008; Ju et al. 2011).  The underlying 115 

numerical method used in MPAS-A is described in Thuburn et al. (2009) and Ringler et 116 

al. (2010). In this study, MPAS-A is run with quasi-uniform resolutions of 240km, 117 

120km, 60km and 30km. Further details about model configurations for these 118 

experiments are discussed in Rauscher et al. (2012).  119 

HOMME uses spectral finite element discretization on relatively isotropic cubed 120 

sphere grid (Taylor et al. 2008; Evans et al. 2013).  The HOMME spectral element 121 

discretization uses a compatible formulation that conserves dry mass and total energy and 122 

has significantly improves scaling as compared to the CAM finite volume and spectral 123 

Eulerian dynamical cores (Dennis et al. 2012). HOMME simulations are run at 124 

resolutions comparable to MPAS-A at 220km, 120km, 55km and 28km.  Following the 125 

aqua-planet experiment protocol of Neale and Hoskin (2000) all simulations are run with 126 

zonally symmetric fixed sea surface temperature, which is also symmetrical about the 127 

equator. In addition, solar insolation is fixed at the March equinoctial condition, which is 128 

symmetric about the equator. Hence any response not symmetric about the equator can 129 
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only arise from internal model variability. Note that we use the same CAM4 physics 130 

package in both sets of simulations. A physics time step of 10 minutes is used and all 131 

physics parameter settings are the same in all simulations – i.e., no tuning was performed 132 

at different resolutions. In the present study, precipitation, winds, temperature, specific 133 

humidity, surface flux and surface pressure data with output every 6 hours and their 134 

monthly averages are used. The models are run for 5 years, but only data for the last 4 135 

years are used in the analyses.  136 

In the following sections, we mainly compare results from simulations of MPAS-137 

A at 240 km resolution (denoted as M240) and MPAS-A at 30km (denoted as M30) to 138 

understand the effect of resolution and use M30 and HOMME at 28km resolution 139 

(denoted as H28) to compare the effect of dynamical core. 140 

3 Results 141 

a) Convection feedbacks 142 

The precipitation over a region is determined by the total available moisture in the 143 

column and the parameterizations used by the model. Column integrated moisture budget 144 

analysis provides an excellent means of understanding different factors contributing to 145 

precipitation over a region. This is expressed by the following equation, 146 

〈
  

  
〉   〈    〉  〈 

  

  
〉      

where q is specific humidity, V is horizontal component of wind velocity,   is vertical 147 

pressure velocity, E and P are evaporation and precipitation respectively. Parentheses < > 148 

represent vertical integration from surface to the top of the atmosphere. The left hand side 149 
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of the equation is zero when the system is in steady state averaged over a long period. On 150 

the right hand side, the first two terms correspond to horizontal and vertical advection of 151 

moisture. Figure 2 shows the zonal mean distribution of precipitation, evaporation and 152 

the advection terms (horizontal and vertical combined) from the above equation for the 153 

MPAS-A low resolution (M240), MPAS-A high resolution (M30) and equivalent 154 

HOMME high resolution (H28) simulations. Over the tropics, the dominant contribution 155 

to precipitation comes from advection. The distribution of evaporation is almost identical 156 

in all simulations, while the shape of the advection terms is responsible for the ITCZ 157 

structure simulated. 158 

Among the advection terms, the dominant contribution comes from vertical 159 

advection given by 〈 
  

  
〉 whereas horizontal advection is an order of magnitude smaller. 160 

The structure of vertical advection is similar to the total advection, with a distinct double 161 

peak in M30 coinciding with the double peaks in precipitation (figure not shown). The 162 

magnitude of this term is higher in H28 compared to MPAS-A simulations. Figure 3 163 

shows the distribution of vertical pressure velocity in the three simulations. The 164 

latitudinal distributions of vertical winds in the three simulations almost resemble that of 165 

precipitation with M30 showing two peaks and H28 and M240 showing a single 166 

equatorial peak. Even the differences in the amplitudes of vertical winds among the 167 

simulations compare fairly similarly to the differences of precipitation. That is, similar to 168 

HOMME producing much higher precipitation amounts concentrated over a narrower 169 

belt centered over the equator, the updrafts in HOMME are far higher and concentrated 170 

closer to the equator compared to MPAS-A.  171 
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In the tropics, the main factor contributing to the updraft speeds is the latent heat 172 

release by cloud condensation. This released latent heat increases the buoyancy of the 173 

parcel, intensifying the updrafts. Since convection is a dominant process for cloud 174 

formation in the tropics, the cumulus parameterization may play an important role in 175 

determining the latent heat release and updraft speed. In the present model, the modified 176 

version of Zhang and McFarlane (Zhang and McFarlane 1995) scheme is used to 177 

parameterize convection. This scheme uses a threshold in CAPE (70J kg
-1

) to trigger 178 

moist convection. Figure 4 shows the distribution of zonal mean CAPE for the three 179 

simulations. CAPE increases with resolution in MPAS-A. M30 has higher CAPE 180 

compared to H28 and the latitudinal extent is larger. The zonal mean CAPE has a similar 181 

distribution as that of precipitation and updraft speed with double peaks in M30 182 

coinciding with the peaks in precipitation. On average, threshold values of CAPE are 183 

reached beyond 5
o
 of latitudes in M30, whereas in H28, these values are present over a 184 

narrower range of latitudes of about 3
o
 from the equator. In the MPAS-A simulations, 185 

CAPE decreases with decreased resolution. The overall values of CAPE in M240 are far 186 

smaller compared to the other two simulations with threshold values reached only in a 187 

narrow region towards the equator.  188 

Having established the similarity between the latitudinal distribution of 189 

precipitation with that of updraft speed and CAPE, it is important to understand the 190 

factors contributing to the shapes and magnitudes of the latter. CAPE represents the 191 

buoyancy of an air parcel, and is determined largely by atmospheric stability or the moist 192 

static energy profile, which depends on the temperature and humidity profiles. To 193 

understand the factors leading to higher CAPE over a wider area in MPAS-A compared 194 
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to HOMME, Figure 5 shows the vertical temperature and specific humidity differences 195 

between H28 and M30. The HOMME simulation has higher specific humidity compared 196 

to MPAS-A. Furthermore, H28 has higher temperature compared to M30 at all levels 197 

except above 100mb, and the difference increases with altitude to reach 3K around 198 

150mb in the upper troposphere. Near the surface, the temperature difference is small as 199 

both simulations are constrained by the same prescribed SST. With higher specific 200 

humidity and comparable temperature at low levels, HOMME has higher moist static 201 

energy than MPAS-A. However, at upper levels, larger increase in temperature with 202 

altitude in H28 results in increased atmospheric stability compared to MPAS-A so 203 

HOMME has lower CAPE values than MPAS-A, except very close to the equator (Figure 204 

4).  205 

Because of higher specific humidity, more latent heat is released in H28 206 

compared to M30 when CAPE is above the threshold, which happens on average roughly 207 

between 3
o
N and 3

o
S. This region coincides with the latitudinal belt at which H28 has 208 

higher precipitation than H28. The higher cloud latent heat release in H28 contributes to a 209 

warmer poleward branch of the Hadley circulation. This contributes to the warmer 210 

temperature in the upper troposphere in H28 compared to M30. Hence the increased 211 

specific humidity towards the equator plays a major role in determining the CAPE in 212 

HOMME by increasing latent heat release near the equator and poleward heat transport. 213 

The latter results in warmer upper tropospheric temperature, which increases atmospheric 214 

stability and reduces CAPE poleward, giving rise to a narrower CAPE distribution and 215 

precipitation belt. Compared to H28, M30 has lower latent heat release because of the 216 

lower specific humidity. Because of the reduced poleward heat transport, the upper 217 
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tropospheric temperature is lower so vertical stability is reduced in the atmospheric 218 

column further away from the equator. This results in higher CAPE values and latent heat 219 

release away from the equator.  220 

To determine the factors contributing to the CAPE difference in MPAS-A at low 221 

and high resolution, we note that in M240, both vertical winds and specific humidity are 222 

comparable to M30 (figure not shown), so the mechanisms leading to differences 223 

between H28 and M30 are not likely to be responsible for the differences between M240 224 

and M30. Further analyses show that the distribution of cloud amount varies with 225 

resolution. Figure 6 shows the zonal mean cloud fraction in M30 and M240. By 226 

comparing the distribution of cloud amount in these two resolutions, it is clear that M240 227 

has more cloud amount and the difference is larger at the upper troposphere compared to 228 

mid troposphere. This increases the relative magnitude of upper tropospheric cloud and 229 

latent heat release that result in increased poleward heat transport, increased atmospheric 230 

stability, and reduced CAPE. The preference for high clouds in the low resolution 231 

simulations is consistent with O’Brien et al. (2013), who found that the cloud size in 232 

CAM4 aqua-planet simulations decreases with increase in resolution. Low resolution 233 

simulations have larger clouds that result mainly from large scale condensation, since the 234 

CAPE values in M240 are much lower than M30 and barely above the threshold used in 235 

the cumulus parameterization (Figure 4).  As the maximum altitude of clouds increases 236 

with increased cloud size (e.g Wilcox and Ramanathan 2001), the increased upper 237 

tropospheric cloud fraction contributes to increased upper tropospheric temperatures 238 

relative to high resolution and reduces atmospheric stability poleward. 239 
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Having elucidated the differences in CAPE among the simulations, we return to 240 

the moisture budget that directly attributes precipitation to its moisture sources. From 241 

Figure 2, it is seen that the main source of moisture for precipitation in both HOMME 242 

and MPAS-A is vertical advection. From the continuity equation and integration by parts, 243 

this term is equal to the advection of moisture through horizontal wind divergence, 244 

expressed as ∫    . In the present zonally symmetric aqua-planet model, zonal 245 

advection is negligible when taking the zonal mean profiles. This implies that the 246 

meridional wind divergence is one of the main contributors in modulating the 247 

precipitation patterns in our simulations. As the meridional winds transport moisture 248 

towards the equator and reach the latitudes where CAPE exceeds the threshold values, 249 

moist convection is triggered. The latitude at which this triggering happens is farther 250 

from the equator in M30 compared to HOMME or the lower resolution MPAS-A 251 

simulations because M30 has higher CAPE values over a broader range of latitudes for 252 

reasons discussed earlier. This triggered condensation increases the instability of the 253 

column by release of latent heating at the upper troposphere (CISK mechanism), causing 254 

increased vertical velocities at these latitudes. Hence, the latitudinal distribution of 255 

vertical velocity in Figure 3 is similar to that of precipitation with a maximum in wind 256 

speed coinciding with the location of peak precipitation corresponding to each 257 

simulation. As can be seen from the figure, stronger negative velocities start to develop 258 

farther away from the equator in MPAS-A compared to HOMME. Consequently, 259 

increased vertical winds off the equator cause an increased transport of moisture into the 260 

upper troposphere and decreased pressure, leading to lateral expansion of the lower 261 

pressure gradient. This shifts the region of large pressure gradient away from the equator 262 
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and feeds back positively to increase convergence over the region. Reduced pressure 263 

gradient and the associated wind speeds on the equator side of this latitude lead to a 264 

consequent dip in specific humidity being transported towards the equator. This results in 265 

a decrease of CAPE and moisture supply over the equator, and hence lowers precipitation 266 

over the equator causing the double peak in precipitation. The positive feedback between 267 

condensation and moisture convergence contributes to the much larger differences in 268 

precipitation and updraft speeds (Figure 3) than CAPE (Figure 4) among the simulations, 269 

although these quantities all share similar latitudinal distributions. 270 

In the lower resolution MPAS-A simulation, the magnitude of specific humidity 271 

and hence CAPE is smaller. Hence precipitation triggering is only possible at latitudes 272 

closer to the equator leading to single ITCZ structure. Although the cloud amounts in 273 

M240 are large (Figure 6), they are mostly associated with large-scale condensation that 274 

does not produce as significant precipitation as convection that dominates in M30 and 275 

H28. 276 

b) Effect of equatorial waves 277 

Previous studies have shown the importance of equatorial waves on the ITCZ 278 

structure. For example, Abiodun et al. (2008) showed that simulation of equatorial waves 279 

at higher resolutions contributed to double ITCZ in contrast to single ITCZ in lower 280 

resolutions. Honirouchi (2012) showed the effect of equatorial waves on Hadley 281 

circulation and ITCZ structure. Most of the tropical waves have a dynamical structure 282 

with precipitation peak occurring on either side of the equator. Such waves include all 283 

asymmetric waves and also symmetric waves like Rossby waves and even-mode Inertio 284 

Gravity (IG) waves. On the other hand, symmetric waves like Kelvin waves have 285 
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corresponding precipitation peak centered over the equator, facilitating a single ITCZ 286 

structure. We study the effect of these waves simulated in the present models on the 287 

ITCZ. 288 

Wavenumber – frequency spectra of precipitation calculated using the Wheeler and 289 

Kiladis (1999) method show that MPAS-A and HOMME both simulate Kelvin, Rossby 290 

and IG waves (Rauscher et al. 2012). Wavenumber frequency filtering of precipitation 291 

corresponding to different theoretical wave regimes allows a comparison of the wave 292 

amplitude variations in the simulations. We follow Wheeler and Kiladis (1999) to 293 

calculate the wave amplitudes in order to examine the latitudinal variation of amplitudes 294 

corresponding to different waves. The equivalent depths used for filtering in the present 295 

study are 15m and 75m as most of the wave amplitude falls within this region. 296 

The analysis shows that for all waves at all resolutions, the HOMME simulations 297 

have higher amplitude compared to MPAS-A (figure not shown). However, the 298 

magnitudes of the waves are mainly determined by the magnitude of the precipitation 299 

itself. To understand the relative importance of different waves in these simulations, we 300 

look at the ratio of Kelvin wave amplitude to asymmetric wave amplitudes in each model 301 

(Figure 7). A higher value of this ratio should favor single ITCZ while a lower value 302 

should favor double ITCZ structure. In both models, the ratio decreases with increasing 303 

resolution, showing higher possibility of double peaks at higher resolutions. However 304 

MPAS-A has a higher ratio compared to HOMME except at the highest resolution, which 305 

is inconsistent with the nature of the ITCZ structure simulated by M30 where double 306 

ITCZ is most apparent. From this we conclude that the dominance of different types of 307 

waves simulated alone do not determine the structure of ITCZ in these simulations or it 308 
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may play a more minor role that is overshadowed by the CAPE and convection feedback 309 

mechanisms discussed above. 310 

Another factor that can influence ITCZ structure is the distance of the 311 

precipitation peak from the equator. From equatorial wave theory, the distance of the 312 

peak from the equator depends on the latitudinal extent of the waveguide given by the 313 

expression 314 

yc
2
=(2n+1)c/β 315 

where yc represents the latitudinal extent, n is the meridional mode number of the wave, c 316 

is gravity wave speed given by √     where heq is the equivalent depth of the 317 

atmosphere and β is the Coriolis constant. In this equation, the only variable is the gravity 318 

wave speed, which depends on the equivalent depth heq of the system. The equivalent 319 

depth can further be determined using the expression given by Tian and Ramanathan 320 

(2003) as 321 

    
      

      
 
    

    
(  

  
  
) 

where Rd is the gas constant, Δm is gross moist stability, pm is the level at which the 322 

divergence changes sign, and Δp is the depth between pm and the level of upper 323 

tropospheric divergence maximum (pd). From this equation, variables that can change the 324 

equivalent depth are Δm, pd and pm. Increase in Δm and pm leads to increased heq and 325 

increased pd leads to decreased heq. In the present models, the ratio 
  

  
 is almost constant. 326 

Hence the only contributing term is the gross moist stability of the system. Here we 327 

calculate the gross moist stability following Neelin and Held (1987) and equations 3 and 328 

4 in Frierson (2007). Figure 8 shows the zonal mean Gross Moist Stability (GMS) 329 
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divided by Cp at the equator for both models at different resolutions. In both models, 330 

there is a monotonic decrease in GMS with resolution. This should actually result in 331 

narrowing of the wave lateral width at higher resolution. But a comparison of the distance 332 

of peak wave amplitudes shows that in MPAS-A the waves are laterally wider at higher 333 

resolutions whereas in HOMME the distance decreases, which is inconsistent with the 334 

observed GMS values. This means that the width of the wave is modulated by the width 335 

of the ITCZ itself. From this it can be inferred that the simulated characteristics of the 336 

equatorial waves in the models are dependent on the ITCZ structure, rather than the 337 

waves influencing the structure of the ITCZ in contrast to the findings of Abiodun et al. 338 

(2008). 339 

4 Discussion 340 

Although many studies have addressed the ITCZ structure in aqua-planet 341 

simulations and investigated the factors affecting single/double ITCZ, the mechanisms 342 

determining ITCZ splitting are still ambiguous. Here we look at two dynamical 343 

frameworks with similar configurations in idealized aqua-planet simulations to 344 

understand how the simulated large scale environments and equatorial waves modulate 345 

the ITCZ structure in these models. Despite the common physics parameterizations used 346 

in both MPAS-A and HOMME, the ITCZ structures simulated by the models are 347 

different with MPAS-A displaying double ITCZ at higher resolutions while HOMME 348 

showing a consistent narrow single ITCZ regardless of resolution.  349 

Analyzing different factors affecting the structure of the ITCZ in these 350 

simulations, we show that the feedbacks between convection and large-scale Hadley 351 

circulation determine whether the model simulation will have single or double ITCZ. In 352 
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HOMME, higher specific humidity results in higher latent heat release in convective 353 

clouds. The energy is transported poleward by the Hadley circulation and increases the 354 

upper tropospheric temperature in HOMME relative to MPAS-A and decreases CAPE 355 

poleward. This limits convective precipitation closer to the equator, resulting in narrower 356 

albeit higher precipitation because of the higher specific humidity, giving rise to a single 357 

ITCZ. On the other hand, in MPAS, at higher resolution (M30), the zonal mean CAPE is 358 

higher farther away from the equator as lower specific humidity reduces the poleward 359 

heat transport by the Hadley circulation and the lower upper tropospheric temperature 360 

compared to H28 enhances atmospheric instability poleward and triggers a wider 361 

precipitation band.  362 

In both HOMMA and MPAS-A, the increased precipitation at or away from the 363 

equator enhances vertical winds through latent heat release. This consequently further 364 

enhances surface convergence over the respective regions. In M30, this increased 365 

convergence away from equator causes reduced moisture being transported towards the 366 

equator-side. This dip in moisture and the resulting reduction in CAPE cause a dip in the 367 

precipitation at the equator, resulting in a double ITCZ structure in the simulation. In 368 

contrast, when MPAS-A is applied at coarser resolution (M240), the preference for high-369 

level clouds compared to M30 results in top-heavy temperature profiles and reduced 370 

CAPE so that convection can only be triggered close to the equator, leading to a single 371 

ITCZ. We note, however, that M240 simulates a larger amount of clouds compared to 372 

M30, but the clouds are primarily associated with large-scale condensation since CAPE 373 

values are very low in M240. A flow chart of feedbacks leading to single and double 374 

ITCZ structures in HOMME and MPAS-A at high resolution is given in Figure 9.  375 
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The role of equatorial waves in modulating the ITCZ structure is also explored in 376 

these simulations. We show that the dominance of asymmetric waves is not enough to 377 

cause a split in the ITCZ in our simulations. This can happen because a large portion of 378 

precipitation variability is not organized by the equatorial waves; hence the zonal mean 379 

precipitation features are primarily attributed to the red-noise. In the present simulations, 380 

convectively coupled equatorial waves are not discernable from the raw spectra proving 381 

that the precipitation is dominated by processes associated with the red-noise. We also 382 

investigate the factors affecting the lateral extent of equatorial waves. Although the 383 

equivalent depth of the system decreases with resolution in MPAS-A, the width of 384 

equatorial waves still increases with increased resolution. This shows that the lateral 385 

extent of the waves may be determined by the width of the ITCZ precipitation (which is 386 

governed more by the red-noise) rather than the wave width determining the ITCZ. 387 

Previous studies have suggested a role for surface fluxes in the single versus 388 

double ITCZ structure (e.g., Liu and Moncrieff 2004). In our simulations, higher 389 

humidity in HOMME leads to lower surface latent flux compared to MPAS-A, but the 390 

differences are relatively small. Because of the lower humidity, the surface latent heat 391 

flux in MPAS-A is more sensitive to changes in surface winds, which may contribute to 392 

the enhanced vertical moisture transport associated with the enhanced low-level 393 

convergence away from the equator in M30 and further accentuate the off equator 394 

precipitation peaks. However, as CAPE plays a key role in determining the latitudinal 395 

structure of the ITCZ but it is more dominantly influenced by atmospheric stability that 396 

depends on the moist static energy profile, the impacts of surface fluxes on the ITCZ 397 

would appear to be relatively minor in our simulations.   398 
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Another important feature of the double ITCZ structure is the distance of peak 399 

precipitation from the equator. Many studies explored various factors contributing to the 400 

distance between the ITCZ peaks by varying the SST distribution, convective 401 

parameterization, etc. (e.g. Bellon and Sobel 2010). In the present study, the location of 402 

peak precipitation is 2
o
 to 3

o
 from equator, which is closer to the equator than most 403 

previous studies in which the ITCZs vary between 5
o
 to 15

o 
away from the equator. In the 404 

present simulations, the magnitude of CAPE is very low relative to most previous studies. 405 

As CAPE decreases poleward, the low CAPE values might be limiting the latitudinal 406 

expansion of precipitation zone, thus giving rise to ITCZ bands that are closer to the 407 

equator. However, exploring the mechanisms behind this latitudinal extent of ITCZ is 408 

beyond our scope and requires further study. 409 

Overall our analyses of aqua-planet simulations produced by MPAS-A and 410 

HOMME using the same physics parameterizations at different spatial resolutions 411 

suggest that dynamical core and model resolution play a role in the single vs. double 412 

ITCZ structure through their influence on the large scale environments including Hadley 413 

circulation and humidity. Differences latent heat release by clouds and humidity 414 

influence the vertical temperature profile and CAPE and affect convection. The 415 

subsequent feedbacks from convection to the large-scale convergence further enhance 416 

precipitation off the equator and reduce CAPE and precipitation over the equator, leading 417 

to a double ITCZ structure in MPAS-A at higher resolution. Convective 418 

parameterizations also play a role in this mechanism through the dependence of 419 

convective triggering on CAPE. Convective parameterizations that have stronger 420 

dependence on large-scale forcing may be less sensitive to differences in CAPE caused 421 
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by differences in dynamical cores and/or model resolutions, hence display different 422 

sensitivity of the ITCZ structure to dynamical cores and model resolutions. 423 

Similar ITCZ structures were also studied previously by Williamson and Olson 424 

(2003) using two CAM dynamical cores, namely, Eulerian and semi-Lagrangian. They 425 

showed that the difference in time-step used in the two dynamical cores results in 426 

different moisture deposit from surface fluxes, leading to different CAPE and ITCZ 427 

structures. In the present simulations, both dynamical and physics time steps are the same 428 

between MPAS-A and HOMME and moisture and precipitation amount is actually higher 429 

in the HOMME simulations with a single ITCZ. Thus it appears that even with the same 430 

time steps, the numerics of different dynamical cores can result in different humidity 431 

states in the models, which favor different kinds of equilibriums leading to contrasting 432 

ITCZ structures.  433 

Shorter sensitivity experiments with HOMME including switching from the Eta 434 

vertical coordinate (Simmons and Burridge 1981) to a vertical semi-Lagrangian method 435 

similar to Lin and Rood (1997), hence adding vertical dissipation to the model, and 436 

doubling the surface latent heat flux do not result in a change in the single ITCZ 437 

structure. Rauscher et al. (2012) experimented with MPAS-A by reducing the coefficient 438 

of the 
4
 dissipation and found a single ITCZ at high resolution. However the simulation 439 

still exhibits a double ITCZ structure in the convective precipitation even though the 440 

large scale precipitation is significantly enhanced and its peak over the equator 441 

overwhelms the off-equator peaks in the convective precipitation. A detailed 442 

investigation of the numerical sources of these differences is beyond the scope of the 443 

present study. We show that despite similar model configurations, a change in one of the 444 
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basic states (e.g. specific humidity) from differences in the dynamical cores alone can 445 

lead to differences in climate processes amplified by positive feedbacks that result in 446 

different structures of the salient circulation patterns. 447 
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Figure List 560 

Figure 1. Zonal mean precipitation (ms
-1

) in MPAS-A (left) and HOMME (right) 561 

corresponding to different resolutions. Color code given in the figure. 562 

Figure 2. Zonal mean precipitation, advection and evaporation in M240 (left), M30 563 

(center) and H28 (right) simulations. 564 

Figure 3. Latitude – height distribution of zonal mean vertical pressure velocities in 565 

M240 (left), M30 (center) and H28 (right) simulations. 566 

Figure 4. Zonal mean convective available potential energy (J kg
-1

) in M30 (thick solid 567 

line), M30 (thin solid line) and H28 (dashed line) 568 

Figure 5. Latitude – height distribution of difference in zonal mean temperature and 569 

specific humidity between H28 and M30 simulations  570 

Figure 6. Zonal mean cloud fraction in M30 (left) and M240 (right) simulations. 571 

Figure 7. Ratio of Kelvin wave amplitude to that of asymmetric Rossby and IG waves. 572 

Figure 8. Zonal mean gross moist stability (K) at the equator for HOMME and MPAS-A 573 

simulations. 574 

Figure 9. Schematic of the feedback mechanisms corresponding to double and single 575 

ITCZ simulations. 576 

 577 
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 578 

 579 

Figure 1. Zonal mean precipitation (ms
-1

) in MPAS-A (left) and HOMME (right) 580 

corresponding to different resolutions. Color code given in the figure. 581 

 582 

 583 

Figure 2. Zonal mean precipitation, advection and evaporation in M240 (left), M30 584 

(center) and H28 (right) simulations. 585 
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 586 

Figure 3. Latitude – height distribution of zonal mean vertical pressure velocities in 587 

M240 (left), M30 (center) and H28 (right) simulations. 588 

 589 

Figure 4. Zonal mean convective available potential energy (J kg
-1

) in M30 (thick solid 590 

line), M240 (thin solid line) and H28 (dashed line) 591 

 592 
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Figure 5. Latitude – height distribution of difference in zonal mean temperature and 593 

specific humidity between H28 and M30 simulations  594 

 595 

Figure 6. Zonal mean cloud fraction in M30 (left) and M240 (right) simulations. 596 

 597 

Figure 7. Ratio of Kelvin wave amplitude to that of asymmetric Rossby and IG waves. 598 
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  599 

Figure 8. Zonal mean gross moist stability after dividing with Cp (in units of K) at the 600 

equator for HOMME and MPAS-A simulations. 601 
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 602 

Figure 9. Schematic of the feedback mechanisms corresponding to double and single 603 

ITCZ simulations. 604 


